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BACKGROUND: The gas mask is used to protect military and non-military personnel exposed to
respiratory hazards (chemical, biologic, radiologic, and nuclear agents). The objective was to eval-
uate the impact of the gas mask on indexes of respiratory effort and breathing patterns in a human
model because no data exist. METHODS: The design of the study was a crossover evaluation with
four 10-min conditions in a randomized order: with and without wearing the gas mask when at rest
and when exerting a standardized effort. During the studied conditions, 14 healthy subjects were
evaluated for breathing patterns, indexes of respiratory effort (work of breathing, pressure-time
product for esophageal pressure, and esophageal pressure swing) and capillary blood gases. Con-
tinuous SpO2

was recorded during the tested conditions. RESULTS: The indexes of respiratory
effort significantly increased when subjects wore the gas mask under the tested conditions (at rest
and during effort). The work of breathing was significantly augmented with the mask (at rest,
0.40 � 0.32 J/cycle vs 0.25 � 0.10 J/cycle; effort, 5.96 � 3.32 J/cycle vs 4.43 � 2.50 J/cycle;
P < .001). The other indexes of effort (esophageal pressure-time product and esophageal swing were
all significantly increased, from 30 to 60%, with a gas mask in comparison with at baseline without
a gas mask). The impact on breathing patterns and PaCO2

was limited, without significant differ-
ences. Moderate hypoxemia was present during effort and was not increased by the gas mask.
CONCLUSIONS: This study demonstrated a substantial increase in the indicies of respiratory
effort both at rest and during exercise with a gas mask. Our measurements and findings may be
referred in future research and development studies in this field. (ClinicalTrials.gov registration
NCT02782936.) Key words: work of breathing; breathing pattern; respiratory effort index; chemical;
biological; radiological; nuclear and explosive; gas mask; respiratory protective devices; gas exchange.
[Respir Care 2018;63(11):1350–1359. © 2018 Daedalus Enterprises]

Introduction

The gas mask is used to protect military and non-mili-
tary personnel exposed to respiratory hazards. When only

considering U.S. military forces, �1 million people are
potential users of these devices.1 The mask is a special
interface that combines inspiratory and expiratory resis-
tances, and that has an instrumental dead space, which
possibly results in a rebreathing phenomenon. These dif-
ferent characteristics of gas masks may explain the sensa-
tion of respiratory stress or breathing difficulty experi-
enced by the users of the masks at rest or during physical
effort.2-5 A number of studies found in the literature eval-
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uated the impact of resistance on comfort6-9, and few stud-
ies evaluated the impact of gas masks on gas exchange.10

There are no data in the literature on the impact on work
of breathing (WOB) and other indicies of effort in gas
mask users. It is likely that the respiratory stress is related
to increased WOB, which negatively affects the military
personnel. Accurate evaluation of the impact on the WOB
and understanding of the physiologic mechanism may im-
prove the design for better-tolerated gas masks in the fu-
ture.

The main evaluations of respiratory stress rely on the
assessment of the comfort to breathe with a gas mask. Four
studies included an assessment of the comfort in the func-
tion of breathing resistance while wearing a gas mask.6,7,9,11

These studies revealed that the comfort decreased proportion-
ally with the increase of breathing resistance.6,7,9,11 More-
over, no study focused on comparing the comfort-breathing
resistance relationship between at rest and during effort. Few
data are available regarding the potential impact on rebreath-
ing and the impact on oxygenation that results from the use
of a gas mask. Arieli et al10 observed only a minor impact on
gas exchange with gas masks when the subject was in a
resting condition. Theses investigators did not repeat their
study with the subject under physical effort.

To our knowledge, no study has ever assessed the indicies
of respiratory efforts with an esophageal catheter as a con-
ventionally recognized method in respiratory physiology.12-15

The aim of this study was to accurately measure the impact
of the use of a gas mask on the indexes of respiratory effort,
on breathing patterns and gas exchange in healthy subjects at
rest and during standardized effort.

