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Are Exhalation Valves on N95 Filtering Facepiece
Respirators Beneficial at Low-Moderate Work Rates:

An Overview

Raymond J. Roberge

National Institute for Occupational Safety and Health, National Personal Protective Technology

Laboratory, Pittsburgh, Pennsylvania

Exhalation valves (EVs) are touted as useful in dissipating
humidity, heat, and carbon dioxide from the dead space of
N95 filtering facepiece respirators and decreasing exhalation
resistance, thereby making the respirator more comfortable
and less physiologically demanding. Despite decades of use,
there is limited research on the psychophysiological impact of
EVs on the wearer at the current, low-moderate work rates of
many workers. The available literature indicates that past and
current EVs on the market decrease exhalation resistance to a
variable degree and may improve dead space heat dissipation
and, consequently, the temperature of the skin covered by the
respirator. EVs have little substantial effect on dead space
humidity, respiratory rate, heart rate, core temperature, speech
intelligibility, or dead space oxygen and carbon dioxide levels
at the aforementioned work rates. The studies also indicate
that EVs may impact comfort and tolerance when N95 filtering
facepiece respirators are worn for extended periods or at high
work rates. Because comfort and tolerance impact respirator
use compliance and, by extension, protection, more research
into the psychophysiological impact of EVs on wearers and the
development of new EVs tailored for low-moderate work rates
are warranted.
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INTRODUCTION

he NOS5 class of filtering facepiece respirators (N95 FFRs)
is the most commonly used respiratory protective device
in the U.S. private industrial sector and health care. N95 FFR
use is associated with psychophysiological stressors, such as
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sensations of discomfort (e.g., warmth, increased exertion, and
so on); an increase in breathing resistance; elevation of the
heart rate and respiratory rate; increased facial sweat; and
variable carbon dioxide retention.’ The first dust-mist mask,
the forerunner to FFRs, was commercially launched in the late
1970s and featured an exhalation valve (EV) to assist with
humidity elimination.” The EV bypasses the filter media and
presumably diminishes the negative impact of N95 FFR use
via such mechanisms as decreased exhalation resistance and
improved dissipation of exhaled moisture, heat, and carbon
dioxide.®

It has been demonstrated that reduced exhalation resistance
(as would occur with an EV) correlates with enhanced oxygen
consumption and minute volumes at high work rates,® but
many workers in modern industrialized nations work at low-
to-moderate work rates,”"® wherein the impact of an EV is less
defined. This may have important ramifications for purchasers
of respiratory protective equipment because of the greater
cost of N95 FFRs equipped with an EV (N95 FFRS/EV).
Despite some early EV research,® a review of the literature
indicates that there is relatively little available research data
with respect to the impact of EVs on users of respiratory
protective equipment. This article will review the available
data on EVs to convey information that is pertinent to stake-
holders (e.g., respiratory protection program managers, users),
thereby allowing them to take a more informed approach to
the selection of N95 FFRs.

MATERIALS AND METHODS

computerized literature search using Medical Subject

Headings (MeSH) terms exhalation valves, filtering face-
piece respirators, N95 respirators, respiratory protective de-
vices, and respirator physiological and psychological impact
was undertaken for the period 1950-2012 with Medline,
OvidSP, Dialog, EMBase, PsycINFO, Compendex, and Google
search engines. Selected articles and their bibliographies and
electronic references were perused for pertinent articles.
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References cited for inclusion in the review were those that
included information relating to the use of EVs on respiratory
protective devices, including N95 filtering facepiece respira-
tors and those that evaluated the psychophysiological impact
of wearing respiratory protective devices on the wearer.

RESULTS

Atotal of 430 articles and electronic references were re-
trieved, of which 53 were relevant and utilized for this
report. Included are 42 peer-reviewed published papers, 2 ab-
stracts, 2 government agency reports, 2 private agency reports,
1 doctoral thesis, 2 trade journal articles, 1 newsletter, and
1 manufacturer’s (non-published) study. Only nine studies
directly compared N95 FFRs with N95 FFRs/EV, and of these,
three were non-human studies. There is a dearth of scientific
data on the psychophysiological impact of EVs on wearers of
NO95 FFRs equipped with these devices, despite their use by
millions of workers.

