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Abstract

Ten subjects underwent treadmill exercise at 5.6 km/h over one hour while wearing each of three identical appearing,
cup-shaped, prototype filtering facepiece respirators that differed only in their filter resistances (3 mm, 6 mm, and 9
mm H2O pressure drop). There were no statistically significant differences between filtering facepiece respirators with
respect to impact on physiological parameters (i.e., heart rate, respiratory rate, oxygen saturation, transcutaneous
carbon dioxide levels, tympanic membrane temperature), pulmonary function variables (i.e., tidal volume, respiratory
rate, volume of carbon dioxide production, oxygen consumption, or ventilation), and subjective ratings (i.e., exertion,
thermal comfort, inspiratory effort, expiratory effort and overall breathing comfort). The nominal filter resistances of
the prototype filtering facepiece respirators correspond to airflow resistances ranging from 2.1 - 6.6 mm H2O/L/s
which are less than, or minimally equivalent to, previously reported values for the normal threshold for detection of
inspiratory breathing resistance (6 - 7.6 mm H2O/L/sec). Therefore, filtering facepiece respirators with filter
resistances at, or below, this level may not impact the wearer differently physiologically or subjectively from those
with filter resistances only slightly above this threshold at low-moderate work rates over one hour.
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Introduction

Disposable filtering facepiece respirators (FFRs) are the
most frequently used respirators in U.S. private industry and
healthcare, and the N95 class of FFR (N95 FFR) is the single
most selected version [1]. FFRs are classified as negative
pressure respirators because inhalation against the resistance
of the filter media creates pressure within the FFR deadspace
(VD) that is negative with respect to ambient air pressure. U.S.
Occupational Safety and Health Administration (OSHA)-
mandated respiratory protection programs require the use of
National Institute for Occupational Safety and Health (NIOSH)-
certified FFRs. NIOSH certification limits for FFR inspiratory
and expiratory filter resistance are 35 and 25 mm H2O

pressure, respectively (tested at a constant airflow rate of 85
L∙min-1) [2]. These values are considerably less than the 60 -
140 mm H2O pressure that has been identified previously as
being “noticeable but well tolerated” during the hardest work
experienced by a worker wearing a half facepiece, elastomeric,
negative pressure, air-purifying respirator [3]. Other
comparable regulatory design requirements exist elsewhere
(e.g., European Standard EN:149 indicates inhalation
resistance limits of 7.1 and 24.4 mm H2O pressure,
respectively, at 30 and 95 liters-per-minute of continuous
airflow and exhalation resistance limits of 30.5 mm H2O
pressure at 160 liters-per-minute of airflow). Many current
models of N95 FFRs have demonstrated filter resistances of
<25 mm H2O pressure during non-human testing at low-
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moderate work rates [4–6]. Jones [7] reported that, for subjects
at rest and during 5 minute periods of light, moderate and high
work rates, in-line pressure transducer measurements of FFR
filter resistance were proportional to the work rate and ranged
from 0-20 mm H2O pressure. The impact of filter resistance on
airway pressures was investigated by Lee and Wang [8] who
used a modified rhinomanometry method to demonstrate
average nasal inspiratory and expiratory pressure increases of
0.32 Pa/cm3/sec (32 mm H2O/L/s) airflow when wearing an N95
FFR, an approximate doubling of baseline (no N95 FFR) nasal
airway resistance [9]. Despite these relatively low resistances
reported, complaints of breathing difficulty with N95 FFRs are
nonetheless commonly expressed by a sizeable proportion of
users in the healthcare industry [10–12]. The greater the
resistance, the more energy expenditure is required for
ventilation and the greater the perception of discomfort that can
lead to decreased compliance with wear and, thus,
compromise protection. All of this begs the question of the
lowest feasible filter resistance that can be designed into N95
FFRs to maximize discernible (subjective) breathing comfort
and minimize (objective) physiological strain while still
maintaining adequate filtration and fit characteristics. The
current study, part of NIOSH’s Project B.R.E.A.T.H.E. (Better
Respiratory Equipment using Advanced Technologies for
Healthcare Employees) [13], was carried out by the National
Personal Protective Technology Laboratory (NPPTL) of NIOSH
to investigate the subjective and physiological responses to
wearing N95 FFRs with filter resistances lower than most
standard N95 FFRs currently on the market. This data could be
important for respirator manufacturers, standards development
organizations, researchers, respiratory protection program
managers and end users.

Materials and Methods

Ten healthy, non-smoking subjects (7 men, 3 women)
participated in this study, the majority of whom (8/10) were
experienced N95 FFR users. Demographic mean values
(standard deviations) were: age 24.5 years (3.8), height 179.0
cm (11.0), weight 75.3 kg (12.4), and body mass index 23.4
kg/m-2 (2.9). On the day of testing, subjects underwent a
screening history and physical examination by a licensed
physician. Subjects were dressed in athletic shorts or pants,
tee shirts and athletic shoes during exercise testing. The study
was approved by the NIOSH Human Subjects Review Board,
and all subjects provided oral and written informed consent.