Methods

We conducted a randomized controlled cross-over study
in healthy subjects to evaluate the physiologic impact of
gas masks in subjects at rest and during effort (Fig. 1). The
study was conducted at the research center of the Quebec
Heart and Lung University Institute. The study was ap-
proved by the institutional ethics review board of the Que-
bec Heart and Lung University Institute. Written consent
was obtained for all the subjects before their participation.

Subjects

The inclusion criteria were the following: no known
significant cardiac and respiratory diseases, no history of
epilepsy, no pathology that required chronic medication,
no pregnancy, and correct face size in relation to the gas
mask. The exclusion criteria were the following: declined
to participate to the study, had claustrophobia, or had a
history of esophageal pathology. Spirometry and usual de-
mographic data like age, gender, weight, height, smoking
habits, etc. recording were performed after inclusion.

Protocol

The four 10-min testing conditions were in a split
design: at-rest baseline (without and with the mask); and
during effort (without and with the mask). During effort,
the subjects walked on a treadmill (Nordic Track A2155,
model 30234, Saint-Jerôme, Quebec, Canada) at 3 miles/h
(4.8 km/h) with an inclination of 10%. The metabolic tar-
get generated for the effort was 7.4 metabolic equivalent
of tasks, which represented a moderate intensity.16 At-rest
conditions were conducted first, followed by effort condi-
tions. Mask and no mask conditions were randomized ac-
cording to an online tool (https://www.random.org/. Ac-
cessed July 3, 2018). A 5-min and a 10-min washout took
place after the rest and effort conditions, respectively.

Physiologic Measurements

Breathing patterns and minute ventilation were deter-
mined by integrating flow signals with flow meters placed
at the inspiratory port and at the expiratory port (Validyne:
MP100 � 5 cm H2O); esophageal pressure was recorded
by using a simple balloon catheter connected to a differ-
ential pressure transducer (Validyne: MP45 � 100 cm
H2O; MP100 � 100 cm H2O). Signals were digitized at
200 Hz and sampled by using an analogic/numeric system
(Biopac MP100, Biopac Systems, Santa Barbara, Califor-
nia). The SpO2

was continuously monitored in all the sub-
jects during the different tested conditions by using a Nonin

QUICK LOOK

Current knowledge

The respiratory stress experienced by gas-mask users is
well known but has never been accurately quantified.
No study has evaluated the work of breathing or other
index of effort with and without a gas mask at rest and
during effort with adequate methodology. Few studies
exist on the breathing comfort with masks; one study
estimated the work of breathing by using a bench model.

What this paper contributes to our knowledge

In 14 healthy subjects, a population that represented the
common users of the gas masks, we demonstrated a sig-
nificant increase in all the indicies of effort (work of breath-
ing, esophageal pressure time product, and esophageal
swing pressure) when wearing a gas mask at rest and
during a moderate effort (30–60%). The impact on arte-
rial blood gases and desaturation was small. Our data pro-
vided an accurate assessment of the impact of these de-
vices on the healthy subject’s respiratory physiology.
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pulse oximeter (Nonin medical Inc., Plymouth, USA),
which provided one SpO2

value every second.17 Capillary
blood gases were collected from the fingertips right at
the end of each condition, with immediate analysis in
the laboratory (within a few minutes). We used capil-
lary blood gases, which are equivalent to arterial blood
gases for pH and PaCO2