DISCUSSION

EV Function

For the purpose of this report, an EV is a device that allows
for uni-directional exit of exhaled air through a respiratory
protective device while preventing outside air from entering
through the EV.U? Negative pressure generated in the dead
space of the FFR during inspiration seats the EV to prevent
air entry, and positive pressure during exhalation unseats the
EV to allow a portion of the exhaled air to bypass the filter
media.') Presumed beneficial effects of an EV are decreases
in exhalation resistance, heat, humidity, and carbon dioxide
from the N95 FFR dead space.®>'? In addition, the positive
pressure buildup during exhalation, which may disrupt the
facial seal of the N95 FFR, is limited by a functional EV.
Some evidence suggests that EV performance may change
over time due to the cyclic breathing of the wearer.!!?

EV Features
Structure

The EV is a simple one-way flap-type valve that consists
of a valve seat, valve, and valve cover.!1® EVs are thin
(generally ~0.50 mm), usually composed of natural or silicone
rubber or neoprene, and commonly have a round (“mushroom,”
“button”) or flat, rectangular, or parabolic sheet configuration
(“flapper”).C:'4 The valve seat (exhalation port) is situated
within the body of the FFR filter material with its aperture cov-
ered by the EV. The EV is generally held in place by a centrally
located post that is affixed to a cross bracket in the valve seat
(round EV) or edge-pinned on one edge of the valve seat (flat
rectangular and parabolic EVs). The valve cover lies outboard
of the EV, comes in various configurations that generally reflect
the shape of the underlying EV, is fenestrated to allow for air
passage during exhalation, and serves a protective function
for the delicate EV.('¥ Valve cover fenestrations are generally
located on the distal half of flat (rectangular) EVs to deflect air
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FIGURE 1. Components of N95 filtering facepiece respirator
exhalation valves (clockwise from top left): edge-pinned flat
(parabolic) valve on valve seat, central post-mounted round valve
on valve seat, round valve cover with semicircular fenestrations
(no openings superiorly), round valve cover with completely
encircling fenestrations, and flat valve cover with distal and lateral
fenestrations

downward and partially (distal fenestrations) or fully encircle
round EVs (Figure 1). A dead space exists between the valve
cover and the EV that contains some of the exhaled air that in
the case of EV leakage ensures that back leakage is relatively
clean.'> Aerosol penetration through EVs is reduced when
the valve cover is in place compared with no valve cover.(!6-1®

EV Location

N95 FFRs/EV are available with the EV positioned in
central, lateral, distal, or superior aspects of the respirator,
each location offering advantages and disadvantages that the
user may wish to consider. At sedentary levels''® or low work
rates, most individuals are nasal breathers, with the switch
from nasal to oronasal breathing occurring at activity levels
associated with breathing volumes ~35 L/min.?” Respiratory
protective device workloads increase the proportion of oral
vs. nasal breathing®" so that a centrally positioned EV (the
most common placement) is aligned with the oral cavity such
that the streamlined airflows necessary for activation of the
EV are exhaled in the most direct trajectory.”® For the wearers
who maintain nasal breathing, the exhaled air is directed in
a downward airflow profile®??% rather than directly at a cen-
trally placed EV. Nasal breathers’ airflow could theoretically
benefit from N95 FFR with distally placed EV, but facial sweat
is more likely to accumulate in dependent areas and can impair
valve seating.(>

Laterally placed EVs are not directly aligned with the
central path of exhaled air; however, because the lateral path-
way from the EV to the mouth is longer than that with a
centrally located EV, theoretically, there may be less chance
of inhalation of contaminants if EV leakage occurs.'® Some
flat fold N95 FFRs come with a round EV with encircling
fenestrations positioned superiorly on the upper fold that can
result in directing some of the exhaled air upward toward the
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eyes and could potentially result in fogging corrective lenses
or protective eyewear (e.g., goggles, eye shields, and so on).

Impact of EV on N95 FFR Dead Space Parameters
Humidity

Saturation with water vapor from the airways results in
exhaled air with a relative humidity (RH) approaching 100%.
The amount of moisture expelled with each exhalation varies
with rate and depth of respiration but, at sedentary activity,
averages 100 puL/min (range 40-300 wL/min).?¥ At a tidal
volume of 500 mL and normal exhaled air moisture content of
4-5%, each exhalation results in the expulsion of 20-25 uL
of water vapor that, at a normal exhaled air temperature of
34.0°C,? is equivalent to ~7.5-9.4 x 10~ grams of water
expelled per exhalation. Some of this moisture is retained in
the dead space, within the filter material, and on the inner
surface of the EV. Inspired air will admix with the N95 FFR
dead space air and, depending on its ambient humidity, modify
the dead space RH level to variable degree.

