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Abstract

The purpose of this study was to investigate the resistance to breathing (RES) in heat and moisture exchanging devices
(HME) intended for use during physical activity in the cold. RES was investigated for seventeen HMEs, including different
types of filters. In addition, the influence of headwind on RES was tested using four representative HMEs. HMEs were
mounted to the face of an artificial head manufactured from ABS plastic. The HMEs were connected to a mechanical lung
simulator, which delivered standardised inspiratory and expiratory air flow rates (¥, L/s). The delta pressure (Ap, Pa)
between ambient air and the air inside the HME was measured, whereupon RES was calculated. The results showed sig-
nificant (p < 0.05) differences in RES between HMEs from different manufacturers, while the difference was smaller, and
in some cases not significant (p > 0.05), between different models/filters within the same brand. The results also
showed that RES was highly influenced by different ventilations and headwind conditions. RES increased with increased
V and, when a headwind was introduced, RES decreased during inspiration and increased during expiration. Calculations
showed that the oxygen and energy cost for breathing through an HME was very small for most of the tested models.
The effect of HME dead space on pulmonary gas fractions depends on the tidal volume. At large tidal volumes and venti-
lations, the effect of HMEs on pulmonary gas fractions becomes relatively small.
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Introduction airways, which counteracts the heating to some extent.
Upon exhalation, some of the moisture and heat will be
returned to the upper airway surfaces as a result of con-
densation, due to a gradually decreasing temperature
and transfer of heat from the lower respiratory tract.
However, most of the water vapour and heat is exhaled
and the process as a whole causes dehydration and
cooling of the airways.

A simple device that could protect the airways from
potentially harmful effects of heavy exertion in the cold
is the heat and moisture exchanger (HME).” The
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valence of asthma among cross-country skiers was
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principle of an HME is that its inner surfaces and filters
are heated and moistened by exhaled air. The filter also
provides a barrier that prevents the mixing of residual
exhaled air with ambient air, thus stopping the volume
and surface inside the HME from being cooled and
dehumidified with ambient air during the short time
between exhalation and inhalation. As a result, upon
inhalation, cold and dry ambient air will be heated and
moistened by the filter and the remaining exhaled vol-
ume inside the HME. Differences in HME filter area,
mesh density, and remaining expiratory volume should
lead to differences in the ability to warm and humidify
inhaled air. Some degree of heat impact from the fric-
tion between gas molecules and the filter is conceivable,
but the impact from this source of heat is likely to be
relatively small. The intended functionality of HME:s is
thus to provide a pre-station where cold and dry ambi-
ent air is partially warmed and humidified before it
reaches the airways.

Use of an HME has been shown to attenuate
exercise-induced bronchoconstriction during physical
activity in cold air among patients with asthma® ! and
even among healthy athletes.'? In addition to preven-
tion of bronchoconstriction, HME usage may reduce
osmotic stress on the airways that could lead to bron-
chial hyperreactivity.”

Winter endurance athletes, such as cross-country
skiers, are rarely seen using HME during competition,
even though it is not banned. Reasons for not using
HME may include inconvenience, increased dead space,
breathing resistance (RES), and work of breathing
(WOB). HME volume has the potential to cause both
positive and negative impacts on the user. The impact
of increased dead space on inhaled air temperature and
humidity causes a decrease in pulmonary O, and an
increase in CO, concentrations.

It has been suggested that even small increases in
dead space could affect minute ventilation at higher
exercise intensities. For example, comparisons between
mouthpiece plus nose clip versus facemask breathing
apparatus, as commonly used in cardiopulmonary exer-
cise testing, have indicated that facemasks, which gener-
ally introduce slightly higher dead space volumes
(~50ml), have minimal effect on respiratory variables,
and no effects on exercise economy and test perfor-
mance.'>'° Marginal differences in dead space aside,
the HME filter also has potential to increase RES and
thereby WOB compared to a no-HME condition. The
effects of different RES on WOB have been studied by
using a proportional assist ventilator and installing
obstacles that increase RES in the hardware that distri-
butes the air flow.'®2! The results showed that the
respiratory muscles’ oxygen cost (VO,) constitutes 10—
15% of measured whole-body VO,. The effects of RES
for various types of face masks and hardware of aerobic
measurement systems have also been studied with the
results showing varying significance for V'O,, heart rate,
ventilation and performance.”> ?® The explanation for
this is probably more than just different degrees of

RES. Differences in protocols and the participants’ ven-
tilatory and aerobic capacity may impact the effects of
RES on users’ physiology and performance measures.