analysis and do not require
arterial puncture.18

Data Analysis and Assessment of Subject Effort

The subject’s inspiratory WOB was calculated from
esophageal pressure–tidal volume loops by using the Camp-
bell diagram.15 Respiratory muscle pressure–time product
was calculated from the esophageal pressure signal versus
inspiratory time, and esophageal pressure (Swing Pes) was
recorded. Analyses were conducted with the software
RESPMAT (as described by Mayaud et al19 10–20 best
and stable cycles were used to compute the calculation of
the WOB, as usually recommended.12,14,15,19,20 The esoph-
ageal catheter was placed as previously described.14 The
Auto-PEEP and airways resistance values were also auto-
matically calculated from RESPMAT. When evaluating
the condition of the non-masked subjects, an anesthetic
mask was used (3M, Brampton, Ontario, Canada). The
C-4 gas mask (Airboss Defense, Bromont, Quebec, Can-
ada) was used in masked conditions with one canister
(C7A1, 3M, Ontario, Canada). The inspiratory resistance
of this mask is 4.44 cm H2O at 1 L/s, and the expiratory
resistance is 1.25 cm H2O at 1 L/s. The internal volume of
the gas mask was 280 mL, and the nose-cup volume was
80 mL, based on a water filling technique of the different
parts of the gas mask in the healthy subjects. The subjects
were evaluated for their breathing pattern, index of respi-

ratory effort, and capillary blood gases with and without
the gas mask. To describe the variations in oxygenation
during the studied conditions, we compared the difference
between the mean initial 10 SpO2

values and the minimum
SpO2

value.

Statistical Analyses

Statistical analyses were conducted by a biostatistician.
Continuous variables were expressed as mean � SD. Nom-
inal variables were expressed as percentages. Separate sta-
tistical analyses were conducted for the groups of healthy
subjects. Data were analyzed by using a 2-way mixed
model. Two experimental factors, one associated with the
comparison between the measurements at baseline or when
hypoxemia occurred, and one associated with the compar-
ison with or without the gas mask, factors fixed, with
interaction terms between the fixed factors, were defined.
These factors were analyzed as repeated measures with
2 levels by using an unstructured covariance matrix for
both factors (one-on-one). For variables in which the nor-
mality assumption was not fulfilled, analyses were per-
formed on an appropriate transformation (log and square
root). A linear mixed model with repeated measurements
at only one level was conducted by using an unstructured
covariance matrix. The multivariate normality assumptions
were verified with the Shapiro-Wilk test after a Cholesky
factorization on the residuals. The results were considered
significant with P values of � .05. All the analyses were
conducted by using the statistical package SAS, version
9.4 (SAS Institute, Cary, North Carolina) and R (Founda-
tion for Statistical Computing, Vienna, Austria.).

Esophageal
balloon
catheter

Flow

Signal Recording

Pes
SpO

Pneumotachographs

Tested conditions
Rest (with and without mask)
Effort (with and without mask)

2

Fig. 1. Experimental setup for all tested conditions.
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Results

Population

Fifteen healthy subjects were enrolled in the study. One
healthy subject was excluded from the study due to a
vasovagal shock when inserting the esophageal catheter.
Fourteen healthy subjects completed the clinical trial, and
data were available for analysis. The age of the subjects
was 37.9 � 5.8 years, and they had a mean body mass
index of 26.1 � 3.8 kg/m2 and a FEV1 of 4.35 � 0.80 L.
The sex ratio was 1:14 participants, 1 woman and 14 men,
which represented the usual proportion of users for the
tested devices. The characteristics of the participating
healthy subjects are displayed in Table 1.

Indexes of Effort

A mean of 15.3 � 2.2 stable breathing cycles were used
for the analysis of the breathing pattern and the index of
effort calculations. Wearing the gas mask resulted in a
significant increase in all indexes of effort (Fig. 2). The
WOB was significantly increased with the gas mask in
comparison with the unmasked condition (rest, 3.40 � 1.6
J/min vs 4.96 � 3.8 J/min; effort, 76.6 � 46.5 J/min vs
98.9 � 55.7 J/min; P � .01). The other respiratory indexes
(WOB expressed in J/cycle, Esophageal Pressure time-
Product, and swing Pes) showed significant increases

with the gas mask, at rest and with effort (Table 2). The
variations in respiratory index with the gas mask at rest
and during effort ranged between 30% and 60% (Fig. 3,
Table 2).