The first dust-mist mask (as previously mentioned, the fore-
runner of the FFR) that was developed commercially included
an EV that was employed specifically for the easy elimination
of exhaled humidity.” This function is not an unreasonable
assumption because the moist air that escapes via the EV is not
trapped in the meshwork pores of the filter fibers. However,
there have been mixed results from studies assessing the value
of an EV in moisture dissipation. Hayashi and Tokura,®® eval-
uating two cup-shaped N95 FFR models from the same man-
ufacturer, that differed only in the presence or absence of an
EV (flap type), reported significantly lower N95 FFR/EV dead
space humidity levels (data not reported, but graph data indi-
cate decreases of ~1-4 gm/m? [i.e., 0.000001-0.000004 gm/
cm?)) for subjects wearing protective clothing (GoreTex) while
performing three series of 15-min stepping exercises (21 steps
per min) interspersed with 5-min rest periods at ambient con-
ditions of 28°C and 60% RH. Assuming an average N95
FFR functional dead space volume of 123 mL when worn,?”
Hayashi and Tokura’s graph data would indicate a decrease
of ~1.2-4.9 x 10~* gm in dead space humidity for an N95
FFR/EV compared with an N95 FFR over the course of 1 hr
at low-to-moderate work rates, values that were statistically
significant but perhaps of limited physiological impact.®

Conversely, one recent study of 17 subjects treadmill exer-
cising (5.6 km/h) at mean ambient conditions of 21.4°C and
23.5% RH, wearing two manufacturers’ models each of N95
FFRs and N95 FFRs/EV (whose only feature difference was
the presence of the EV and its shape [flat vs. round EV]),
showed no significant difference in dead space RH levels at
1 hr or 2 hr, as measured by a wireless sensor attached to the
inner surface of the FFRs.®® Cooling of the relatively non-
porous EV by the inhalation air currents, as well as the temper-
ature gradient between the N95 FFR deadspace temperature
and ambient temperatures,?” can result in condensation to
form on its inner surface that increases deadspace moisture and
variably offsets moisture loss through the EV.?%30 Sweat ac-
cumulation under the N95 FFR can also negate any presumed
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beneficial effects of an EV on decreasing deadspace humidity
levels.®® Last, the minimum of ~30 L/min airflow, needed
to develop the streamlined airflows during exhalation that are
necessary for EV activation,®) may be absent at sedentary
levels or at low work rates.®233 Thus, the actual impact of the
EV on moisture elimination may be minimized by virtue of
the enhanced properties of modern N95 FFRs (i.e., thinness,
porosity, hydrophobicity) that optimize moisture expulsion at
the lesser breathing volumes associated with low-to-moderate
work rates compared with high work rates.

Temperature

The N95 FFR dead space temperature is derived from
the combined inputs of the temperature of the exhaled air,
interference with convection and evaporation processes of the
facial skin covered by the N95 FFR, and the temperature
of the ambient air that is entrained with inhalation.®*® Prior
investigations at varying work rates have shown that wearing
an FFR results in ~7.0°C increase in dead space temperature
over ambient temperature,333% but relatively few studies have
evaluated the thermoregulatory impact of EVs. Hayashi and
Tokura®® reported significantly lower dead space temperature
for an N95 FFR/EV compared with an N95 FFR (data not
reported, but graph data indicate difference of ~0.1-0.4°C).
Roberge et al.®® noted significantly lower dead space temper-
atures, averaging ~0.8°C, for two models of N95 FFRs/EV
compared with two similar models of N95 FFRs over 1 hr
but noted no significant difference between 1-hr or 2-hr N95
FFR/EV dead space temperatures. A manufacturer’s (non-
published) investigation,®”) utilizing a breathing mannequin
with 85 L/min flow rate, reported lower temperatures for N95
FFRS/EV compared with N95 FFRs that were similar, save
for having an EV (data not reported, but graph data indicate
N95 FFR/EV were associated with ~4°C lower dead space
temperatures).

