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Effect of Acute Exposure to Altitude 
on the Quality of Chest Compression- 
Only Cardiopulmonary Resuscitation in 
Helicopter Emergency Medical Services 
Personnel: A Randomized, Controlled, 
Single- Blind Crossover Trial
Anna Vögele , MD;* Michiel Jan van Veelen , MD;* Tomas Dal Cappello , MSc; Marika Falla , MD, PhD; 
Giada Nicoletto, MD; Alexander Dejaco , MD, PhD; Martin Palma , MSc; Katharina Hüfner , MD; 
Hermann Brugger , MD; Giacomo Strapazzon , MD, PhD

BACKGROUND: Helicopter emergency medical services personnel operating in mountainous terrain are frequently exposed to 
rapid ascents and provide cardiopulmonary resuscitation (CPR) in the field. The aim of the present trial was to investigate the 
quality of chest compression only (CCO)- CPR after acute exposure to altitude under repeatable and standardized conditions.

METHODS AND RESULTS: Forty- eight helicopter emergency medical services personnel were divided into 12 groups of 4 partici-
pants; each group was assigned to perform 5 minutes of CCO- CPR on manikins at 2 of 3 altitudes in a randomized controlled 
single- blind crossover design (200, 3000, and 5000 m) in a hypobaric chamber. Physiological parameters were continuously 
monitored; participants rated their performance and effort on visual analog scales. Generalized estimating equations were 
performed for variables of CPR quality (depth, rate, recoil, and effective chest compressions) and effects of time, altitude, 
carryover, altitude sequence, sex, qualification, weight, preacclimatization, and interactions were analyzed. Our trial showed a 
time- dependent decrease in chest compression depth (P=0.036) after 20 minutes at altitude; chest compression depth was 
below the recommended minimum of 50 mm after 60 to 90 seconds (49 [95% CI, 46– 52] mm) of CCO- CPR.

CONCLUSIONS: This trial showed a time- dependent decrease in CCO- CPR quality provided by helicopter emergency medi-
cal services personnel during acute exposure to altitude, which was not perceived by the providers. Our findings suggest a 
reevaluation of the CPR guidelines for providers practicing at altitudes of 3000 m and higher. Mechanical CPR devices could 
be of help in overcoming CCO- CPR quality decrease in helicopter emergency medical services missions.

REGISTRATION: URL: https://www.clini caltr ials.gov; Unique identifier: NCT04138446.
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Sudden cardiac arrest is the most common cause 
of all nontraumatic deaths during activities at 
moderate and high altitude.1 Recreational and 

other outdoor activities at altitude are increasing also 
among people with risk factors for sudden cardiac 
arrest, like hypertension, history of coronary heart 
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disease, or previous myocardial infarction.2– 4 Activities 
at altitude result in exposure to several stressors such 
as hypobaric hypoxia (HH), cold temperature, and 
physical exhaustion. These factors may increase the 
risk of sudden cardiac arrest in mountainous and re-
mote areas.5

Rapid recognition of sudden cardiac arrest and 
early high- quality cardiopulmonary resuscitation (CPR) 
combined with electrical defibrillation is crucial for sur-
vival.6 Helicopter emergency medical services (HEMS) 
allow the earliest arrival of advanced life support teams 
in mountainous or rural areas.7 HEMS personnel op-
erating in mountainous areas are acutely exposed to 
HH because of the rapid helicopter ascent to altitude.8 
Acute HH exposure leads to physiological short- term 
responses involving the cardiovascular and the respi-
ratory systems, like the increase in heart rate (HR), car-
diac output, blood pressure, and respiratory rate.9,10 
Physiological parameters and resuscitation perfor-
mance of study participants following a stay at altitude 
have been described previously.11,12 An experimental 

study recorded a decrease in oxygen saturation 
(SpO2) and an increase in HR and fatigue during chest 
compressions (CCs) at a simulated altitude of about 
3700  m.11 Similar physiological responses and a de-
crease in CC depth and proportion of effective CC 
were recorded after 6- hour exposure to an altitude 
of 3100 m in a field study.12 However, the effect of a 
rapid exposure to high altitude by immediate helicopter 
ascent on physiological parameters and resuscitation 
performance is less well studied.