Increased dead space, RES and WOB, combined
with other factors, such as comfort and convenience,
have the potential to cause concerns among athletes
that an HME may negatively affect their performance.
Thus, HMEs must present minimal additional
dead space, RES and WOB if they are to be adopted
by athletes for use during high-intensity training ses-
sions and races.

Consequently, the main aim of the present study
was to measure and compare RES in the HMEs avail-
able on the Nordic market. Secondary aims were to
evaluate whether RES is influenced by different ventila-
tory rates in harsh wind conditions. Quantification of
HME volume and RES enabled calculation of the
effect of increased dead space on pulmonary gas con-
centrations, as well as the oxygen and energy cost to
drive airflow through the HME and its filter.

Methods

Heat and moisture exchangers

A total of 17 HMEs, including different types of filters
and one neck/face tube, from five manufacturers
(Airtrim, Vapro, Produktutveckling AB, Visteras,
Sweden; Jonaset, Suomen Jonas Oy, Helsinki, Finland;
CT Mask, AirGuard Medical Products Co., USA;
Lungplus, Lungplus Info AB, Horby, Sweden; Craft
Sportswear, Boras, Sweden) were tested for RES. The
HME model names, abbreviations, weight, filter cross-
sectional area and volume (dead space) are presented in
Table 1. The volumes are approximate and depend on
the individual geometry of the human face. The differ-
ent models and filters are also illustrated in Figure 1.

All HME:s enclose the nose, mouth and adjacent skin
surfaces, except the models from Lungplus, which are
held firmly in the mouth. The CNT is large enough to
cover the face and neck and is marketed to protect sur-
faces from the cold, rather than an HME for the air-
ways. However, since skiers sometimes cover the mouth
and nose with these types of tubes, they were considered
relevant to compare with true HMEs.

The five filters belonging to the Airtrim HME have
straight channels through which the inhaled and
exhaled air will pass, but the size and number of chan-
nels vary. The channels are surrounded by thin walls of
paper-like material which pass through the filter
between its inside and outside. Two of the Airtrim fil-
ters (ATA, ATS) design can be seen in Supplemental
Appendix B, Figure 4. Lungplus, CT Mask, and
Jonaset have filters consisting of a mesh of metal wires
through which the air flow will pass. The JL can be
used with filter 1 and 2 separately or together: the study
tested all three variants. The CT Masks, JH and JF
have the filter integrated in a textile that cover large
areas of the face and parts of the filter area. The CT



Ainegren et al. 99
Table |. Characteristics of the heat and moisture exchangers tested in the study.
HME Modelffilter Abbreviation Weight Filter area Volume
G cm? L
Airtrim Asthma ATA 28.6 26.4 0.1
Airtrim Sport ATS 26.9 26.4 0.1
Airtrim Racing | ATRI 27.1 264 0.1
Airtrim Racing 2 ATR2 26.7 26.4 0.1
Airtrim Racing 3 ATR3 263 264 0.1
Jonaset Limpokenno | JLI 100.5 29.1 0.15
Jonaset Liampokenno 2 JL2 100.4 284 0.15
Jonaset Limpokenno | + 2 JLI2 114.3 284 0.15
Jonaset Fleece JF 30.1 16.8 N/A
Jonaset Hengityssuoja JH 525 16.8 N/A
CT Mask Large CTL 117.7 31.5 N/A
CT Mask Medium CT™M 116.6 31.5 N/A
CT Mask Small CTS 65.8 31.5 N/A
Lungplus Sport LS 253 72 0.03
Lungplus | LI 23.1 72 0.03
Lungplus Junior L 203 5.9 0.02
Craft Neck tube CNT 432 N/A N/A

N/A: Not applicable.