Breathing Pattern

By comparing the masked with the unmasked condi-
tions, at rest and during effort, the breathing pattern showed
no significant difference in respiratory parameters (Table
3), whereas, in other results, these were significant. Respira-
tory resistances showed a significant increase with the gas
mask when at rest and during effort (rest, 6.49 � 5.73 cm
H2O/L/s vs 8.14 � 2.72 cm H2O/L/s; effort, 3.34 � 1.36 cm
H2O/L/s vs 6.31 � 2.89 cm H2O/L/s; P � .001). As for the
auto-PEEP, the increases with the mask were significant (rest,
0.64 � 0.54 L/cm H2O vs 1.07 � 0.66 L/cm H2O; effort,
3.08 � 1.64 L/cm H2O vs 5.71 � 2.39 L/cm H2O; P � .001)
(Fig. 4). With the mask compared with the unmasked con-
dition, the respiratory resistances increased by approxima-
tively 25% at rest and 90% during effort. In the case of
auto-PEEP, the increase with the gas mask was close to 70%
and 90% (Fig. 4).

Gas Exchange

There was no impact on pH and PaCO2
with the gas

masks (Table 4). Data for the SpO2
evaluation were avail-

Table 1. Characteristics of the Subjects at Inclusion

Subject no. Sex Age (y) Weight (kg) Height (cm) FEV1 (L) FEV1 (%) FVC (L) FVC (%) FEV1:FVC (%) SpO2
at rest (%)*

1 M 39 67.8 170 4.30 117 5.96 134 72.0 98
2 M 36 91.4 184 5.70 131 6.93 131 83.0 97
3 M 43 73.2 179 4.80 122 6.39 132 94.0 97
4 M 35 86.6 180 4.40 105 5.66 112 78.0 97
5 M 31 88.1 177 5.50 130 6.83 136 80.0 98
6 M 44 76.0 177 4.80 125 6.06 129 100 98
7 M 36 75.1 177 4.50 114 5.62 117 100 98
8 M 37 72.7 182 4.50 106 6.36 125 87.0 98
9 M 51 74.0 169 3.00 93 3.95 98 99.0 98
10 M 37 70.1 174 4.20 107 5.64 121 92.0 97
11 M 37 92.4 173 3.23 83.6 4.72 102 85.1 94
12 M 45 114 178 3.65 95.3 4.83 102 95.8 96
13† M 31 68.0 182 4.86 110 6.89 129 70.6 98
14 F 30 58.3 160 3.73 128 4.67 139 85.1 98
15 M 37 91.8 175 4.05 103 4.79 101 84.5 97

37.9 � 5.8 80.0 � 14 176 � 6 4.35 � 0.8 111 � 14 5.69 � 0.9 121 � 14 87.0 � 9.6 97.3 � 1.0

Values are presented as mean � SD.
* Subject #13 was withdrawn due to a vagal shock at the insertion of esophageal catheter.
† Breathing room air.
FEV � Forced Expiratory Volume
FVC � Forced Vital Capacity
FEV1/FVC � Estimated Percentage value
SpO2 � Pulse oximetry
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able in 12 of 14 subjects, with the available signal in 97%
of the time at rest and 84% of the time during effort. The
oxygenation was stable during rest with and without the
gas mask but slightly decreased during effort with and
without the gas mask. The mean SpO2

during the study
conditions showed a small but significant decrease with
the gas mask (rest, 96.7% � 1.0% vs 96.5% � 1.2%;
effort, 95.3% � 2.9% vs 94.0% � 4.1%; P � .035).
During effort, we observed a decrease in SpO2

between
initial values and the minimum value, which was similar
with and without the gas mask (�4.5% � 2.4%
vs �4.3% � 2.8%, P � .87). With the gas mask, 5 of
12 subjects had desaturation �5% SpO2

; without the
mask, such a degree of desaturation occurred in 3 sub-
jects (Table 4). With and without the mask, the exercise
induced desaturation and was persistent up to the end of
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Fig. 3. Variations in the indexes of respiratory effort with the gas
mask, at rest and during an effort. The p-values refer to the com-
parisons of the different indexes of effort, without and with masks.
N � 14. WOB � work of breathing; PTP � pressure time product;
Pes � esophageal pressure.