In our trial we investigated the factors affecting 
the quality of HEMS personnel’s CCO- CPR (regard-
ing compression depth, rate, correct position of the 
hands on the chest, and recoil, ie, full rebound after 
each compression) after acute exposure to different 
altitude levels (200 versus 3000 versus 5000 m) under 
repeatable, blinded, and standardized conditions. The 
results could help to develop evidence- based recom-
mendations for resuscitation during HEMS missions in 
mountain areas up to 5000 m worldwide.

METHODS
The study was designed as a randomized, controlled, 
single- blinded crossover trial and ran from October 25 
to November 11, 2019 at terraXcube, Eurac Research, 
Bolzano, Italy. It was conducted and reported accord-
ing to the Declaration of Helsinki and the Consolidated 
Standards of Reporting Trials guidelines.13 The Ethics 
Committee review board of Bolzano, Italy, has ap-
proved the study (protocol number 0122265- BZ), 
and it is registered on Clini calTr ials.gov (Identifier: 
NCT04138446). All participants gave written informed 
consent to participate. The data that support the find-
ings of this study are available from the corresponding 
author upon reasonable request.

Study Participants
Study participants were recruited from helicopter emer-
gency services personnel in Austria, Germany, Italy, 
and Switzerland. Inclusion criteria were age between 
18 and 60 years, written informed consent, and an 
American Society of Anesthesiologists Physical Status 
Classification System class I.14 Participants between 
40 and 60 years or below 40 years with cardiovascu-
lar risk factors, according to the European Society of 
Cardiology guidelines, were screened with a cardio-
vascular stress test.15 Exclusion criteria were age over 
60  years, an American Society of Anesthesiologists 
Physical Status Classification System > class I and a 
medical history of severe altitude illness.

Randomization and Blinding
Participants were divided into 12 groups of 4 people. 
Altitude profiles were randomly assigned to the 12 

CLINICAL PERSPECTIVE

What Is New?
• We found a time- dependent decrease in chest 

compression quality provided by helicopter 
emergency medical services personnel after 
rapid ascent (20 minutes) to altitude (3000 and 
5000 m).

• This loss of quality was not perceived by the 
providers.

What Are the Clinical Implications?
• We suggest reevaluation of cardiopulmonary 

resuscitation guidelines for providers practicing 
at altitudes of 3000 m and higher, considering 
a shorter chest compression cycle or the use 
of a mechanical cardiopulmonary resuscitation 
device.

Nonstandard Abbreviations and Acronyms

CC chest compressions
CCO- CPR chest compression only- 

cardiopulmonary resuscitation
GEE generalized estimating equations
HEMS helicopter emergency medical 

services
HH hypobaric hypoxia
HR heart rate
SpO2 oxygen saturation
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groups. The crossover consisted of 6 study arms— 1 
for each altitude profile— as shown in Figure 1. Every 
altitude profile was applied to a total of 8 participants, 
that is, 2 groups. Participants and research person-
nel were blinded toward the altitude profiles, except 
for the principal investigator and chamber operator for 
operational and safety reasons. Ascent and descent 
times to the 3 different altitudes were standardized to 
20 minutes for optimal blinding. The sham ascent con-
sisted of an oscillating ascent- descent to evoke pres-
sure change on the eardrums.

Study Protocol
The study was done in a research infrastructure able to 
create a condition of HH (terraXcube, Eurac Research, 
Bolzano, Italy, https://terra xcube.eurac.edu), see 
Figure 1. The participants were exposed to 2 of the 3 
simulated altitudes each (Figure 2). Other parameters 
such as temperature, humidity, and CO2 levels were 
kept constant at typical indoor climate values (20– 22 °C,   
30%– 50%, and up to 1100  ppm, respectively). The 
chamber ascent and descent rates were set at 4 m/s, 
which corresponds to typical helicopter ascent rate.8