Masks have smaller holes in the textile, allowing the air
to pass through more easily. However, the holes on the
inside are placed a few centimeters higher up, which
means that in addition to the navigation around the
network of metal wires, the flow must also pass diagon-
ally through the filter to reach the holes on the corre-
sponding side. The filters in the different CT Masks are
of the same type, while the masks appear to consist of
partly different textiles. Because the flow needs to pass
through the filter as well as the textiles, RES needed to
be examined in all three variants due to textile differ-
ences. The CNT contains no filter, hence the air flow
solely passes between the fibers of the relatively thin
textile (100% polyester).

Resistance to breathing

Pulmonary ventilation (V) is the product of tidal vol-
ume (V1) and breathing frequency (fg), as shown in
equation (1):

V: VTXfB (1)

To provide selected standardized ¥ with high reliability,
the study used a mechanical lung simulator (Metabolic
Simulator No 17056, Vacumed, Ventura, CA, USA)
with the ability to mimic different V't and fz. The lung
simulator and method was previously described in
detail

The head of a normal-sized human (body height and
weight, 170cm and 78kg, respectively) was photo-
graphed with a 3D camera and manufactured from
ABS plastic, using additive manufacturing (Sports Tech
Research Centre, Mid Sweden University). The head
had a cross sectional area of 336.5cm?. For connection
between the oral cavity and the mechanical simulator, a

ATR3

ATR1 _ ATR2

Figure I. The heat and moisture exchangers with different
filters tested for resistance to breathing: Airtrim with five
different filters — ATA, ATS, ATRI, ATR2, ATR3; Lungplus in
three different variants — LS, LI, LJ; CT Mask in three different
sizes — CTL, CTM, CTS; Jonaset with two different filters — JLI,
JL2, and two face tubes with filters — JF, JH; Craft, a neck/face
tube without any filter — CNT (Table 1).

simple plastic tube with inner diameter of 35mm was
used (Figure 2). The head was designed with an open
mouth with a cross-sectional area between the lips of
~8cm?. To provide a softer face surface, more similar
to human tissue, and avoid leakage to the HME’s sur-
face, a foam sheet was glued to the face. Also, to further
prevent leakage, HMEs were taped to the face surface.
For HME:s inserted in the mouth (Lungplus), a special
adapter was mounted that held the HME between
the lips.

A small connection was inserted under the chin to
the front of the oral cavity in order to measure the
pressure difference (Ap) between the dynamic air flow
inside the HMEs and the ambient static air pressure.
Measurements of Ap (—2500 to 2500 Pa, GMSD25



100

Proc IMechE Part P: | Sports Engineering and Technology 236(2)

Figure 2. Experimental setup of measurements of resistance
to breathing: the mechanical lung simulator, a head made from
ABS plastic with mounted foam sheet on the face and one type
of heat and moisture exchanger tested in the study.

MR, Swedish Thermo Instrument AB, Tdby) were
made at a rate of 100 Hz. In order to filter out spikes,
raw data was filtered at 20 Hz using a Butterworth-fil-
ter in Microsoft Excel. Different frequencies were
tested to develop a median curve well adapted to raw
data. The RES in the HMEs was calculated by the
ratio between Ap (Pa) and ¥ (L/s) as shown in equation

(2):

RES = Ap/V (2)

Flows were generated using V1 of 1,2 and 3 L and
of 30, 45 and 60 Vy/min to provide the mean V of 30,
90 and 180 L/min, with the corresponding inspiratory
and expiratory mean ¥ during flow of 1.0, 3.0 and 6.0
L/s, respectively. The flows represent a range of equiva-
lent ventilations from light physical activity and profes-
sional work to high-intensity exercise performed by
elite athletes in endurance sports.*

Five additional curves of Ap and V provided infor-
mation to determine the mean * SD for the inspiratory
RES (RES)) and expiratory RES (RESg). Since the
measured Ap is negative compared to the ambient air
during inspiration and positive during expiration, a
negative sign is reported before the values for RES.