−3

−2

−1

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11

1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11

1112 1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7 8 9 101 2 3 4 5 6 7 8 9 101112

0

Fl
ow

 (L
/s

)
Without mask

A B

C D

Time (s) Time (s)

Time (s) Time (s)

With mask

1

2

3

−20

−15

−10

0

P
es

 (c
m

 H
2O

)

Fl
ow

 (L
/s

)
P

es
 (c

m
 H

2O
)

−5

5

10

−3

−2

−1
0

Without mask With mask

1

2

3

−20

−15

−10

0

−5

5

10

Fig. 2. Typical esophageal pressure and flow tracings at rest (A and C) and during effort (B and D), without and with a gas mask.
(subject 3).

Table 2. Respiratory Index Effort at the End of the Studied Conditions

Variable WOB (J/cycl) PTPes (cm H2O�s/min) Swing Pes (cm H2O)

Rest without a gas mask 0.25 � 0.10 109 � 37 4.9 � 2.1
Rest with a gas mask 0.40 � 0.32* 148 � 67† 6.5 � 3.0†
Effort without a gas mask 4.43 � 2.50 461 � 212 16.7 � 8.5
Effort with a gas mask 5.96 � 3.32* 664 � 271† 24.2 � 10.5†

Values are presented as mean � SD. n � 14.
* P � .01.
† P � .001.
WOB � work of breathing
PTPes � esophageal pressure time product
Pes � esophageal pressure
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the exercise in 5 of 12 subjects; in other subjects, the
desaturation was transient.

Discussion

To our knowledge, this was the first evaluation of a
physiologic impact of the gas mask on indexes of effort,
breathing patterns, and gas exchanges in human subjects.
This evaluation was conducted in healthy subjects who
represented the population that most frequently uses these
devices (military and non-military workers). In the litera-
ture, to our knowledge, there are no data on the impact of
the respiratory protection devices on the indexes of respi-
ratory effort in human subjects. We demonstrated and quan-
tified the increase in indexes of respiratory effort in healthy
subjects. Respiratory effort indexes with a gas mask in-
creased, up to 60%, under the resting condition and up to
35% during effort. Our main hypothesis that explains this
effect is (1) the impact of inspiratory and expiratory re-
sistances due to the canister and other components of the

gas mask and (2) the potential rebreathing effect within the
gas mask. This effect on the WOB may explain the respi-
ratory stress well described by users of gas masks. These
data may serve as a reference to improve the design and
comfort of these frequently used devices for respiratory
protection.

Indexes of Respiratory Effort

The accurate measurement of the indexes of respiratory
effort in healthy subjects, both at rest and during physical
effort, showed the impact of the gas mask on human re-
spiratory physiology. In all tested conditions with these
subjects, at rest and during standardized effort, we dem-
onstrated an increase in the indexes of respiratory effort
with the gas mask. In the literature on gas masks, there is
no study that measured the indexes of respiratory effort
according to the relevant standards (ie, with the use of an
esophageal balloon to measure esophageal pres-
sure).12,14,15,20 The study by Caretti et al6 evaluated the
additional WOB on a bench test but did not measure these
parameters in their subjects. Their work does not represent
an indirect estimation of the additional WOB, calculated
on a bench to overcome several combinations of inspira-
tory and expiratory resistances.6 The WOB calculation in
the study by Caretti et al6 was not directly measured in
humans but measured on a head form and when using a
breathing machine at various inspiratory and expiratory
resistances. In the 11 healthy subjects included in this
study, the investigators correlated a decrease in physical
exercise performance with a mask along with the increase
in resistance to inhalation but independent of the resis-
tance to exhalation.6 Due to the lack of data in the litera-
ture that directly evaluated the WOB with and without a
gas mask, it was not possible to make direct comparisons
with our results.