On day 0 medical history of the participants was 
taken and each participant underwent a physical ex-
amination, including cardiovascular, pulmonary and 
ear, nose, and throat assessment. After filling out a 
questionnaire about exposures above 3000 m in the 
3 months before the study, participants were assigned 
to 3 preacclimatization groups according to the total 
hours of exposure, that is, (1) not preacclimatized for 
0 to 4  hours exposure, (2) partially preacclimatized 
for 5 to 24  hours during multiple exposure, and (3) 

preacclimatized for >24  hours exposure, overnight 
stays, high- frequency exposure (>10 times), or altitude 
>4000 m and exposure within the 3 weeks before study 
dates. The participants received a CPR refresher train-
ing focusing on CCO- CPR to ensure equal baseline 
levels according to the international guidelines for re-
suscitation (American Heart Association and European 
Resuscitation Council).6,16

On day 1 and day 2, each group (n=4) was exposed 
to 1 of the altitudes. After the ascent, the participants 
were given 20 minutes of rest before initiating 5 min-
utes of CCO- CPR on manikins (Laerdal Resusci Anne 
QCPR, Stavanger, Norway, fitted with standard com-
pression spring) connected to a tablet for data record-
ing (Laerdal SimPad PLUS, Stavanger, Norway) without 
feedback. After compressions, participants rated their 
performance and subjective effort using 2 visual ana-
log scales (VAS). The VAS was a 100 mm horizontal 
line between 2 extremes (good and bad performance 
and high and low effort). Two- lead ECG, HR, respira-
tory rate, and SpO₂ were continuously monitored by 
an integrated wearable monitoring system (Equivital 
EQ02, Hidalgo, Cambridge, UK) collecting data at 4 
timepoints, that is, before altitude exposure, at altitude 
both before and after CCO- CPR, and after descent.

Statistical Analysis
CCO- CPR performance was recorded in terms of CC 
depth, rate, and recoil, where compressions with a 
depth of >50 mm at the correct position of the hands 
(midchest) were declared as effective. Criteria for 
adequate depth and rate of CCs were 50 to 60 mm 
and 100 to 120/minute according to international 

Figure 1. Setup of manikins and walking routes in the hypobaric chamber (A) and scheme of the hypobaric chamber and of 
the control room with the main physiological parameters monitored (B).
HR, heart rate; RR, respiratory rate; and SpO2, oxygen saturation.
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guidelines (American Heart Association and European 
Resuscitation Council).6,16 For the statistical analysis, 
each 5- minute continuous CCO- CPR was divided into 
ten 30- second periods and the average of CC depth, 
rate, and recoil and the absolute number of effective 
compressions per period were considered as de-
pendent variables. Generalized estimating equations 
(GEE) were performed for each dependent variable to 
consider repeated measures of each participant and 
analyze whether the following factors had an effect: 
timepoint (10 levels from 0– 30 to 270– 300  seconds 
representing the ten 30- second periods), altitude, car-
ryover effect of the altitude of the first day of test on 
the second day (4 levels: day 1, day 2 after a test at 
200 m on day 1, day 2 after a test at 3000 m on day 
1, day 2 after a test at 5000 m on day 1), altitude se-
quence (6 arms, see Figure 2), sex, qualification as a 
health care provider, weight (2 groups, considering the 
median weight of 70 kg as cutoff), preacclimatization, 
and interactions of altitude with sex, timepoint with sex, 
altitude with weight, timepoint with weight, and time-
point with altitude. The distributions of the depend-
ent variables of the GEE were determined by means 

of normal probability plots, analyzing departures from 
normality and considering if the probability distribution 
was either discrete or continuous. For CC depth, rate, 
and recoil, the normal distribution and identity as link 
function were specified. Because some participants 
reported timepoints with zero effective CCs and the 
effective CCs could be considered as count data, for 
the number of effective compressions the Poisson dis-
tribution and the logarithm as link function were speci-
fied. The selection of the variables was carried out by 
means of backward elimination using the Corrected 
Quasi Likelihood under Independence Model Criterion. 
For each factor, P values were corrected by using the 
Holm- Bonferroni method. GEE were also performed to 
evaluate the effect of altitude and 4 timepoints (before 
altitude exposure, at altitude before CCO- CPR, at al-
titude after CCO- CPR, after descent) on HR, respira-
tory rate, and SpO2 using the normal distribution and 
identity as link function. Comparisons of participants’ 
baseline characteristics between different qualifica-
tions of HEMS crew (ie, health care providers or other 
crew members) were carried out for clinical reasons 
and were performed by Student’s t test, Fisher’s exact 

