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Abstract
Terrain experiments for avalanche survival research require appropriate snow conditions, which may not be available
year round. To prepare these experiments and test the protocol, it might be advantageous to test them in a laboratory
with a snow model. The aim of the study was to find a material that can be used to simulate snow for studying gas
exchange of a person covered with avalanche snow. Three loose porous materials (perlite, wood shavings and
polystyrene) were tested in two forms—dry and moisturized. Each volunteer underwent six phases of the experiment in
random order (three materials, each dry and moisturized) during experimental breathing into the tested materials.
Physiological parameters and fractions of oxygen and carbon dioxide in the airways were recorded continuously. All the
materials selected as possible models of the avalanche snow negatively affected gas exchange during the breathing of the
volunteers in a very similar extent. The time courses of the recorded parameters were very similar and were bordered
from one side by the wet perlite and from the other side by the dry perlite. Therefore, other tested materials may be
substituted with perlite with an appropriate water content. From all the tested materials, perlite is the best to simulate
avalanche snow because of its homogeneity, reproducibility and easy manipulation.
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Introduction

asphyxiation is the dominant cause of avalanche-related
deaths [3–5], several experiments have been conducted
so far [6–11] in order to study gas exchange processes
separately. Traditionally, these breathing experiments
with volunteers are organized in the mountain terrain
with simulated avalanche snow. Nevertheless, designing, preparation and testing of the equipment and protocol for these experiments are very time consuming and
require conducting the tests with snow. This represents
a significant obstacle and in countries not having
required snow conditions all year round it limits the
possibility of experimental research to a restricted period of year. Therefore, a material simulating snow could

Recently, the number of snow avalanche fatalities has
increased. This is most likely related to an overall rise in
backcountry utilization. Out-of-bounds skiers, ski
patrollers, and backcountry skiers create the traditional
group of avalanche victims [1]. Fatalities have increased
recently among snowmobilers and snowboarders [2].
Investigation of all factors affecting survival of a victim covered with avalanche snow is complicated during
experiments with volunteers in the mountain terrain;
therefore, isolated factors are often studied. As acute
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facilitate the preparation and testing of breathing experiments before their implementation with real snow.
To our best knowledge, there has not been published
a study dealing with materials that can simulate snow for
the purpose of physiological breathing experiments. As
the solubility of breathing gases in ice granules forming
snow is negligible [12, 13], we do not suppose a reasonable interaction of the breathing gases with snow.
Therefore, we hypothesize that a certain lose porous
material would be suitable for these experiments. To
support our hypothesis, Fig. 1 comprises curves of
inspired and end-tidal fractions of oxygen and curves
of inspired and end-tidal fractions of carbon dioxide
when breathing into snow, wet and dry perlite. This
experimental breathing was conducted by the main
author of the current study prior designing of this study.

might be used to simulate avalanche snow for studying
gas exchange of a person covered with avalanche snow.

Methods
The prospective interventional randomized doubleblind study has been conducted in the Snow research
laboratory at the Faculty of Biomedical Engineering,
Czech Technical University in Prague (FBME CTU).
The study was approved by the Institutional Review
Board of FBME CTU (Act No. A001/018). The study
was registered in ClinicalTrials.gov database prior to its
implementation (NCT03413878). All participants included in the study have signed an informed consent
before their enrollment into the study.
Stu d y gr o u p
Six volunteers (5M + 1F) of the age of 22.7 ± 0.9 were
included into the study. The detailed demographic
characteristics are presented in Table 1. Eligible participants were volunteers from the Czech Army forces,
studying at the Military Department of the Faculty of
Physical Education and Sport, Charles University in
Prague. All subjects were healthy and fit, classified
according to the American Society of Anesthesiologists
as ASA I [14].
Table 1: The demographic characteristics of the group
of volunteers involved in the study.
Parameter
All volunteers (n=6)
Age (years)
Weight (kg)
Height (cm)
BMI (kg·m-2)
FEV1 (L)
FVC (L)
FEV1/FVC

Fig. 1: Curves of inspired and end-tidal fractions of
oxygen (up) and curves of inspired and end-tidal
fractions of carbon dioxide (down) recorded in the main
investigator when breathing into snow, wet and dry
perlite prior initiation of this study. PW—wet perlite,
PD—dry perlite, S—snow.