Identical appearing, cup-shaped, prototype FFR samples
from 3M Company (St. Paul, MN, US) were supplied to NPPTL
in nominal filter resistances of 3mm, 6mm and 9mm H2O
pressure drop at 85 L/min of constant airflow (hereafter
referred to as prototype respirators [PR] 3, 6, and 9,
respectively) achieved through modifications of the filter media.
Prior to study trials, pressure drop (i.e., pressure differential of
airflow across the respirator filter) of the PRs was verified at
NPPTL with the TSI 8130 automated filter tester (TSI,
Shoreview, MN, USA) that is utilized for NIOSH respirator
certification testing. Results indicated pressure drops of 3.6
mm, 6.5 mm and 9.3 mm H2O pressure for PR 3, PR6, and

PR9, respectively, at 85 L/min constant airflow.. Subjects
underwent standard OSHA respirator quantitative fit testing for
each of the PRs with the TSI Portacount® Pro Respirator Fit
Tester Model 8038 that counts the number of airborne particles
in order to determine the ratio of ambient particles to within-
respirator particles. The standard OSHA respirator quantitative
fit test includes seven measured repetitive exercises of one
minute duration each (i.e., normal breathing, deep breathing,
head turn from side to side, bending head up and down,
talking, bending over, normal breathing) and one 15 second
exercise (grimace). Passing a fit test required a fit factor of
≥100, equivalent to a passing score on an OSHA quantitative
respirator fit test and indicating that ≤1 in 100 particles was
entering the FFR wearer’s breathing zone [14].

Subjects were instrumented with various sensors for
continuous physiological monitoring during the exercise trials.
The respiratory rate (RR) was monitored with the Zephyr
Bioharness™ (Zephyr Technology Corporation, Annapolis, MD,
US), an elasticized chest strap utilizing an proprietary
embedded capacitive sensor to evaluate chest expansion and
contraction [15,16]. The heart rate (HR), oxygen saturation
(SpO2) and transcutaneous carbon dioxide (tcPCO2) were
continuously monitored with the Tosca 500™ (Radiometer,
Copenhagen, DM), an earlobe-mounted combination pulse
oximeter and heated, Severinghaus-type CO2 sensor [17,18].
Tympanic membrane (ear) temperatures (Ttymp) were measured
immediately pre-and-post exercise trials with a Welch/Allyn Pro
4000 infrared tympanic thermometer (Braun GmbH, Kronberg,
FRG). PR deadspace temperature (TVD) and relative humidity
(RHVD) were continuously monitored with the iButton (Maxim,
San Jose, CA, US), a small (16 mm x 6 mm) wireless sensor
that was adhesively attached to the inner surface of the PRs
midway between the respirator center and the edge of the right
upper quadrant of the PR [19,20].

The study was carried out in a temperature and humidity
controlled exercise physiology laboratory with mean (standard
deviation) ambient conditions of: temperature 20.9 °C (1.3),
relative humidity 23.5% (5.6), and barometric pressure 29.0
mm Hg (0.17). PRs were weighed pre-and-post testing on a
calibrated Accu 6201 digital scale (Fisher Scientific, Pittsburgh,
PA, US) to determine moisture retention. Immediately prior to
each exercise study, measurement of some baseline
pulmonary variables (i.e., tidal volume [VT], exhalation minute
ventilation [VE], volume of carbon dioxide production [VCO2],
volume of oxygen utilization [VO2]) was carried out utilizing a
noseclip and tight-fitting mouthpiece connected to a Vmax
Spectra respiratory analysis system (SensorMedics, Yorba
Linda, CA, US) over a 5-minute period at sedentary (seated)
activity. Subjects then donned a PR (PRs 3 and 9 were
randomized; PR6 was not randomized because it was received
from the manufacturer at a later date) according to the
manufacturer’s instruction, performed positive and negative
pressure user seal checks to assess the seal of the PR to the
face [14], and walked on a treadmill at a low-moderate work
rate (5.6 km/h) for 1 hour. Immediately upon completion of the
exercise, and without interruption, the subject removed his/her
PR and continued walking at the same rate on the treadmill for
an additional 5 minutes while repeating measurements of the
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same pulmonary variables to approximate the impact, if any, of
PR wear on pulmonary parameters. During the study trials,
subjective measurements were taken immediately prior to the
exercise period and then every 20 minutes using visual analog
numerical scales for exertion (Borg Perceived Exertion Scale [a
15-grade scale ranging from “no exertion at all” to “maximal
exertion]) [21], thermal comfort (Frank Comfort Scale [a 10-
point scale ranging from “the coldest you have ever been” to
“the hottest you have ever been”]) [22], and three 7-point
respiratory scales for perceived inspiratory effort and perceived
expiratory effort (ranging from “not noticeable” to “intolerable”)
and overall breathing discomfort (ranging from “no discomfort”
to “intolerable discomfort”) [23]. There was a minimum respite
of 30 minutes between any consecutive exercise tests, during
which subjects were seated and allowed to drink bottled water
or a sports drink ad lib.