Since sports, such as cross-country skiing, are prac-
ticed while moving at different speeds, a dynamic pres-
sure should arise from the air molecules on the HME
filter. Thus, in order to study the effect of headwind on
RES, measurements were made in a climatic wind tun-
nel’! at wind speeds of 0.0, 2.8, 8.3 and 13.9m/s using
four representative HMEs, one from each manufac-
turer, except Airguard Medical, including ATS, JL1,
LS and CNT. The type of filter selected was based on a
pilot survey of students at a Swedish high school with
national intake towards cross-country skiing, where 17
of 22 students used the ATS, three used the ATR2, one

used the ATA and one used the LS. Because the head-
wind caused turbulence, thus producing more variable
flow curves, the results of RES;, RESg and overall
mean of RES (RESy) in this part of the study were
based on ten flow curves.

The laboratory air pressure, temperature, relative
humidity, and density were 955hPa, 15.6°C, 20%, and
1.15kg/m’, respectively, during the testing.

Estimations of energy cost needed for breathing
through the HMEs were performed as described in
Ainegren et al.*® using equation (3):

Prep = ApV/m (3)

where Prgq is the required power (watts), V is the volu-
metric air flow rate (m®/s) and m is the mechanical effi-
ciency, which in most sports is approximately 20%.%°
The Prgg equation was applied on four representative
HMEs (ATS, JL1, LS, CNT) using the mean of mea-
sured inspiratory and expiratory Ap during the various
headwind conditions at the highest tested V with a m
of 20%.

The effect of HME-induced dead space on pulmon-
ary gas concentrations was calculated using equations
(4) and (5) in Supplemental Appendix A and the results
presented in Table 5.

Finally, two HME filters of paper-like material
(ATA and ATS) were compared in dry and wet condi-
tion to determine if the filter walls were swelled when
exposed to humidity, which would increase the resis-
tance to breathing. The procedure is further described,
and results presented, in Supplemental Appendix B,
Table 6.

Statistics

The statistical analyses were done in SPSS for Windows
statistical software release 24.0 (SPSS Inc., Chicago,
IL., USA). In the no-wind test condition, the results of
RES for the HME variance and V' variance were ana-
lysed using F-test of two-way analyses of variance.
When RES was tested as function of headwind, RES
for the wind speed variance and ¥ variance were ana-
lysed using F-tests of two-way repeated measures analy-
ses of variance. The Bonferroni post hoc test was used
to discern significant differences found in the F-tests
and correct a (p < 0.05). Confidence intervals (CI) and
effect sizes (Cohen’s d) were calculated for RES
between different HMEs, 7 and headwind conditions.

Results

The results of RESI and RESE for the tested HMEs in
the no-wind condition are presented as mean = SD of
V 30, 90 and 180 L/min in Figure 3. The largest differ-
ences in RES were found between different manufac-
turers of HME, while there were smaller differences in
RES between filters/models from each manufacturer.
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Figure 3. Results (mean = SD) of inspiratory and expiratory
resistance (RES, and RESE) at ventilations 30—180 L/min for
seventeen tested heat and moisture exchangers (HME). ATA,
ATS, ATRI, ATR2, ATR3: Airtrim with five different filters; JL1,
JL2, JL12, JF, JH: Jonaset with two different filters tested
separately plus in combination and two face tubes with filters;
CNT: Craft, a neck/face tube without any filter; LS, LI, LJ:
Lungplus in three different variants; CTL, CTM, CTS: CT masks
in three types and sizes (Table I). All paired comparisons
between HME models were significant at p < 0.05, except the
paired comparisons indicated by ‘ns’ (not significant (p > 0.05)).
p-values for all paired comparisons can be found in Supplemental
Appendix C, Tables 7 and 8.

The highest RES was recorded by the CT Masks, fol-
lowed by Lungplus, Craft, Jonaset and Airtrim.
Because Ap exceeded the equipment measuring range
for the CT Masks at higher 7/, RES could not be calcu-
lated for this brand at higher ¥, except for the medium-
sized HME at 90 L/min. Thus, the results presented for
the CT Masks in Figure 3 are based on 30 L/min (CTL,
CTM, CTS) and 90 L/min (CTM), only.