22.7 ± 0.9 (22–24)
77.5 ± 8.8 (64–89)
179.3 ± 6.9 (171–188)
24.0 ± 1.4 (21.6–25.7)
5.4 ± 1.0 (3.8–6.4)
6.5 ± 1.2 (4.4–7.8)
0.83 ± 0.02 (0.79–0.86)

The values are presented as mean ± standard deviation
and range (minimum–maximum). Abreviations: BMI—
Body Mass Index; FEV1—Forced Expiratory Volume
in 1 second; FVC—Forced Vital Capacity.
The entrance examination, completed before the start
of the study, comprised of these tests: electrocardiography (Datex-Ohmeda S/5 monitor, Datex-Ohmeda,
Madison, WI, USA), blood pressure (Datex-Ohmeda
S/5 monitor, Datex-Ohmeda, Madison, WI, USA),
spirometry (MSP1, Mesit, Uherske Hradiste, CZ), and
assessment of the health conditions and family anamnesis by a physician with a specialty in anesthesia and
critical care. The exclusion criteria were Tiffeneau
Index less than 0.70 and any cardiovascular or respiratory condition.

Even though the pilot experiment was not well
controlled and recorded only in one subject, the curves
corresponding to respiratory gases in snow are very
similar and close to those recorded for wet and dry
perlite. Their shapes appear to be very similar as well.
Therefore, we hypothesize, that snow may be substituted
with a solid stable material for gas exchange experiments.
For this study, we investigated several common materials. The aim of the study was to find a material that
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Pr o to c o l

filter and a mouth piece were connected to the air pocket
at the cone tip (see Fig. 2).
Before the breathing experiment, each subject was
connected to the mouthpiece and the flow sensor only
(not connected to the cone yet) allowing measurement
of respiratory gasses and baseline ventilatory parameters. After reaching stable ventilatory parameters, especially the steady tidal volume and breathing frequency
(after approx. 5 minutes), the subject was connected to
the cone and the breathing experiment was initiated. At
the same time, nitrous oxide started to be administered
to the vicinity of the head of the subject and the
breathing circuit as a tracing gas for possible leak
detection. Safety of the volunteers during the experiment was assured by advanced monitoring and continuous evaluation of their physiological parameters.
Furthermore, a clinician with a specialty in anesthesia
and emergency medicine continuously assessed the state
of the volunteer [15] and could terminate the experiment
at any time.

Each volunteer underwent six phases of the experiment: “PD”—breathing into dry perlite, “PW”—
breathing into wet perlite, “RD”—breathing into dry
polystyrene, “RW”—breathing into wet polystyrene,
“HD”—breathing into dry wood shavings, “HW”—
breathing into wet wood shavings. Volunteers were
assigned to the PD, PW, RD, RW, HD and HW phase
in a random order by throwing a dice. None the volunteer, nor the examiner, knew the material of the current
phase. At least a 4-hour recovery interval was inserted
between two phases in each subject and only two phases
per subject were possible during a day. All experiments
were completed within three days.
Before starting the breathing experiment, sensors of
a life function monitor were attached to the body of the
subject. The following parameters were continuously
monitored and recorded by Datex-Ohmeda S/5 monitor
(Datex-Ohmeda, Madison, WI, USA): electrocardiography (EKG), heart rate (HR), peripheral blood oxygen
saturation (SpO2), inspiratory and end-tidal fractions of
oxygen (FiO2, EtO2), inspiratory and end-tidal fractions
of carbon dioxide (FiCO2, EtCO2), tidal volume (Vt),
breathing frequency (BF), curves of airway pressure
(Paw) and airflow (Qaw) measured in the airway
opening, concentration of nitrous oxide (N2O) in the
breathing circuit and non-invasive blood pressure (intermittently in one-minute intervals). The respiratory
parameters as of Qaw, BF, Paw and Vt were measured
using a respiratory sensor D-Lite (Datex-Ohmeda,
Madison, WI, USA) connected between the mouthpiece
and the Y-piece (Fig. 2). A spirometry D-Lite sensor
also provided a gas sampling port for the DatexOhmeda
S/5 monitor measuring FiO2, EtO2, FiCO2, EtCO2
and N2O concentration using an E-CAiOVX (DatexOhmeda, Madison, WI, USA) anesthesia and spirometry
module. For safety reasons, another life function monitor Edan M3 (Edan Instruments, Nanshan Shenzhen,
China) was used for parallel continuous SpO2 and HR
measurements in the case that S/5 monitor did not show
SpO2 or HR values.
The subject was placed in the prone position in front
of a custom-made apparatus allowing fast exchange of
the breathing media. The apparatus, depicted in Fig. 2,
consisted of a stiff metal inverse cone, having the
volume of 65 liters. The height of the cone was 1 m, the
apex angle was 28 degrees. The inner wall of the cone
was lined with a 1 mm thick polypropylene foil, which
prevented freezing and heat conduction. At the bottom
part of the cone a two-liter air pocket was created using
a sieve placed perpendicularly to the cone axis at an
appropriate position. The rest of the cone was filled with
a tested material. The cone was filled 5 cm below the
upper edge, which corresponds to a volume of 56 liters.
After subtracting 2 liters of air pocket at the entrance
to the cone, the total volume of tested material was
54 liters. A dust filter, a piece of corrugated tube 12 cm
long, a flow sensor with a gas sampling port, a bacterial