The self-contained breathing apparatus is the only res-
pirator technology for which studies have directly mea-
sured the WOB.21,22 Compared with the gas mask, self-

Table 3. Breathing Pattern at the End of the Studied Conditions

Variable F (breaths/min) VT (L) V̇E (L/min) PEF (L/s) TI (s) TE (s) VT:TI (L/s)

Rest without a gas mask 13.4 � 1.6 0.50 � 0.11 6.85 � 1.70 0.54 � 0.13 1.90 � 0.44 2.64 � 0.40 0.28 � 0.07
Rest with a gas mask 12.5 � 2.2 0.57 � 0.21 7.00 � 2.33 0.64 � 0.18 2.03 � 0.40 2.93 � 0.77 0.28 � 0.07
Effort without a gas mask 17.7 � 6.9 2.25 � 0.78 38.0 � 15.1 2.63 � 0.99 1.77 � 0.69 2.10 � 0.78 1.38 � 0.52
Effort with a gas mask 17.4 � 5.3 2.22 � 0.63 37.4 � 11.3 2.39 � 0.68 1.76 � 0.47 1.97 � 0.57 1.31 � 0.36

N � 14.
F � breathing frequency
VT � tidal volume
V̇E � minute volume
PEF � peak expiratory flow
TI � inspiratory time
TE � expiratory time
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contained breathing apparatus technology works mainly
with a pressurized and closed-circuit fluid supply system.
Thus, we could not directly compare self-contained breath-
ing apparatus’ impact on respiratory function with gas
masks due to the existence of a form of respiratory support
in the self-contained breathing apparatus. The self-con-
tained breathing apparatus is used by specialized teams
of security and military forces. In the first study by
Butcher et al,21 the WOB measurement was based on the
self-contained breathing apparatus pressure regulator.
Among 12 healthy men, the investigators adapted a meth-
odology to the effort on a cyclometer (150–240 W) ac-
cording to 2 randomized non-blind conditions.21 The first
condition was when wearing the modified mask (without a
pressure regulator); the second condition was with a com-
plete mask with the pressure regulator.21 They mainly ob-
served a 59% increase in resistive work and an active expi-
ration for maintaining a high minute ventilation value with
the use of a pressure regulator compared with a similar con-
dition without one.21

In 2007, the second study by Butcher et al22 evaluated
the effect of the helium-oxygen mixture on respiratory
parameters, fatigue of the respiratory muscles, and WOB
with a self-contained breathing apparatus. In this study,
the helium-oxygen mixture reduced WOB and fatigue of
the respiratory muscles. Given that the gas mask and the
self-contained breathing apparatus, especially with a heli-
um-oxygen mixture, are very different technologies, a di-
rect comparison with our data proved to be difficult. In our
study, the increase in WOB and other indexes of effort
may be related to increased resistances of the device (mainly
the inspiratory canister) or to a rebreathing effect that led
to increased respiratory drive.

Impact of Resistances

The main hypothesis that explains the increased WOB
is the effect of the inspiratory resistances of the gas mask.

The resistances of the respiratory system were increased
by 25% to 50% with a mask when at rest and during effort,
respectively. We conducted another bench study, which
evaluated resistances of the different components of the
gas mask (canister, internal valves, expiratory valve).23

We demonstrated that the resistances related to the canis-
ter accounted for 80% of the inspiratory resistances and
2 of 3 of the total resistances (inspiratory and expiratory).
The resistances of the canister used in the present study in
healthy subjects, were 3.6 cm H2O at 1 L/s and near
10 cm H2O for higher flows of �2.5 L/s, equivalent to
those measured in healthy subjects during effort (Table 3).
Such resistances may explain, at least in part, the increased
WOB with gas masks found in this study conducted on
healthy subjects. Auto-PEEP significantly increased in the
subjects with a gas mask at rest (69%) and during effort
(86%) compared with unmasked conditions. This may, in
part, contribute to the increase of the WOB. Due to the
tasks performance required at higher physical intensity for
military personnel, security forces, and first-responders,
auto-PEEP might further increase.