Due to very high reproducibility of the equipment
that generated the flow and pressure measurements,
the SD for RES was very small. Therefore, even small
differences in mean values between different HMEs
and flows resulted in significant differences in RES
(Figure 3).

Thus, there were significant differences in RES;
between the following HMEs and versus all other
tested HMEs: ATA, CTL, CTM, CTS, JL12, JF, JH,
LS, L1, LJ and CNT (p < 0.001). Significant differ-
ences were also established between the following: ATS
versus JL2 (p < 0.05) and ATS versus all other HMEs
(» < 0.001), except ATR1; JL2 versus ATS (p < 0.05)
and JL2 versus all other HMEs (p < 0.001); ATR1
versus all HMEs (p < 0.001), except ATS; ATR2 and
ATR3 versus all HMEs (p < 0.001), but not between
themselves; JL1 versus JL2 (p < 0.01) and JLI versus
all other HMEs (p < 0.001).

Further, significant differences in RESg were found
between the following HMEs and versus all other
HMEs: ATR3, CTL, CTM, CTS, JF, JH, LS, L1, LJ
and CNT (p < 0.001); ATA was also different versus
all HMEs (p < 0.001), except ATA versus JL12; JL12

Table 2. Inspiratory (RES)), expiratory (RESg) and mean (RESy) resistance to breathing for four HMEs at headwind conditions 0,
2.8, 8.3 and 13.9m/s. Mean = SD across a range of ventilations 30—180 L/min.

HME Wind speed RES, RESE RESM
m/s Pa/L/s Pa/L/s Pa/L/s

ATS 0 -2.7=*+0.7 20x02 23+04
2.8 -14=19 3.1 =13 23+03
83 55+6.0 23.1 =20.7 88+73
13.9 26.4 +25.1 549 =499 143+ 124

JLI 0 -36=*1.2 1.9+0.9 28=*1.0
2.8 -23+29 3.0x08 2.7 1.1
83 8.1 =108 197 +17.3 5833
13.9 28.6 +28.7 52.5+478 120+9.6

LS 0 —42.7+15.9 329+93 378+ 12.6
2.8 -50.7 £21.0 343+ 106 425+ 155
83 —-35.7 +33.3 456+79 40.7 = 30.2
13.9 -8.3+558 75.7 =439 420+65

CNT 0 -257+85 19.1 3.1 224+58
2.8 272+ 122 187+ 1.3 229+6.7
8.3 -16.4+20.7 324+ 11.8 244+ 5]
13.9 2.3+335 59.1 =374 28.1 =46

Mean = SD 0 -187£19.0 14.0 = 14.2 163+ 16.6
2.8 —-20.4+23.6 14.8 = 14.3 17.6 =18.8
83 9.6 £ 256 e 30.2 = 16.7*neee 19.9 = 6.1
13.9 12.2 £ 36.1¥**n 60.6 = 39.5%*nn 242+ 147

ATS: Airtrim Sport; JLI: Jonaset Limpokenno |; LS: Lungplus Sport; CNT: Craft neck/face tube.

*ap < 0.05. “ee p < 0.01. " eee p < 0.001. *** *** versus 0 m/s; 1, um, versus 2.8 m/s; ee,0ee versus |3.9.
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Table 3. Inspiratory (RES), expiratory (RESg) and mean (RESy) resistance to breathing for four HMEs at ventilations (V) 30, 90 and
180 L/min. Mean = SD across a range of headwind conditions 0—13.9 m/s.

HME 1% RES, RES; RESp
L/min Pa/L/s Pa/L/s Pa/L/s

ATS 30 16.4 +26.4 41.1 =513 123+ 129
90 3.9+90 138158 49*34
180 0.4 +5. 73+72 35+ 1.0

JLI 30 19.8+29.2 37.8 +49.1 9.0+ 10.0
90 44=+102 129+ 153 43+26
180 —1.1+52 72+63 42+06

LS 30 0.9+388 562+ 478 277 +47
90 459+ 12.7 460+ 127 459+ 6.6
180 -58.1 = 6.5 39.3+25 487 + 3.1

CNT 30 2.1 £259 45.1 + 40.1 215+72
90 —-17.1 =105 276+ 11.6 22306
180 -352+49 242 +52 29.7 +0.9

Mean + SD 30 9.8+287 45.1 £ 429 176112
90 —13.7+232 25.1 = 18.6* 194+ 179
180 —235+258 19.5 + 14.7%x 215+ 196

ATS: Airtrim Sport; JLI: Jonaset Lampokenno |; LS: Lungplus Sport; CNT: Craft neck/face tube.