Statistical Analysis
The dependent variables in continuous measurements

(SpO2, tcPCO2, HR, and RR) were summarized as means and
standard deviations of 1 minute averages taken at 20 minute
intervals throughout each trial (0, 20, 40, and 60 min),
consistent with subjective measurement variables. A two-way,
repeated measures ANOVA (Respirator × Time) with the
Greenhouse-Geisser correction for assumption of sphericity
was carried out to determine the main effect of each PR on
physiological and subjective responses. For a significant main
effect detected, a post-hoc pair-wise comparison with the least
significant difference (LSD) adjustment was carried out. The
non-continuous measurements in pulmonary data (pre- and
post-trial) were also analyzed in the same procedure described
above. A statistical significance was accepted when p<0.05
and all analyses were performed using a statistical software
package (SPSS v18, IBM, Somers, NY).

Results

All subjects passed each individual component of the
respirator quantitative fit test for each of the PRs. There were
no significant differences between the three PRs with respect
to the physiological variables HR (F=0.37, p=0.63), RR
(F=1.97, p=0.18), SpO2 (F=2.59, p=0.12), tcPCO2 (F=1.11,
p=0.34), Ttymp (F=0.97, p=0.39) and pulmonary variables VO2

(F=0.78, p=0.47), VCO2 (F=0.47, p=0.63), VT (F=0.89, p=0.42),
and VE (F=0.45, p=0.64) (Table 1).

There were no significant differences between the three PRs
in TVD (F=0.05, p=0.94) and RHVD (F=0.001, p=0.99) (Table 2),
and mean moisture retention was ≤0.1 gram over one hour. No
significant differences were noted between the three PRs in
subjective scores for exertion (F=1.33, p=0.28), thermal
comfort (F=1.08, p=0.33), inspiratory effort (F=0.008, p=0.96),
expiratory effort (F=0.98, p=0.36), and overall breathing
comfort (F=4.17, p=0.06) (Table 3).

Time had a significant effect on tcPCO2 (F=3.57, p=0.02),
inspiratory effort (F= 15.65, p=0.001), expiratory effort (F=
13.96, p=0.002), overall breathing comfort (F=9.47, p=<0.005),
Ttymp (F=11.43, p=0.008), and all other physiological (HR [F=
30.19, p<0.01], RR [F=58.14, p<0.01]) and pulmonary function

variables (VO2 [F=245.97, p<0.01], VCO2 [F=387.46, p<0.01]
VT [F=83.62, p<0.01], and VE [F=125.51, p<0.01], save for
SpO2 (F=1.39, p=0.27), TVD (F=0.05, p=0.94), and RHVD

(F=0.01, p=0.99). There was also a significant time effect on all
subjective scores; exertion (F=48.75, p<0.01), thermal comfort
(F=32.59, p<0.01), inspiratory effort (F=15.65, p<0.05),
expiratory effort (F=13.96, p<0.05), and overall breathing
comfort (F=9.47, p<0.05).

Table 1. Mean values (standard deviations) of physiological
and pulmonary function variables measured when wearing
prototype respirators.

Trial / Time 0 Min¶ 20 Min 40 Min 60 Min
SpO2 ( %)
PR3 (3mm H2O) 98.4 (0.8) 98.4 (0.6) 98.3 (0.4) 98.2 (0.5)
PR6 (6mm H2O) 98.5 (0.5) 98.6 (0.5) 98.5 (0.5) 98.4 (0.5)
PR9 (9mm H2O) 98.5 (0.7) 98.1 (1.2) 98.2 (0.7) 98.1 (0.6)

tcPCO2 (mm Mercury)*

PR3 (3mm H2O) 41.3 (2.8) 43.1 (2.9) 42.4 (2.8) 41.8 (3.3)
PR6 (6mm H2O) 42.1 (2.4) 43.7 (3.7) 42.5 (4.2) 41.7 (4.1)
PR9 (9mm H2O) 40.6 (2.0) 42.0 (3.2) 41.6 (2.8) 41.4 (2.7)

HR (beats/min)*

PR3 (3mm H2O) 83.0 (11.3) 102.1 (8.1) 104.8 (8.3) 104.9 (7.9)
PR6 (6mm H2O) 86.6 (11.8) 98.7 (9.4) 101.1 (10.2) 101.1 (9.8)
PR9 (9mm H2O) 78.9 (15.0) 100.4 (9.5) 103.1 (9.3) 106.3 (8.3)