Fig. 2: Scheme of the breathing circuit, breathing
apparatus and their installation.
The breathing experiment would be terminated due to
one or more of the following reasons [15]: request of the
volunteer; decision made by the anesthesiologist or the
investigator testing the consciousness of the volunteer;
end-tidal partial pressure of carbon dioxide (PaCO2) in
the expired gas higher than or equal to 60 mm Hg [16];
presence of nitrous oxide in the breathing gas at any
measurable concentration; or breathing in the material
over 30 min. The experiments ended by disconnecting
the mouthpiece from the breathing circuit so that the
ventilatory parameters could be still measured. Another
stabilization period (approx. 5 minutes) was inserted
after the end of breathing trial. This phase lasted until
steady readouts, similar to those recorded before the
breathing experiment during the initial stabilization
phase, were reached.
Tes ted m ater i al s
Three loose porous materials (Perlite, Wood shavings
and Polystyrene) were used as a model of snow for
breathing experiments. Each of the materials was used
in two forms—dry and moisturized. Six materials were
tested in total. The list of the materials and their basic
properties are presented in Table 2. Their density was
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measured using a calibrated cylinder (1.6 L) and
a weighing scale before every single experiment. The
porosity of the material was determined by filling the
calibrated cylinder full of the tested material with water
and then weighted by the scale. Porosity was then
calculated as:

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 1 −

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −𝑚𝑚0
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡 −𝑚𝑚0

A value of p < 0.05 was considered statistically significant.

Results

,
All the six volunteers completed the whole protocol
and were included in the data analysis. The KaplanMeier plot of the time to breathing experiment termination for the whole group of six volunteers and all the
tested materials was created and is presented in Fig. 3.
None of the experiments lasted longer than 390 seconds, and at the same time, none of the experiments was
terminated earlier than after 240 seconds. For this reason, further data processing was performed using the
first 240 seconds of the breathing experiments (i.e.,
240 s since connecting the breathing circuit to the cone
with the tested material).
There was not found any statistically significant difference in SpO2 between any of the tested materials as
demonstrated in Fig. 4. The biggest difference in SpO2
courses was measured between wet and dry perlites.
Moisturizing had a much less effect in wood shavings
and polystyrene than in perlite. In general, the decrease
in SpO2 was faster in wet materials.
Inspiratory and end-tidal fractions of oxygen (Fig. 5)
were the highest for the dry perlite and the lowest for the
wet perlite from 60 seconds till 240 seconds. Curves of
all other materials are situated between these two mentioned materials. Statistically significant differences
were found between dry perlite and wet perlite and between dry perlite and wet polystyrene from 120 seconds
for FiO2 and from 180 seconds for EtO2.
In the inspiratory and end-tidal fractions of carbon
dioxide curves, there was not found any statistically
significant difference between any of the tested materials. The curves of the inspiratory and end-tidal fractions of carbon dioxide are presented in Fig. 6.

where 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is weight of the cylinder filled with the
tested material, 𝑚𝑚0 is weight of the empty cylinder and
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡 is weight of the cylinder filled with the tested
material and then flooded fully by water.
The perlite (abbreviated as P) is an industrial mineral
and a commercial product useful for its low density after
processing. The grain size of the perlite specified by the
manufacturer was 1–3 mm (“Expandovaný perlit EP
AGRO”; Perlit ltd., Šenov u N. Jičína, Czech Republic).
The size of the wood shavings pieces (abbreviated as H)
and their textures varied greatly from one to another
from one to eight centimeters. The used polystyrene
(abbreviated as R) was a hydrophobic expanded material
with a typical grain size of 5 mm.
Table 2: Tested materials and their basic properties.
Materials
Symbol
Density
Porosity (-)
(kg∙ 𝐦𝐦−𝟑𝟑 )
Wet Perlite
PW
271 ± 2
0.55 ± 0.01
Dry Perlite
PD
120 ± 1
0.65 ± 0.01
Wet Wood
Shavings
Dry Wood
Shavings
Wet
Polystyrene
Dry
Polystyrene

HW

126 ± 6

0.81 ± 0.03

HD

62 ± 5

0.89 ± 0.03

RW

45 ± 5

0.47 ± 0.03

RD

11 ± 1

0.51 ± 0.01

Da ta p r o ces s in g an d st a ti st ic s
The Kaplan Meier plot was used to analyze the time
to breathing experiment termination involving all the
volunteers and tested materials. For the next data
analysis, the first 240 seconds of the experiment were
analyzed. The following respiratory parameters were
compared and statistically evaluated: SpO2, FiO2, EtO2,
FiCO2, EtCO2. The statistical difference between the
parameters were calculated in 15 second intervals from
the beginning of the experiment (i.e., connecting the
breathing circuit to the cone with the tested material).
The statistical significance of the difference was tested
using two-way ANOVA for repeated measures with
LSD post-hoc tests (STATISTICA 7, StatSoft, Tulsa,
OK, USA) after the Shapiro-Wilk data normality test.