*mp < 0.05. * versus 30 L/min; & versus 90 L/min.

Table 4. Calculated energy and oxygen cost for breathing through four types of HMEs at high ventilations (180 L/min) during

various headwind speeds (0—13.9 m/s).

HME Ap % Power VO,

Pa m3/s Watt kCal/min mL/min
ATS 21+ 6 0.006 0.62+0.19 89+27x 107 1.7+06
JLI 25+3 0.006 0.74*0.10 107+ 15%x 1073 2.1+03
LS 292+ 18 0.006 8.76 + 0.55 1255 +7.9% 107 251+ 1.6
CNT 178 +5 0.006 534+0.15 76.6 +22X 107 153+04

was different versus all HMEs (p < 0.05), except JL12
versus ATA. ATS was different versus JL2 (p < 0.01)
and all other HMEs (p < 0.001), except ATS versus
JL1; JL2 was different versus JL1 (p < 0.05), ATS (p
< 0.01) and all other HMEs (p < 0.001); JL1 was dif-
ferent versus JL2 (p < 0.05) and all HMEs (p
< 0.001), except JL1 versus ATS; ATR1 and ATR2
were different versus all HMEs (p < 0.001), but not
between themselves.

In other terms, no differences were found between
ATS versus ATR1 and ATR2 versus ATR3 for RES;
and ATRI1 versus ATR2, ATA versus JL12 and ATS
versus JL.1 for RESg (Figure 3).

Significant differences (p < 0.001) were also noted
in RES between the three ¥ in the no-wind condition,
where all HMEs showed a systematic increase in RES;
and RESE, as a function of V.

There were also significant differences in RES; and
RESE between different headwind conditions, except
between the two lowest wind speeds, 0.0 versus 2.8 m/s,
where RES; decreased and RESE increased systemati-
cally with increased headwind (Table 2): RES;: 0 versus
8.3 (p < 0.05) and 13.9m/s (p < 0.001); 2.8 versus 8.3

and 13.9m/s (p < 0.05); 8.3 versus 13.9m/s (p < 0.01);
RESE: 0 versus 8.3 (p < 0.05) and 13.9m/s (p < 0.01);
2.8 versus 8.3 (p < 0.05) and 13.9m/s (p < 0.01); 8.3
versus 13.9m/s (p < 0.001).

Also, there was a significant difference (p < 0.05) in
RESg between different 7, but not for RES;, while the
RES); remained similar regardless of different head-
wind and 7 conditions (Tables 2 and 3).

Confidence intervals (CI), effect sizes (Cohen’s d)
and p-values for RES between different HMEs, V and
headwind conditions are available in Supplemental
Appendix C.

The Prpqg for breathing through each of the four
representative HMEs is presented in Table 4. The cal-
culated energy requirement is very small, at less than
9W and 130 X 107 kCal/min, with a maximal oxygen
cost of 25mL/min.

Discussion

To the best of the authors’ knowledge, this is the first
study to evaluate RES in various heat and moisture
exchangers available on the market, intended for use
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during physical activity in the cold. The results showed
significant differences in RES between HMEs from dif-
ferent manufacturers, while the difference was small,
and in some cases not significant, between different
models/filters within the same brand. There was a posi-
tive association between RES and V, that is, RES
increased with increasing V. HME RES; and RESg
were greatly affected by headwind. Nevertheless, esti-
mated oxygen and energy costs were very low for
breathing through most of the HMEs included in this
study.