RR (breaths/min)*

PR3 (3mm H2O) 16.9 (6.0) 26.7 (5.9) 27.9 (5.4) 27.2 (6.1)
PR6 (6mm H2O) 18.8 (4.5) 29.0 (10.8) 28.7 (10.5) 28.0 (10.1)
PR9 (9mm H2O) 17.4 (5.6) 26.0 (5.5) 26.5 (5.1) 26.1 (6.8)

VO2 (mL/kg/min)*

PR3 (3mm H2O) 4. (0.9) - - 17.9 (2.6)
PR6 (6mm H2O) 4.5 (0.6) - - 17.4 (3.9)
PR9 (9mm H2O) 4.8 (1.4) - - 17.8 (2.7)

VCO2 (mL/kg/min)*

PR3 (3mm H2O) 3.5 (0.6) - - 13.9 (1.9)
PR6 (6mm H2O) 3.7 (0.7) - - 13.6 (2.6)
PR9 (9mm H2O) 3.9 (0.3) - - 14.1 (1.5)

VE (L)*

PR3 (3mm H2O) 10.4 (2.4) - - 31.8 (7.6)
PR6 (6mm H2O) 11.3 (2.0) - - 30.6 (7.0)
PR9 (9mm H2O) 11.4 (3.3) - - 32.1 (7.3)

VT (L)*

PR3 (3mm H2O) 0.7 (0.2) - - 1.2 (0.3)
PR6 (6mm H2O) 0.8 (0.2) - - 1.3 (0.3)
PR9 (9mm H2O) 0.8 (0.3) - - 1.3 (0.4)

TTymp (°C)*

PR3 (3mm H2O) 36.5 (0.3) - - 36.9 (0.4)
PR6 (6mm H2O) 36.5 (0.3) - - 36.7 (0.2)
PR9 (9mm H2O) 36.6 (0.2) - - 36.8 (0.4)

SpO2 (pulse oximetry-derived oxygen saturation; tcPCO2 (partial pressure of
transcutaneous carbon dioxide); HR (heart rate); RR (respiratory rate); VO2

(volume of oxygen utilization); VCO2 (volume of carbon dioxide production); VE

(minute ventilation); VT (tidal volume); TTymp (tympanic temperature).
* significant time effect.
¶ indicates the point at which the PR was donned
doi: 10.1371/journal.pone.0084901.t001
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Discussion

Physiological Responses
This study was undertaken to evaluate the role of one

parameter, filter resistance, on physiological and subjective
responses to wearing the three PRs. The study data
demonstrate that, over one hour at a low-moderate work rate
(5.6 km/h) consistent with that experienced by healthcare
workers, three identical cup-shaped PRs, differing only in their
low filter resistances (i.e., 3 mm, 6 mm, and 9 mm H2O
pressure), did not vary significantly with regard to physiological
and subjective impacts on the user. The lack of a significant
difference in HR responses to the PRs (p=0.63) is supported by
prior respirator research [7,17,24] showing that HR responses
to various types of respiratory protective devices (i.e., FFRs,

Table 2. Prototype respirator deadspace mean (standard
deviation) temperature and relative humidity levels over one
hour.

Trial TVD (°C) RHVD (%)
PR3 (3mm H2O) 32.3 (0.8) 83.5 (7.9)
PR6 (6mm H2O) 32.4 (0.6) 86.2 (5.6)
PR9 (9mm H2O) 32.4 (0.9) 86.3 (5.8)

doi: 10.1371/journal.pone.0084901.t002

Table 3. Mean (standard deviation) subjective scores
reported while wearing prototype respirators over one hour.

Trial / Time 0 Min 20 Min 40 Min 60 Min
Exertion (6: No exertion at all – 20: Maximal exertion)Ω
PR3 (3mm H2O) 7.0 (1.2) 9.0 (1.2) 10.1 (1.7) 10.2 (1.5)
PR6 (6mm H2O) 6.4 (0.5) 9.0 (1.3) 9.7 (1.5) 9.9 (1.7)
PR9 (9mm H2O) 7.3 (1.9) 9.1 (1.7) 10.0 (1.9) 10.4 (1.4)

Thermal Comfort (0: The coldest – 5: Neither hot nor cold – 10: The hottest)*§

PR3 (3mm H2O) 4.3 (1.1) 5.1 (1.3) 5.7 (1.2) 5.8 (1.1)
PR6 (6mm H2O) 4.7 (0.5) 5.6 (1.0) 6.1 (0.7) 6.1 (0.7)
PR9 (9mm H2O) 4.6 (0.8) 5.5 (0.7) 5.9 (0.9) 6.2 (0.9)

Inspiratory Effort (1: Not noticeable – 7: Intolerable)*¶

PR3 (3mm H2O) 1.6 (1.6) 2.2 (1.4) 2.3 (1.4) 2.5 (1.5)
PR6 (6mm H2O) 1.5 (1.3) 2.1 (1.2) 2.5 (1.2) 2.5 (1.2)
PR9 (9mm H2O) 1.4 (0.7) 2.1 (0.9) 2.4 (1.0) 2.5 (0.8)