Figure 2. Study design.
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test, and Pearson’s chi- square test, as appropriate. 
As VAS performance and VAS effort showed a right- 
skewed distribution, GEE with gamma distribution and 
logarithm as link function were performed to evaluate 
the effect of altitude on them. Pearson correlation was 
used to correlate VAS performance and VAS effort with 
mean CC depth, rate, recoil, and the total number of 
effective compressions. SPSS version 25 (IBM Corp., 
Armonk, NY, USA) was used for the statistical analy-
sis, and P<0.05 (2 sided) was considered statistically 
significant. Values are reported as mean±SD, except 
frequencies as percentages and estimates of the GEE 
as mean (95% CI).

RESULTS
Forty- nine volunteers were consecutively recruited 
and 48 met the inclusion criteria for this trial; 1 was ex-
cluded for medical reasons. Participants had a mean 
age of 40±9 years and 77% were male; 19% of the par-
ticipants were preacclimatized, 27% partially preaccli-
matized, and 54% were not preacclimatized (Table 1). 
Of these participants 52% were health care providers; 
all participants were basic life support providers, of 
whom 46% were certified advanced life support pro-
viders (Table 1). None of the participants dropped out, 
all participants completed the 5- minute CCO- CPR at 
their assigned blinded altitude, and no health issues 
related to altitude were reported.

The recorded vital signs of the participants at the 
different altitudes before and after exposure to altitude, 
pre-  and post- CCO- CPR are shown in Table 2. HR in-
creased at altitude and SpO2 decreased (P<0.001 for 
all pairwise comparisons).

Table  3 shows all the measured variables and 
their influence on CC quality. There was an indepen-
dent effect of the duration of ongoing CCO- CPR on 
depth, rate, and number of effective CCs (P<0.001 

for all). Depth decreased and rate changed over time 
at high altitude, see Figure 3 and Table 3. During the 
first 90 seconds, the decrease of CC depth was more 
pronounced at altitude (3000 and 5000  m) than at 
200 m (P=0.036). After 60 to 90 seconds of CCs at 
altitude the estimated means of the depth started to 
be lower than the guideline’s limits (49 [95% CI, 46– 52] 
mm), although the upper limit of the 95% CI was lower 
only twice (during the last 90  seconds for 3000  m). 
At 200 m the estimated mean was below limits only 
during the last 30 seconds (49 [95% CI, 44– 55] mm) 
(Figure 3). The estimated means of compression rate 
were always within the guideline’s limits, and only the 
upper limits of the 95% CI exceeded the guideline’s 
limit of 120/minute during the first 60 seconds and the 
last 90  seconds (Figure  3). An independent positive 
effect of a higher participant weight was detected for 
both CC depth and number of CCs. The estimated 
means showed deeper compressions for participants 
with a weight ≥70 kg (52 [95% CI, 50– 55] mm) than 
for participants with a weight <70 kg (46 [95% CI, 44– 
49] mm, P=0.004), below the guideline’s lower limit of 
50 mm. The mean number of effective compressions 
per timepoint was higher in participants with a weight 
≥70  kg (26 [95% CI, 15– 44] versus 16 [95% CI, 10– 
27], P=0.026). There was neither a single nor a com-
bined effect of sex with altitude on variables related to 
CCO- CPR quality. Depth, rate, and number of effective 
CCs showed a different course for men and women 
(Figure S1). The estimated means of CC depth showed 
in women a faster decrease than in men, especially 
during the first 90 seconds (P=0.036). No carryover ef-
fect of altitude exposure effect was detected between 
day 1 and 2, along with no effect of altitude sequence 
of the 2 tests, qualification and preacclimatization 
(Table 3).