Carbon Dioxide

Carbon dioxide (CO,) is a metabolic product expelled dur-
ing exhalation, but a variable level is maintained within the
dead space of the N95 FFR and rebreathed with subsequent
inhalations. Recent human studies at low-moderate work rates
have shown no differences in levels of dead space CO, for
N95 FFRs/EV compared with N95 FFRs.3% One study uti-
lizing a breathing mannequin also noted no difference in N95
FFRs with or without an EV with respect to inhaled CO,
levels.®? This absence of significant effect for the EV may
be attributable to a lack of adequate breathing volume at these
low-moderate work rates to fully activate the EV, loss of some
surface area for gas exchange when an EV is non-functional,
and the higher CO, levels of the terminal component of exhaled
air (nearly that of alveolar CO,) that remains in the FFR dead
space.¥2340 A possible impact of EVs on N95 FFR dead
space CO; levels may be manifest only at high work rates and
breathing volumes, but this remains to be determined.
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Oxygen

The ambient oxygen (O,) that traverses the filter media of
the N95 FFR during inhalation is subsequently admixed with
dead space O, remaining from the previous exhalation. Di-
minished N95 FFR dead space O; levels have previously been
documented in a non-human study, but N95 FFRs/EV were not
investigated.*) Recent human studies have shown similarly
decreased dead space O, levels compared with ambient air
for N95 FFRs and N95 FFRS/EV over 1 hr at low-moderate
work rates.**® These lowered dead space O, levels were not
associated with any meaningful decrements in the subjects’
0, saturation.®-3%

Effects on FFR Properties
Exhalation Pressure

EVs decrease expiratory resistance by allowing exhaled air
to bypass N95 FFR filter media. Prior investigation of EVs
(on air-purifying respirators) has shown that flap-type EVs
studied have approximately twice the expiratory resistance
(i.e., 12.1 mm H,O pressure) of round EVs studied at 40
L/min flow.!'® An earlier investigation reported that dust-mist
masks with an EV, the forerunners of FFRs, were associ-
ated with <5.1 mm H,O expiratory pressure.””’ One study,
that utilized an Automated Breathing and Metabolic Simula-
tor (ABMS) as a human surrogate at a breathing volume of
40 L/min over 4 hr, reported only a 0.57 mm H,O decrement
in exhalation pressure for N95 FFRs/EV compared with N95
FFRs.“? Limited data from another ABMS study indicated
that the exhalation pressures of one model of N95 FFR/EV,
at breathing volumes of 25 L/min and 40 L/min, were ap-
proximately one-third to one-half that of three models of N95
FFRs.®? A manufacturer’s (non-published) study, utilizing
a breathing mannequin, indicated that, at a high exhalation
flow (160 L/min), N95 FFRs/EV manifested lower exhalation
pressures than N95 FFRs (data not reported, but graph data
indicate ~0.5-0.7 millibars (5-7 mm H,O pressure).®” The
streamlined airflows generally required to activate EVs may
be absent at low-moderate work rates. Improved EVs on N95
FFRs, which are reported as functioning at lower breathing
volumes, have been developed and patented but are not yet
available commercially.*®

Moisture Retention

Human studies,®?%® and one non-human study using an
ABMS,*? have noted moisture retention of <0.30 gm over 1
hr for N95 FFRs and N95 FFRs/EV, with no significant differ-
ence between models. This lack of moisture retention reflects
the enhanced water vapor permeability of modern N95 FFRs,
estimated at 0.06 gm/24 h/cm? for a cup-shaped model,** that
is partially related to their thinness subsequent to the incorpo-
ration of electrical charges (electret) into the filter material to
enhance particle capture performance.” Also, although some
current N95 FFR filters are (at least partially) composed of
some hydrophilic materials that retain moisture“* and could
potentially result in higher dead space humidity, most modern
NO5 FFR filters are composed of polypropylene, a highly
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hydrophobic material. > These properties of N95 FFR filters
likely minimize the impact of the moisture reduction effects
of EVs at low-moderate work rates.