Impact on Gas Exchange: PaCO2

The impact on rebreathing related to gas-mask dead
space was minor in the present study. The rebreathing
within the gas mask was probably limited because PaCO2

was stable, without a significant increase in tidal volume,
breathing frequency, and minute ventilation. In the case of
rebreathing, healthy subjects are capable of increasing tidal
volume or breathing frequency to increase CO2 clearance
and to maintain the level of PaCO2

. During effort, the PaCO2

increase with the mask was not clinically relevant, at
43.6 versus 43.3 mm Hg. These values contrasted with
those of Arieli et al10 who demonstrated that wearing the
gas mask in 9 healthy subjects led to hypercapnia due to
the rebreathing effect. In this study, Arieli et al10 showed
an increase in PaCO2

, from 36 to 43 mm Hg while wearing

Table 4. Gas Exchanges at the End of the Studied Conditions

Mean SpO2
(%)* Mean Minimum SpO2

(%)* pH PaCO2
(mm Hg) HCO3

� (mmol/L)

Rest without a gas mask† 96.7 � 1.0 95.5 � 0.97 7.40 � 0.02 41.7 � 4.2 25.0 � 0.7
Rest with a gas mask† 96.5 � 1.2‡ 95.4 � 1.07 7.40 � 0.04 41.7 � 4.7 24.9 � 0.6
Effort without a gas mask§ 95.3 � 2.9 93.5 � 2.5 7.35 � 0.05 43.3 � 6.8 22.8 � 1.8
Effort with a gas mask§ 94.0 � 4.1‡ 92.9 � 2.4 7.36 � 0.05 43.6 � 6.3 23.1 � 2.3

N � 14.
Values are mean � SD.
* SpO2 values were provided by the FreeO2 system (set in the recording mode where SpO2 values are recorded every seconds).
† Mean done during the last 2 minutes (stabilization).
‡ P � .05.
§ Mean done during the 10-min duration of the condition; in 2 subjects, the SpO2 values were aberrant and withdrawn from the analysis.
pH � potential of hydrogen
HCO3 � bicarbonate
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the mask for the first 5 min and then stabilized at 42 mm Hg
thereafter.

The level of inspired CO2 was measured in the mask,
the fraction of inspired CO2 (in the internal mask–nose-
cup) increased to �3%. The difference of internal volume
of the masks probably explained the differences with our
data, the total internal volume of the tested mask in the
study by Arieli et al10 was 3.5 L, and the internal volume
of the internal mask (nose-cup) was 130 mL. In our study,
the mask used (C-4, Airboss Defense) had lower internal
volumes (internal volume, 280 mL; nose-cup, 80 mL, ac-
cording to our estimates). The investigators indicated that
the mask dead spaces may explain the increase in PaCO2

.10

Given the complexity of our experimental setup, we did
not want to add measurements of gas composition in our
subjects. It, therefore, was not possible to compare our
results with these data. It was possible, however, that the
increase in WOB observed in our subjects was partly re-
lated to a rebreathing effect.

For all our subjects, the internal volume of the mask
was �280 mL. However, all of this volume may not be
considered dead space. For all our subjects (healthy)
studied at rest while using a gas mask, the WOB values
were 0.40–0.67 J/cycle. In Fraticelli et al.24, the investigators
evaluated the short-term effects of the internal volumes of
several noninvasive ventilation masks, on indexes of respi-
ratory effort, respiratory parameters, and gas exchanges.24 No
differences were shown in their testing up to 980 mL internal
volume. The dead space of masks during NIV (non-invasive

ventilation; and this is likely to be true with gas masks) is
represented by the flow of inspiratory and expiratory gases in
zones enriched in CO2, which does not constitute the totality
of the internal volume of these masks.24 This concept was
demonstrated by Fodil et al,25 with an analysis of gas flow
distribution with different interfaces. A comparison with a
160 mL dead space of a C-4 gas with the data from Fratic
elli et al24 cannot be directly done. Indeed, patients in this
study were assessed in the acute phase of respiratory distress,
with noninvasive ventilation and pressure support, whereas
our subjects were healthy and without respiratory support.