Participants rated subjective performance on a 
VAS scale lower at 200  m (0.23±0.14) and 3000  m 

Table 1. Baseline Characteristics of Study Participants (N=48)

Parameter

HEMS health care 
providers (Medical 
doctors, nurses, 
paramedics)

Other HEMS 
crew members 
(Technicians, 
pilots, rescuers) Total

Health care providers 
vs other, P value

Total, n 25 23 48 …

Female sex, n (%) 10 (40.0) 1 (4.3) 11 (22.9) 0.005*

Age, y, 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

Body mass index, kg/m², mean±SD 23±3 23±3 23±3 0.441

Advanced life support providers, n (%) 21 (84.0) 1 (4.3) 22 (45.8) <0.001*

Preacclimatized/partially preacclimatized/not 
preacclimatized, n (%)

4 (16.0)/6 (24.0)/15 
(60.0)

5 (21.7)/7 (30.4)/11 
(47.8)

9 (18.8)/13 (27.1)/26 (54.2) 0.697

Tests performed were Student t tests; except for comparison of female and advanced life support provider proportions Fisher’s exact tests and for comparison 
of levels of preacclimatization Pearson’s chi- square test. HEMS indicates Helicopter Emergency Medical Services.

*P<0.05.
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(0.26±0.20) in comparison to 5000  m (0.37±0.20; 
P<0.001 for 200 versus 5000 m and P=0.003 for 3000 
versus 5000 m). The subjective effort on a VAS scale 
was rated lower at 200  m (0.39±0.23) and 3000  m 
(0.38±0.28) than at 5000  m (0.55±0.19; P=0.002 for 
200 versus 5000  m and P=0.009 for 3000 versus 
5000 m). VAS performance and VAS effort were not 
correlated with the objective measures of performance 
(all P>0.05, Table S1) such as the mean CC depth, rate, 
and recoil and the total number of effective CCs.

DISCUSSION
This randomized controlled trial investigates the effect 
of acute exposure of HEMS personnel to altitude (3000 
and 5000 m) on the quality of CCO- CPR under repeat-
able, blind, and standardized conditions. Our study 
showed a time- dependent decrease in CC depth 
which could be below the recommended minimum of 
50 mm at both altitudes after 60 to 90 seconds. The 
loss in quality was not perceived by the providers.

Our results suggest that the acute exposure to HH 
is related to an impairment of the ability of HEMS pro-
viders to adhere to resuscitation guidelines starting 
after 60 to 90 seconds of CCO- CPR initiation. There is 
a significant risk that the depth of CCs can drop below 
the recommended 50 mm already before 2 minutes, 
when switching the CC provider is recommended by 
international CPR guidelines. Noncompliance to the 
lower limits set for the depth could lead to a worse 
clinical outcome.17,18 Frequent switching of providers is 
indicated when signs of fatigue appear. Even though 
the effort was perceived higher at 5000 m, there was 
no correlation between altitude and the ability to self- 
assess whether the quality of CCs was adequate. This 
indicates that a change in CCO- CPR performance 
could not be detectable subjectively and, therefore, 

provider perception cannot indicate in a reliable way 
when an early changeover is required to maintain ade-
quate CC quality.

SpO2 was significantly lower already after 20 min-
utes at both studied altitudes than before and after 
exposure to altitude at ground level. Such decrease 
could progressively contribute to the deterioration of 
performance during CPR. CCO- CPR performance at 
altitude was optimal only at initiation, but during CC 
there was a decrease in depth and an overall de-
crease in the number of effective CCs per minute. An 
experimental field study also showed that the quality 
of CCO- CPR (ie, average CC depth and the number 
of effective CCs) after an exposure to an altitude of 
3100 m of 6 hours decreased after 1 minute of com-
pressions compared with sea level.12 During compres-
sions they observed a significant decrease in SpO2 and 
an increase in systolic and diastolic blood pressure, 
HR, and fatigue. Similarly, an experimental HH study 
showed that during CCO- CPR at 3700 m equivalent 
barometric pressure the study participants’ SpO2 sig-
nificantly decreased, and HR and fatigue increased,11 
but they did not report on CPR quality.