The HMEs could be grouped into four categories
based on RES: (1) Airtrim and Jonaset models, (2)
Craft neck/face tube, (3) Lungplus models and (4) CT
Mask models. The lowest RES occurred in the HMEs
from the Airtrim and Jonaset brands, which use large
filters, but these HMEs also have relatively large dead
space. The Craft neck/face tube had higher RES com-
pared to the Airtrim and Jonaset models, but RES was
still relatively low for this type of product which offers
both facial and respiratory protection.

The Lungplus models, which are designed to be held
in the mouth, had higher RES, likely due to the smaller
cross-sectional area. These HMEs probably approach
the level at which RES may interfere with the user’s
normal ventilation and WOB. As a comparison, the
difference in RES between the Lungplus models is
approximately equivalent to the RES found between
hardware of aerobic energy measurement systems.?
This difference has also been found to result in signifi-
cantly different breathing frequency and ventilation
during submaximal and maximal exercise, but no dif-
ference was noted in tidal volume, energy cost and per-
formance in high-ventilating athletes.®® In a similar
study where the difference in RES between the hard-
ware was smaller, on par with the actual RES for the
LS model, less RES resulted in lower submaximal
energy cost for both recreational and trained endurance
athletes, while the ventilation was lower only for the
latter group.?” For the maximal test, there were no dif-
ferences in ventilation and VO, peak, while the time to
exhaustion was extended with lower RES.

The HMEs with the highest RES were the CT Mask
models. It was not possible to measure RES on the
highest ventilation for this type of HME because Ap
exceeded the equipment measuring range. However,
based on the RES from the lowest ventilation, the RES
of these models at low ventilations exceeded several
times the RES found in hardware of aerobic energy
measurement systems.?’

When a headwind was introduced, RES decreased
during inspiration and increased during expiration; this
shift is particularly prominent for low ventilations.
Thus, a slightly different distribution of WOB may
result between the respiratory muscles. The influence of
headwind showed that RES; and RESE changed signifi-
cantly, except in the first scenario from no wind to low
wind speed (2.8 m/s). As shown in Table 2, the values
for RES; became less negative or even positive with

increasing headwind, while the RESg values increased
even more. However, as one decreased and the other
increased, the average RES (RESy) remained
unchanged. A trend developed towards an increased
RESy; with increased headwind for the ATS and JL1
HME:s, but not for LS and CNT, which is likely due to
the higher permeability of their large filters, which also
results in slightly higher sensitivity to headwind speeds.
Regarding RES between different 7, under the influ-
ence of headwind, only RESg was affected, displaying
more sensitivity to headwind at low V. However, this
was also a trend for RES; where the positive values for
ATS and JL1 at low V show that the inspiratory flow
through the filter was driven by the headwind (Table
3). The result of the influence of headwind is expected
since all HMEs tested have the filter on the front, that
is, directed forward towards a direction of travel and
streaming headwind. The HME filter represents a typi-
cal stagnation point, where Ap is higher around an
object compared to ambient air.>

The energy requirement and oxygen cost for breath-
ing through the HMEs are relatively small, but one can-
not ignore that a small effect could still influence
athletes’ performance (Table 4). Given the perspective
that cross-country skiers and biathletes have a VO,
peak between 3 and 6 L/min,*® the extra cost for WOB
through one of these HMEs should be less than 0.8%
of the total energy cost of exercise at near-maximal
intensities. However, there may also be an additional
cost for WOB due to the HME dead space and possible
increased ventilation. Since it was not possible to obtain
measurements at the highest ventilation for the CT
Masks, a representative model of this brand is not
included in Table 4. However, by studying the increase
in RES between the two lowest flows for the model with
the lowest RES (CTM), a value of RES can be approxi-
mated at the highest flow rate. RES would likely be at
least 450 Pa/L/s, which would have been obtained via a
mean Ap of 2700 Pa. Based on this approximation, the
Prgg would be 81 watts and 1.2 kCal/min and the VO,
would be 0.23 L/min for the CT Mask with the lowest
RES, thus resulting in an extra WOB of 4-8% of an
athlete’s maximal aerobic power. Therefore, this type of
HME is likely unsuitable to use, at least during high-
intensity exercise at the corresponding ventilation.