Surface Temperatures

NO95 FFR surface temperatures are generally lower than
deadspace temperatures and result from the combined expo-
sure to expired and ambient air temperature and humidity and
breathing rate and volume, as well as material properties of
the FFR filter (e.g., thickness, porosity, and so on). Monaghan
et al.® used thermal imaging to evaluate two models of N95
FFRS/EV with two counterpart models of N95 FFRs (similar
in all respects except for the presence of the EV) at sedentary
breathing volumes and noted, paradoxically, lower surface
temperatures for the N95 FFRs that approached statistical
significance (p = 0.05). Lower surface temperatures were re-
ported for a prototype laminated polypropylene FFR (not N95
FFRs) with dual inhalation and exhalation valves compared
with a similar model that had combined exhalation/inhalation
holes (data not reported, but graph data indicate ~1-1.2°C dif-
ference in temperatures).(z) A manufacturer’s (non-published)
study comparing N95 FFRs and N95 FFRs/EV utilized thermal
imaging to present visual images that N95 FFR surfaces are
cooler with an EV, but no data were reported.®” It is plausible
that EVs may only have an ameliorating effect on N95 FFR
surface temperatures at higher work rates, but this requires
scientific verification.

Psychophysiological Impact
Facial Skin Temperature

Under normal conditions, skin temperature is modulated by
the temperature and humidity of the surrounding air to which
it is exposed.*® The heat perception sensed by the wearer
on the facial skin covered by an FFR, the “respirator heat
index,” is a composite effect of the interaction of dead space
heat and humidity that has been shown to reach 54°C when
wearing an N95 FFR over the course of 1 hr at a low-moderate
work rate.?® The barrier effect of N95 FFRs interferes with
heat convection and evaporation of the facial skin covered
by the respirator that further serves to elevate skin tempera-
tures.® In one exercise study, skin temperatures under an N95
FFR/EV were significantly lower than with an N95 FFR (data
not reported, but graph data indicate a difference at 1 hr of
~0.33°C).2% Another study reported mean skin temperatures
under the respirator of 34.18°C and 33.53°C, respectively, for
N95 FFRs and N95 FFRS/EV over 1 hr at a low-moderate
work rate.®® The lower dead space temperatures associated
with N95 FFRS/EV compared with N95 FFRs translate to
lower temperatures for facial skin covered by FFRs.(6:2%

Core Temperature

Respiratory heat loss accounts for ~10% of total heat loss
from the body.*” Hayashi and Tokura®® noted no significant
differences in rectal temperatures or tympanic temperatures
with N95 FFRS/EV compared with N95 FFRs during low-
moderate exercise studies at 28°C and 60% RH. Similarly,
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NO95 FFRs and N95 FFRs/EV did not differ significantly in
the mild increase noted in core temperature (<0.12°C) over
1 hr at a low-moderate work rate measured by an ingestible
core temperature pill.*® Respiratory heat loss is a relatively
minor component of total body heat loss (~10%) and, as such,
the impact of N95 FFRs, with or without an EV, would not
be expected to be significant. Further, at low-moderate work
rates for periods of up to 1 hr, the observed increase in core
temperature may be more related to the work rather than N95
FFR use.*®

Cardiopulmonary Parameters

Recent studies at low-moderate work rates over 1 hr have
shown no differences between N95 FFRs and N95 FFRs/EV
with respect to oxygen saturation, transcutaneous CO, levels
(tcPCO,), heart rate, tidal volume, ventilation, and respiratory
rate.3263849 One low-moderate work rate study examining
differences between two models of N95 FFRs/EV and two
models of similar N95 FFRs (that differed only in the absence
of the EV) noted a lower level of tcPCO, associated with
one model of N95 FFR/EV, compared with its counterpart
NO5 FFR, that was statistically significant but quantitatively
of limited clinical impact (i.e., tcPCO,; increases ranging from
0.4-3.9 mm Hg over 1 hr).” The increase in cardiopulmonary
parameters (e.g., heart rate, respiratory rate) when wearing
NO95 FFRs at low-moderate work rates is likely related to the
work and not the respirator.*”

Subjective Measures of Comfort and Tolerance

Comfort and tolerance are critical issues in compliance with
the use of protective facemasks and, by extension, worker pro-
tection. If workers feel comfortable wearing N95 FFRs, they
are more likely to use them appropriately. Subjective measures
of increased humidity, hotness, and breathing resistance, but
not for overall discomfort, were reported for a prototype FFR
with dual exhalation valves compared with a prototype FFR
with combined inhalation/exhalation holes, but these were not
NO95 FFRs.® Subjective measures of exertion and heat during
1 hr of exercise at a low-moderate work rate while wearing
NO5 FFRs and N95 FFRs/EV were qualitatively similar with
exertion perception scores indicating “fairly light exertion”
and heat perception scores ranging from “neutral” to “slightly
hot.”“®)