Expiratory Effort (1: Not noticeable – 7: Intolerable)*¶

PR3 (3mm H2O) 1.3 (0.5) 1.8 (0.6) 1.8 (0.6) 2.0 (0.9)
PR6 (6mm H2O) 1.3 (0.5) 2.0 (0.7) 2.3 (0.8) 2.3 (0.8)
PR9 (9mm H2O) 1.4 (1.0) 2.0 (0.9) 2.4 (1.2) 2.4 (1.2)

Overall Breathing Comfort (1: No discomfort – 7: Intolerable discomfort)*¶

PR3 (3mm H2O) 1.2 (0.4) 1.4 (0.5) 1.6 (0.7) 2.0 (0.9)
PR6 (6mm H2O) 1.2 (0.4) 1.4 (0.5) 1.7 (0.8) 1.9 (0.7)
PR9 (9mm H2O) 1.4 (0.7) 1.8 (0.8) 2.1 (1.1) 2.4 (1.2)

ΩBorg Scale of Perceived Exertion (21)
§ Frank Scale of Perceived Comfort (22)
¶ From Antunano et al (23)
* significant time effect
doi: 10.1371/journal.pone.0084901.t003

elastomeric negative pressure respirators, powered air-
purifying respirators), at low and moderate work rates, were not
statistically different from controls. Also, the non-significant
differences in RRs in the current study (p=0.18) mirror previous
findings between controls and subjects wearing various
respiratory protective devices with higher resistances than the
PRs (i.e., FFRs, full-facepiece negative pressure elastomeric
respirators, self-rescuer escape respirators) at low-moderate
work rates [17,23,25]. It is recognized that workload intensity
has a greater physiological impact on HR and RR than the
magnitude of inspiratory resistance [23]. The similarity in the
mean values of the measured cardiopulmonary variables for all
three PRs, despite their different filter resistances, suggests
that the respirators had little impact on these variables (Table
1). SpO2 levels did not differ between PRs (p=0.12), as in other
studies reporting normal SpO2 levels (≥95%) when wearing
FFRs similar to the PRs in the present study [17,18,26]. Normal
SpO2 levels are maintained, despite reported lower mixed
inhalation/exhalation VD O2 levels (16.6%) of FFRs at low work
rates [17], because they correspond to an arterial O2 (PaCO2)
level of 75 mm Hg [27] that is associated with 95% SaO2 on the
oxygen-hemoglobin dissociation curve. As in the current study,
there is a tendency towards an initial slight increase in baseline
tcPCO2 levels of healthy individuals wearing respiratory
protective devices (Table 1) that is due to the rebreathing of
elevated VD CO2 (e.g., 1.5% - 3.0% ) [17,18,28] and is
compensable at VD CO2 levels of up to 2% over short-term
periods [29]. Significant elevations of tcPCO2 are related to
respirator VD volumes ≥350 mL [30]; the lesser VD volume of
the PRs (190 mL) is the likely reason for a lack of significant
elevation in tcPCO2 levels among the PRs (p=0.34) and no
significant elevation above normal levels in this study.

Significantly elevated breathing resistance, above the normal
airway resistance of 6 - 24 mm H2O/L/s, can have a negative
impact on pulmonary function [31,32]. The principal
physiological responses to added breathing resistance may
include hypoventilation, reduced O2 consumption, increased
respiratory work, a tendency for increased functional residual
capacity, and increased CO2 retention [29]. The lack of
significant differences of the PRs with regard to pulmonary
parameters after one hour of exercise suggests that achievable
decrements in filter resistance below 9 mm H2O pressure are
unlikely to have significant beneficial impact on pulmonary
function over 1 hour of FFR wear time at low-moderate work
rates.

Subjective Perceptions
The absence of significant differences in the exertion scores

between PRs (p=0.28) indicates that the subjects did not
perceive differences in energy expenditure at the different filter
resistances. Similar findings, using the same scale (Borg) as
the present study, have been reported between controls and
subjects wearing a cup-shaped FFR with a similar filter
resistance to PR9 [33]. The related variables of thermal comfort
and Ttymp were not significantly different between PRs (p=0.33
and 0.39, respectively) and reflect the fact that respiratory heat
loss accounts for only a small portion (~10%) of the body’s heat
transfer and that cup shaped FFRs cover <2% of the body’s
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skin surface involved in heat conduction, radiation and
evaporation processes [33,34].