The calculations in Supplemental Appendix A,
Table 5, shows that the negative effect of HME dead
space on pulmonary gas fractions decreases with
increased tidal volume. For submaximal ventilations
with not fully utilised inspiratory and expiratory resi-
dual volumes, the negative impact on pulmonary gas
fractions when using HME can be compensated for by
an increase in V-t similar to the HME volume or an
increase in breathing frequency. However, the WOB
may increase, thus impairing the user’s mechanical effi-
ciency. Whether a deterioration of the pulmonary gas
fractions has any practical significance for the user’s
performance depends on whether the partial pressure
change of the gases has an effect on the gas transfer
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across the alveolar-capillary membrane. Such a sce-
nario could cause negative consequences for O, satura-
tion and CO, removal of the arterial blood, which
should become more critical with low ambient air pres-
sure occurring at higher altitudes.

The calculations presented in Supplemental
Appendix B, Table 6, show that the Airtrim filter cell
walls swelled after being exposed to a water bath.
Thus, moisture causes a reduction in the size of the cells
for this type of paper-like filter, which likely results in
an increased RES. However, the increase in filter wall
area was similar to the difference between the two
tested filters. The expected increase in RES should
therefore be approximately the same as the small differ-
ence between the two filters. Morecover, the filters
became considerably softer when wet as compared to
the dry condition. A filter that holds more moisture
may possibly contribute to more evaporation, but con-
ceivably is also an increased risk of ice formation. Of
further note was the formation of crystals on the bot-
tom of the water bath, consisting mostly of salt, which
shows that the manufacturer is likely to prepare the fil-
ters with salt in order to counteract icing. Another
explanation may be that the salt helps to keep the fibers
together when the filter gets wet.

The findings from the current study show very small
negative effects of the use of HMEs on athletes’ phy-
siology and performance, such as changed pulmonary
gas fractions due to increased dead space, resistance to
breathing, and energy requirement for driving the
inhaled and exhaled air through the filter. At least dur-
ing training, any moderate to high-intensity exercise,
with corresponding ventilation and energy expenditure,
should be possible without decisive influence in these
respects. However, conceivable disturbances, such as
discomfort of wearing an HME and possible ice forma-
tion in the filter, can disturb the user, even during train-
ing. For professional work and light physical activities
where ventilation and V- are usually low, as well as in
combination with asthma and being unaccustomed to
exercise, the use of an HME can have more noticeable
effects on the user. In order to investigate the possible
occurrence of ice formation, athletes and coaches can
inspect the filters during training in the cold so as to
investigate whether this can cause problems or not with
ventilation and increased RES and WOB. Whether a
wet filter surface affects the shear stress of the bound-
ary layer and thus RES was not investigated in this
study. Variations in air temperature and density likely
have some minor effect on RES. Lower temperature
and altitude increase the density of the air and vice
versa. Leakage is a factor that can greatly change RES,
WOB, and temperature and humidity of the inhaled
air. However, this study did not address leakage issues
resulting from poor fit or equipment issues. During this
study, certain types of HME had to be taped to the
plastic face surface to avoid leakage while taking

measurements. Realizing that people will not have
HMEs taped to their faces, possible leakage may be
unavoidable.

Pros and cons exist for the different HME designs in
terms of dead space, RES, WOB, sensitivity to wind
conditions and possible leakage problems. Potential
negative consequences of HME usage due to RES,
dead space and WOB on physiology and performance
measures, as well as possible positive effects in prevent-
ing asthma in winter endurance athletes, are topics for
future investigation. With so little difference in RES
values between filters, the multitude of filter options
seems unnecessary. [t remains to be seen whether dif-
ferences between the various filters influence the ability
of an HME to humidify and heat the inhaled air.

Conclusion

Unsurprisingly, the results of this study show that
breathing resistance varies between HMEs depending
on design, model, filters, minute ventilation, and wind
conditions. Most HMEs on the Nordic market have
low breathing resistance and should only affect work of
breathing to a very small extent, even at high ventila-
tions and headwind speeds. The effect of HME dead
space on pulmonary gas fractions varies depending on
the HME volume and size of the tidal volume.
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