Previous studies have described a deterioration of 
the quality of CCO- CPR at sea level after 1 minute.19,20 
When comparing CCO- CPR with conventional CPR 
with ventilation, the quality of the compressions started 
to deteriorate after 30  seconds and reached statisti-
cal significance at 61 to 82 seconds.20 The guidelines 
recommend that CPR providers change over about 
every 2 minutes to prevent a decrease in compression 
quality due to provider fatigue.6 Our findings suggest 
that the CC depth of minimum 50 mm during CCO- 
CPR of HEMS personnel after rapid exposure to alti-
tude between 3000 and 5000 m is achieved only at 
initiation and thereafter there is a risk of impairment, 
which is more pronounced in female providers and 

Table 2. Vital Signs Before Exposure to Altitude, Pre-  and Post- CCO- CPR and After Exposure to Altitude

Parameter Altitude

Timepoint

Altitude 
effect, P 
value

Timepoint 
effect, P valueBefore altitude exposure

At altitude, 
pre- CCO- 
CPR

At altitude, 
post- CCO- 
CPR

After 
altitude 
exposure

Heart rate, bpm 200 m 71±12 68±11 117±21 68±11 <0.001* <0.001*

3000 m 71±13 70±13 117±23 69±12

5000 m 72±12 80±14 134±22 70±12

Respiratory rate, 
rpm

200 m 15±4 14±4 29±8 14±3 0.079 <0.001*

3000 m 15±4 12±3 27±7 14±4

5000 m 15±3 12±3 30±11 14±4

Oxygen saturation, 
%

200 m 99±1 98±1 96±3 98±1 <0.001* <0.001*

3000 m 99±1 93±3 91±4 99±1

5000 m 98±1 78±5 78±4 98±1

bpm indicates beat per minute; CCO- CPR, chest compression- only cardiopulmonary resuscitation; rpm, rate per minute.
P values are calculated by means of generalized estimating equations (GEE) and adjusted with Holm- Bonferroni method.
*P<0.05.
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providers <70 kg of weight. Our finding highlights the 
need to raise awareness in providers on a potential de-
cline of their CC performance over time at altitude. It 
also raises the question of whether the recommended 
2- minute cycle should be applied to providers subject 
to rapid exposure to moderate and high altitudes such 
as HEMSpersonnel.

Inability to self- estimate adequate quality of CCs 
has been identified in earlier studies assessing com-
pression quality of CCO- CPR.19,21 Subjective CCO- 
CPR performance on a VAS scale in our study was not 
correlated with CCO- CPR quality. Other studies per-
formed at sea level also showed that self- assessment 
of fatigue and a decline in CPR quality did not 
match.19,20 These findings contradict previous stud-
ies performed at altitude where a decrease in perfor-
mance and increase in fatigue were noticed by study 
participants.11,12 Compared with the previous studies at 
altitude, our trial is the first in which participants were 
blinded to the altitude, avoiding possible bias. The in-
ability to perceive insufficient performance might lead 
HEMS personnel to deliver inadequate compressions. 
Despite that switching to a shorter compression cycle 
with frequent changeovers at altitude could lead to 
more effective CCs overall, and potentially a better- 
quality CPR, there is the risk to induce additional short 
intervals of not delivering compressions during each 
changeover. Moreover, in settings like HEMS where 
there is often both limited spaces to maneuver and 
limited providers available, more frequent changeovers 
will not be possible. Mechanical CPR devices achieve 
similar resuscitation quality compared with high- quality 
manual delivery of CCs,22 and the availability of these 
devices might be especially relevant for management 
of cardiac arrest during HEMS operations at high al-
titude. Advantages could be that mechanical CPR 
devices can deliver continuous compressions without 
degradation of quality even in prolonged resuscitation 
and without need for provider changeover, especially 
during transport and transfer, where manual CC might 
not be feasible or possible at all.23– 25 Disadvantages 
are training needed to fit the device correctly on the 
patient and the dependency on battery power out-
side of the helicopter, which is compromised in cold 
environments frequently encountered by HEMS crews 
operating at altitude. Supplementary oxygen for pro-
viders could be used to counteract the physiological 
effect of acute hypoxia, although logistically challeng-
ing as providers are mobile and making transfers in 
and out of the helicopter. Further studies assessing the 
performance of providers receiving supplementary ox-
ygen at altitude are needed to prove the efficacy and 
feasibility of this option.