There were no significant differences in inspiratory and
expiratory effort (p=0.94, 0.98, respectively) among PRs in the
current study, with scores indicating that subjects perceived
these breathing parameters as ranging from “not noticeable” to
“noticeable but not difficult” [23]. The average filter resistances
(pressure drop), as measured by the TSI 8130 automated filter
tester at a constant flow rate of 85 L/min, were 3.6 mm, 6.5
mm, and 9.3 mm H2O pressure for PR3, PR6 and PR9,
respectively. In order to estimate the mean pressure drop
experienced by the PR wearers, the mean of the total exhaled
VE during one hour (31.5 L) (Table 1) was doubled to account
for the inhalation component of respiration and resulted in a
calculated mean flow rate of 63 L/min. The estimated pressure
drop experienced by the subjects at a flow rate of 63 L/min
would have been 2.6 mm, 4.8 mm, and 6.8 mm for PR3, PR6,
and PR9, respectively. The greatest difference in the filter
resistance that the subjects would have experienced would
have been 4.2 mm H2O (i.e., between PR3 and PR9). Minimal
inspiratory resistance pressure is considered to be 6 mm
H2O/L/sec [35] and the threshold level of detection ranges from
6 - 7.6 mm H2O/L/sec [36–40]. Our calculated mean flow rate
of 63 L/min corresponds to 6.3 mm H2O pressure, which is
greater than the 4.2 mm H2O filter resistance differences
among the tested PR, so that the added filter resistances of the
PRs would be either undetectable or barely noticeable, as
confirmed by the aforementioned subjective scores. It must be
stated that these calculations are estimates only and may differ
from actual real time measurements due to pulmonary-related
variables (e.g., length of respiratory duty cycle, nasal versus
oral breathing, etc.). Also, these calculations utilized an
inspiratory:expiratory ratio of 1:1, rather than the usual 1:2 or
1:3 of human breathing such that our data may actually be
underestimating the actual flow and pressure drop in
inspiration.

Expiratory effort scores were lower than inspiratory effort
scores (Table 3), as previously reported in another study [32],
and consistent with a detection threshold for expiratory
resistance that is slightly higher than that for inspiratory
resistance detection [36], as well as the fact that, at low-
moderate work rates and low breathing resistances, expiration
is a passive process. Overall breathing comfort scores were
not significantly different (p=0.06) between PRs and indicated
that the subjects’ perception of breathing comfort ranged from
“no discomfort” to “slight discomfort”. This is not unexpected,
given reports of no breathing discomfort in studies evaluating
subjects wearing respiratory protective devices with breathing
resistances many times greater (i.e., 40 - 100 mm H2O/L∙sec-1)
than that of the PRs [23,25], although the test subjects in those
studies were not representative of healthcare workers.
Nonetheless, overall breathing comfort scores in the current
study approached statistical significance and it must be
appreciated that thresholds of breathing comfort are quite
variable among individuals, so that subject factors other than
breathing resistance (e.g., psychological, physiological and
acclimatization inputs) may have been operant [23,41]. Further
research involving PRs with filter resistances below 9 mm H2O

pressure, with a larger number of subjects, may be needed to
discern minor differences in subjective responses.

Moisture Retention
The minimal moisture retention (≤ 0.1 gm) of the PRs, over

one hour, is consistent with that noted in other FFR studies
[5,17,18,42] and is a reflection of the breathability of modern
respirators due to their thinness and porosity, and the fact that
most FFR filters are made of polypropylene, a highly
hydrophobic material. The passing of all fit tests by subjects in
the current study relates, in significant measure, to the fact that
the template for the PRs is the commercially-available 3M 1860
N95 FFR that has previously been shown to be associated with
a high passage rate (>80%) on fit testing [10]. Time had a
statistically significant effect on most study parameters and is
indicative of the fact that continued FFR use imposes an
increasing impact upon the user.

Limitations
Limitations of the current study include the relatively small

number (n=10) of subjects tested. However, the majority of
subjects (8/10) were experienced FFR users whose familiarity
provided a higher level of insight into FFR-related issues and
additional reliability to the data collected. The study subjects
were relatively young, not overweight and experienced
respirator users who may not be completely representative of
respirator users in general, especially in light of the increasing
prevalence of overweight and obesity in the U.S. population.
Thus, the findings of this study may not be applicable to all
respirator users. Although we were unable to collect
measurements of pulmonary variables data while the subjects
were wearing the PRs, prior investigations using impedance
plethysmography have demonstrated that RR, VT and VE of
controls are not significantly different from those wearing an
N95 FFR at a work rate similar to the current study over one
hour [17,18]. Also, while measurement of pulmonary variables
using a noseclip may not be totally comparable to wearing a
PR without a noseclip, some restriction of nasal airflow occurs
due to respirator impingement on the nasal alae [43] and, as in
the present study, the pliable nose bars of the PRs that are
pinched at the nasal bridge area to conform to the nasal
contour. This study evaluated only cup-shaped FFR, so that
the data may not be applicable to other styles of FFR (e.g., flat
fold, duck bill, etc.). Future studies could include testing other
styles of FFR, as well as investigating respirator users who
have experienced breathing difficulty with FFRs in the past.
Our study was conducted at a low-moderate work rate, so that
our data may not be applicable to higher work rates and
associated increased airway resistance. Arterial blood gases
are a more accurate indicator of ventilation performance (i.e.,
CO2 level) than tcPCO2, but the latter avoids painful needle
punctures and provides continuous data that has been shown
to correlate reasonably well with PaCO2 [44,45].