Discussion
The main finding of the study is that all the tested
materials exhibited very similar effect on breathing
gasses. Except for the differences in inspiratory and endtidal fractions of oxygen, all the measured courses were
very similar. From the measured data, the materials
seemed to be interchangeable i.e. having a very similar
effect on the breathing gasses and duration of the experiments. Even though the differences are very small, it
seems that various water content in the tested materials
had stronger effect than materials themselves.
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Fig. 3: Time to breathing experiment termination for six different tested materials. PW—wet perlite, PD—dry perlite,
HW— wet wood shavings, HD—dry wood shavings, RW—wet polystyrene and RD—dry polystyrene.

Fig. 4: The difference between SpO2 during all the phases. PW—wet perlite, PD—dry perlite, HW— wet wood shavings,
HD—dry wood shavings, RW—wet polystyrene and RD—dry polystyrene.
According to all the measured curves (Fig. 4–6), the
dry perlite represents the material that affects gas exchange less than all the other materials in their wet and

dry forms. On the other hand, wet perlite compromises
the gas exchange more than all the other tested materials.
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Fig. 5: Inspiratory (FiO2) and end-tidal (EtO2) fractions of oxygen in the breathing gas during all the phases. PW—wet
perlite, PD—dry perlite, HW— wet wood shavings, HD—dry wood shavings, RW—wet polystyrene and RD—dry
polystyrene. The symbols
denotes statistically significant (p < 0.05) differences between materials. The colors
correspond to the colors used for individual materials and their curves.

Fig. 6: Inspiratory (FiCO2) and end-tidal (EtCO2) fractions of carbon dioxide in the breathing gas during all the phases.
PW—wet perlite, PD—dry perlite, HW— wet wood shavings, HD—dry wood shavings, RW—wet polystyrene and RD—
dry polystyrene.
Therefore, by changing water content in perlite, any
other material can be mimicked. When working with
the three tested materials, certain differences should be

mentioned, that may negatively affect the possible experiments when these materials should serve as models
of avalanche snow. First, the density of materials can
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be changed by their compression. The most prone to
compression induced changes in density were the wood
shavings (both wet and dry), then polystyrene. Furthermore, polystyrene does not absorb water well and as
a result, preparing polystyrene with a predefined water
content may be tricky. The most resistant material to
compression was perlite in both its forms. Therefore,
the perlite represents a material with the most reproducible physical properties and it can be expected that
repeated preparation of perlite environment for breathing experiments will be associated with the lowest
variations.
During the experiment, a two-liter air pocket was
present between volunteer and the tested materials. The
presence of air pocket or its size were selected as
a typical configuration of already published experimental studies [8, 9, 15].
In the current study, the group of volunteers consisted of well trained and healthy military professsionals. This constitution of the study group assured
less possible interindividual differences.
The current study did not intend to mimic the real
conditions when a person breathes in the avalanche
snow. Rather, the study was designed to investigate
differences between various materials that can be used
as a physical model of snow. For this reason, a special
apparatus was designed in the form of an inverse cone.
Using this apparatus, the tested materials can be exchanged easily and promptly and conditions of measurement including geometry are standardized.
The study has several limitations. Firstly, the study
group consisted of only six volunteers. We do not
suppose this feature as a significant limitation because
the aim of this study was not to precisely characterize
properties of the individual tested materials. The aim of
the study was to compare these materials and to find
out whether the materials are almost interchangeable or
whether they affect breathing differently. This study
serves as a pilot experiment; the results of this study
will be used for a design of a standard research study
involving real snow as well. For these reasons and
considering the relative homogeneity of the group mentioned above, the number of participants is sufficient.
Secondly, only first 240 seconds of each breathing
trial was evaluated because 240 seconds is the time for
which all the volunteers were able to sustain breathing
under compromised conditions. Nevertheless, we suppose this time as sufficient for analyzing effects of
individual materials. This represents a difference from
other published studies [7–10] aimed at investigation
of lengths of survival and associated effects.

ing of the volunteers in a similar extent. The time
courses of the recorded parameters were very similar
and were bordered from one side by the wet perlite and
from the other side by the dry perlite. The biggest
difference reached by moisturizing was found between
dry and wet perlite. From all the tested materials,
perlite is the best to simulate avalanche snow because
of its homogeneity, reproducibility and easy manipulation. By changing water content in perlite, it is possible to modify the properties affecting gas exchange and
the other tested materials can be substituted by perlite
with an appropriate water content. A further study is
needed to compare perlite and real avalanche snow
during breathing experiments.
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