Studies describing differences of CCO- CPR quality 
between sex and weight showed contradictory find-
ings. An earlier study investigating CPR quality during Ta
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Figure 3. Interaction effect of timepoint (represented by the 30- second period) with altitude on 
depth (A) and rate (B) of chest compressions.
Black circles represent estimated means by generalized estimating equations for 200 m, red circles for 
3000 m, and blue circles for 5000 m. Grey dashed lines indicate the guidelines’ limits and error bars 
represent 95% CI of the estimated mean.
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CCO- CPR at sea level found no difference in the 
quality of CCs delivered in relation to sex or weight.18 
However, another study recorded a significantly lower 
performance in female and lower body weight provid-
ers in CCO- CPR.26 In our study population the quality 
of CCO- CPR was significantly decreased in the sub-
groups of participants with a body weight <70 kg and 
female participants. Higher body weight and muscle 
strength might enable the delivery of adequate CCs for 
a longer time.

Strengths and Limitations
Our study has a robust randomized single- blind and 
placebo- controlled crossover design performed in a 
hypobaric chamber able to exactly replicate environ-
mental conditions for all participants. Our setting is not 
able to simulate a real HEMS rescue operation with 
raised sympathetic activity and alertness, which might 
influence CC quality. The results should be verified in 
further studies in simulated environment with different 
environmental factors (eg, cold and wind) and in field 
studies. Our participants were randomly exposed to 
2 out of the 3 altitudes because of their limited time 
availability; the methodological choice was supported 
by a solid statistical design. Our study was initially not 
designed to investigate sex differences, and we did not 
balance the participants by sex; we suggest verifying 
such questions in specifically designed studies.

CONCLUSIONS
This randomized single- blind and placebo- controlled 
trial shows a time- dependent decrease in CCO- CPR 
quality provided by HEMS personnel after rapid ascent 
(20 minutes) to altitude (3000 and 5000 m). After 60 
to 90  seconds CC depth tended to drop below the 
standard limit of 50 mm at both altitudes. This loss of 
quality was not perceived by the providers. We sug-
gest reevaluation of CPR guidelines for providers prac-
ticing at altitudes of 3000 m and higher, considering a 
shorter CC cycle, or the use of a mechanical CPR de-
vice. Mechanical CPR devices could be of help in over-
coming CCO- CPR quality decrease in HEMS missions.
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Table S1. Correlation coefficients (r) per day for the visual analogue scale (VAS) performance and VAS exhaustion with mean value 

of 5 min test of depth, rate, effective chest compressions and recoil. 

 

Parameter (mean value of 5 min test) 

Subjective VAS performance Subjective VAS effort 

day 1 day 2 day 1 day 2 

r P value r  P value r P value r  P value 

         
Depth -0.204 0.164 -0.045 0.763 0.183 0.212 0.169 0.251 

Rate 0.137 0.352 -0.016 0.915 -0.001 0.992 0.076 0.607 

Effective chest compressions -0.206 0.159 -0.167 0.256 0.102 0.492 0.147 0.318 

Recoil 0.033 0.825 -0.090 0.544 -0.089 0.548 -0.110 0.457 

                  

 

VAS = Visual Analogue Scale 
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Figure S1. Interaction effect of 30 s period with sex on depth (A), rate (B) and number of 

effective chest compressions (C).  

Triangles represent estimated means by generalized estimating equations (GEE) for females and squares for 
males. Grey dashed lines indicate European Resuscitation (ERC) guidelines limits and error bars represent 
95% confidence interval of the estimated mean. 
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