Conclusion

Cup-shaped FFR PRs with filter resistances of 3 mm, 6 mm
and 9 mm H2O pressure (measured at a constant airflow rate of
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85 L/min), do not have significantly different impacts on
physiological and subjective responses when worn for one hour
at a low-moderate work rate (5.6 km/h). The level of detection
of airway inspiratory resistance is 6 - 7.6 mm H2O/L/sec
[36–40], so that cup-shaped FFRs with filter resistances in this
range might not be perceived as significantly more comfortable
than standard low-resistance FFRs with minimally higher filter
resistance; however, given the small sample size of the current
study (n=10), additional testing is warranted. Although many
users of modern, low-resistance FFRs continue to complain of
breathing difficulty [10–12], this may be related to numerous
other inputs (e.g., warmth, anxiety/claustrophobia, alteration of
breathing pattern from nasal to oronasal, etc.) such that efforts
to decrease cup-shaped FFR filter resistance below 9 mm
(measured at a constant airflow rate of 85 L/min) may prove of
little benefit in terms of FFR breathing comfort and tolerance at
low-moderate work rates.

Acknowledgements

The authors thank Drs. W. Jon Williams and Avapoo
Rengasamy, and Mike Bergman, MS of the National Personal
Protective Technology Laboratory, and Andrew Viner, MS of
3M Company, for their manuscript reviews and suggestions.
Disclaimer: The findings and conclusions in this report are
those of the authors and do not necessarily represent the views
of the National Institute for Occupational Safety and Health.
Mention of product names does not imply endorsement.

Author Contributions

Conceived and designed the experiments: RR J-HK JBP CMY
JMS RES. Performed the experiments: RR J-HK JBP.
Analyzed the data: RR J-HK JBP CMY JMS RES. Contributed
reagents/materials/analysis tools: RR CMY JMS JBP. Wrote
the manuscript: RR J-HK JBP CMY JMS RES.

References

1. National Institute for Occupational Safety and Health (NIOSH) (2003).
Respirator usage in private sector firms, 2001. Available: http://
www.cdc.gov/niosh/docs/respsurv/. Accessed 2013, Feb 8

2. National Personal Protective Technology Laboratory (NPPTL) (2012).
Standard respirator testing procedures. Available: http://www.cdc.gov/
niosh/npptl/stps/APresp.html. Accessed 2013, Feb 8

3. Love RG (1983) Acceptable breathing resistance for respirator use. J
Int Soc Resp Protect 1: 45-66.

4. Vojtko MR, Roberge MR, Vojtko RJ, Roberge RJ (2008) Effect on
breathing resistance of a surgical mask worn over a N95 filtering
facepiece respirator. J Int Soc Resp Protect 25: 1-8.

5. Roberge RJ, Bayer E, Powell JB, Coca A, Roberge MR et al. (2010)
Effect of exhaled moisture on breathing resistance of N95 filtering
facepiece respirators. Ann Occup Hyg 54: 671-677. doi:10.1093/
annhyg/meq042. PubMed: 20522519.

6. Sinkule EJ, Powell JB, Goss FL (2013) Evaluation of N95 respirator
use with a surgical mask cover: effects on breathing resistance and
inhaled carbon dioxide. Ann Occup Hyg 57: 384-398. doi:10.1093/
annhyg/mes068. PubMed: 23108786.

7. Jones JG (1991) The physiological cost of wearing a disposable
respirator. Am Ind Hyg Assoc J 52: 219-225. doi:
10.1080/15298669191364631. PubMed: 1858664.

8. Lee HP, Wang DY (2011) Objective assessment of increase in
breathing resistance of N95 respirators on human subjects. Ann Occup
Hyg 55: 917-921. doi:10.1093/annhyg/mer065. PubMed: 21893677.

9. Shelton DM, Eiser NM (1992) Evaluation of active anterior and
posterior rhinomanometry in normal subjects. Clin Otolaryngol Allied
Sci 17: 178-182. doi:10.1111/j.1365-2273.1992.tb01068.x. PubMed:
1587036.

10. Bryce E, Forrester L, Scharf S, Eshghpour M (2007) What do
healthcare workers think? A survey of facial protection equipment user
preferences. J Hosp Infect 68: 241-247.

11. Baig AS, Knapp C, Eagan AE, Radonovich LJ Jr (2010) Health care
workers’ views about respirator use and features that should be
included in the next generation of respirators. Am J Infect Control 38:
18-25. doi:10.1016/S0196-6553(10)00196-3. PubMed: 20036443.