Another study reported no significant differences in ex-
ertion scores between N95 FFRs and N95 FFRs/EV during
treadmill exercise at low work rates over 1 hr, but comfort
was significantly greater with the N95 FFRs/EV at a 2.5
mph (4.02 km/h) work rate.”® Roberge et al.®® reported no
difference in exertion and comfort scores at low work rates over
1 hr when comparing N95 FFRs and N95 FFRs/EV covered
externally with a surgical mask. Hayashi and Tokura®® noted
no difference in subjective sensations between N95 FFRs
and N95 FFRs/EV. Significantly improved tolerance to N95
FFRs/EV compared with N95 FFRs ((7.7 hr vs. 5.8 hr) worn
by health care workers has been reported,®%>" suggesting that
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EV-related issues of N95 FFR tolerance and comfort may be
impacted by length of wear.

Communication

All respiratory protective devices impact communication
to some degree by attenuation and distortion of sound and
by restricting lower jaw articulation.!> One study of speech
intelligibility of health care workers reported no significant
differences between N95 FFRs, N95 FFRs/EV, and surgical
masks compared with controls, but N95 FFRs/EV had (min-
imally) lower modified rhyme test scores (a measure of the
percentage of words heard correctly by listeners) compared
with N95 FFRs.®? Another study, evaluating speech intel-
ligibility onboard stationary rescue aircraft with the motor
running, noted no statistically significant difference for speech
intelligibility between N95 FFRs and N95 FFRs/EV.®® There-
fore, the available data seem to indicate no benefit of EVs for
speech intelligibility of N95 FFRs.

CONCLUSIONS

here is limited published scientific data available with
respect to the effect of an EV on the psychophysiolog-
ical impact of wearing an N95 FFR at low-moderate work
rates. Available data (Table I) suggest that, compared with

TABLE I. Studies Comparing the Effects of FFRs
With and Without Exhalation Valves on Associated
Parameters at Low-Moderate Work Rates

No

Significant  Significant
Studied Parameter Impact Impact
Exhalation resistance 5,32,374 42
Moisture retention 3,28,38,42
Deadspace humidity 26 28
Deadspace carbon dioxide 3,38,39
Dead space oxygen 3,38
Dead space temperature 26,28,374
Core temperature 26,48
Covered facial skin temperature 26,48
Respirator surface temperature 2,8374 45
Respiratory rate 3,38,49
Heart rate 3,26,38,49
Oxygen saturation 3,38,49
Tidal volume 3,38
Transcutaneous carbon dioxide 49¢ 3,38,49¢
Subjective indices of comfort 50,51 3,26,38,48
Verbal communication 52¢ 52,653

Note: Studies indicated by reference numbers.

ANon-published manufacturer’s study.

BPrototype filtering facepiece respirator.

€One of two tested models of N95 filtering facepiece respirators with an
exhalation valve.
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NO95 FFRs, N95 FFRs/EV improve heat elimination from the
respirator dead space that also results in lower temperature
of covered facial skin. The impact of EVs on dead space
humidity is not resolved completely but in general appears
not to be quantitatively substantial at low-moderate work rates
for the models studied to date. FFR dead space O, and CO,
levels are not impacted significantly by the presence of an
EV, and exhalation resistance is decreased variably by EVs.
Core temperature is not impacted significantly by wearing
FFRs and, thus, is not ameliorated by wearing N95 FFRs/EV.
At low-moderate work rates, an N95 FFR impacts heart rate
and respiratory rate negligibly, and consequently, the impact
of an EV on those parameters is likewise negligible. Speech
intelligibility is not impacted by the presence of an EV. With
lengthy periods of wear, N95 FFR/EV may be perceived sub-
jectively as more comfortable than N95 FFR. The limited data
available with respect to the overall impact on users of N95
FFRs indicate that additional research is warranted in areas of
associated physiological burden, comfort, and tolerance and
the development of better EV technology optimized for low-
moderate work rates.
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