Impact on Gas Exchange: Oxygenation

A significant decrease in SpO2
was present during effort

in the mask–non-mask comparison (Fig. 5). During phys-
ical effort, for most subjects, the desaturation did not ap-
pear to be a clinical concern. In the study by Arieli et al,10

the initial SpO2
was 98.4% and went to 96.2% with the gas

mask. The investigators found a stabilization of the FIO2

inside the masks at 17%, again likely related to rebreath-
ing.10 The desaturation found in the study by Arieli et al,10

was slightly less than in our study. However, the desatu-
ration described in the study by Arieli et al,10 was found at
rest, and no evaluation during effort was conducted. In our
study, the desaturation at rest was not clinically relevant
(less than in the study by Arieli et al10), but there was a
significant exercise-induced hypoxia, �5% desaturation in
several subjects. However, the masks did not have a sig-
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Fig. 5. Typical SpO2
signal tracings in the tested conditions (subject 15). A and B: During rest. C and D: During effort.
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nificant impact on this effect. Exercise-induced desatura-
tion is well described and usually moderate.10,26-30 How-
ever, we found that wearing a gas mask during exercise
did not increase this effect.

Finally, our hypothesis was that the increase in WOB
with gas masks seems to mainly be related to increased
inspiratory resistances with a possible minor effect of re-
breathing that we could not completely rule out. Our hy-
pothesis is that the part related to the dead space of the
mask is limited and that the impact of the resistances is
predominant to explain indexes of respiratory effort and
the respiratory stress with these masks. To definitively
come to a conclusion about rebreathing, it would be better
to analyze the gas flow at the inhalation and exhalation
inside the mask and, in particular, in the nose-cup.

Study Limitations

We have not fully evaluated the technological dead space
of gas masks. In fact, as discussed above the internal vol-
ume did not correspond directly to the dead space of these
devices. Nevertheless, we could not measure the exact
internal volume of the masks, the inspired and exhaled
fractions of O2 and CO2 from the gases within the mask,
or the respiratory flow pattern traveling within the mask.
As a result, we could not assess the exact amount of dead
space with these devices. Therefore, we could not provide
a definitive conclusion on the issue of the rebreathing role
in indicies of increased effort. There were a limited num-
ber of subjects included in the study. However, all the
subjects showed similar changes in evaluated parameters,
especially on indexes of effort. We are confident that the
data were generalizable to most gas mask users. Auto-
PEEP might have been slightly overestimated because it
was measured with an esophageal balloon and without the
gastric pressure correction.31 Also, the study was not
blinded, but this was not feasible within this specific topic.

Conclusions

Our data accurately depicts the impact of gas masks on
healthy subjects at rest and during effort. We demonstrated
a clear increase of indexes of effort, without a relevant
impact on respiratory patterns or gas exchanges. These
effects were observed both at rest and during effort. There
are several potential explanations to the increased indexes
of effort with masks, mainly increased resistances, re-
breathing, and increased auto-PEEP. The exact contribu-
tion of each component could not be determined from our
data. The analysis of the results indicated that the increases
of the indexes of effort were more related to the increase
of the gas-mask resistances, although there may be a re-
breathing effect due to the dead space of the gas mask.
This did not seem to have been significant in the tested

conditions. Nevertheless, our data did not allow us to make
a definitive conclusion on this point.

Because it is one of the main entry routes for the chem-
ical, biologic, radiologic, nuclear, and explosive agents,
respiratory system protection must be achieved through
the use of gas masks. A better tolerance of these devices
by minimizing respiratory stress will improve the perfor-
mance of the users and allow wider use, even in those with
respiratory conditions. Our results were limited to the gas
masks used in this study but may be extended to similar
masks. Also, in our measurements, the control subjects
breathed through anesthetic masks to do a proper compar-
ison with the gas mask.
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