12. Mitchell R, Ogunremi T, Astrakianakis G, Bryce E, Gervais R et al.
(2012) Impact of the 2009 influenza A (H1N1) pandemic on Canadian
health care workers: A survey on vaccination, illness, absenteeism, and
person protective equipment. Am J Infect Control 40: 611-616. doi:
10.1016/j.ajic.2012.01.011. PubMed: 22575285.

13. Radonovich LJ Jr, Baig A, Shaffer RE, Roberge R, Levinson A et al.
(2009) Better Respiratory Equipment using Advanced Technologies for
Healthcare Employees (Project B.R.E.A.T.H.E.). A report of an
interagency working group of the U.S. federal government. Available:
http://www.publichealth.va.gov/docs/cohic/project-breathe-
report-2009.pdf. Accessed 13 February 2013

14. Occupational Safety and Health Administration (OSHA) (1998)
Respiratory Protection. Standard 1910: 134. Available: http://
www.osha.gov/pls/oshaweb/owadisp.show_document?
p_id=12716&p_table=standards. Accessed 11 February 2013

15. Hailstone J, Kilding AE (2011) Reliability and validity of the Zephyr
Bioharness to measure respiratory responses to exercise. Meas Phys
Educ Exer Sci 32: 819-821.

16. Kim H-J, Roberge RJ, Powell JB, Shafer AR, Williams WJ (2013)
Measurement accuracy of heart rate and respiratory rate during graded
exercise and sustained exercise in the heat using the Zephyr
Bioharness™. Int J Sports Med 34: 497-501. doi:10.1055/
s-0032-1327661. PubMed: 23175181.

17. Roberge RJ, Coca A, Williams WJ, Powell JB, Palmiero AJ (2010)
Physiological impact of the N95 filtering facepiece respirator on
healthcare workers. Respir Care 55: 569-577. PubMed: 20420727.

18. Roberge RJ, Coca A, Williams WJ, Palmiero AJ, Powell JB (2010)
Surgical mask placement over N95 filtering facepiece respirators:
Physiological effects on healthcare workers. Respirology 15: 516-521.
doi:10.1111/j.1440-1843.2010.01713.x. PubMed: 20337987.

19. Davis RR, Shaw PB (2011) Heat and humidity buildup under earmuff-
type hearing protectors. Noise Health 13: 93-98. doi:
10.4103/1463-1741.77200. PubMed: 21368434.

20. Roberge RJ, Kim J-H, Benson S (2012) N95 filtering facepiece
respirator deadspace temperature and humidity. J Occup Environ
Health 9: 166-171

21. Borg G (1990) Psychophysical scaling with applications in physical
work and the perception of exertion. Scand J Work Environ Health 16
(Suppl 1): 55-58. doi:10.5271/sjweh.1815. PubMed: 2345867.

22. Frank SM, Raja SN, Bulcao CF, Goldstein DS (1999) Relative
contribution of core and cutaneous temperatures to thermal comfort,
and the autonomic response in humans. Journal of Appl Physiol 86:
1588-1593. PubMed: 10233122.

23. Antunano MJ, Baumgardner FW, Chen YT, Constable SH (1993)
Characterization of chemical defense mask breathing resistance
tolerances. Air Force Materiel Command, Brooks Air Force Base,
Texas, Report AL-TP-1992-0061 Available: http://www.dtic.mil/cgi-bin/
GetTRDoc?Location=U2&doc=GetTRDoc.pdf&AD=ADA265221.
Accessed 11 February 2013

24. Bardsley SM, Amtmann J, Spath WK (2005) The effects of respirator
wear on heart rate and blood pressure during moderate steady-state
work. Proceedings of the 3rd annual Regional National Occupational
Research Agenda (NORA) Young/New Investigators Symposium, April,
2005, Salt Lake City, UT. pp 1-10.

25. Love RG, Muir DCF, Sweetland KF, Bentley RA, Griffin OG (1977)
Acceptable levels for the breathing resistance of respiratory apparatus:
results for men over the age of 45. Br J Ind Med 34: 126-129. PubMed:
871443.

26. Kim J-H, Benson SM, Roberge RJ (2013) Pulmonary and heart rate
responses to wearing N95 filtering facepiece respirators. Am J Infect
Control 41: 24-27. doi:10.1016/S0196-6553(13)01168-1. PubMed:
22944510.

27. Roy PK (2002) Physiological adaptation and anaesthesia at high
altitude. Ind J Anaesth 46: 175-181

Respirator Filter Resistance Effects

PLOS ONE | www.plosone.org 6 December 2013 | Volume 8 | Issue 12 | e84901

http://www.cdc.gov/niosh/docs/respsurv/
http://www.cdc.gov/niosh/docs/respsurv/
http://www.cdc.gov/niosh/npptl/stps/apresp.html
http://www.cdc.gov/niosh/npptl/stps/apresp.html
http://dx.doi.org/10.1093/annhyg/meq042
http://dx.doi.org/10.1093/annhyg/meq042
http://www.ncbi.nlm.nih.gov/pubmed/20522519
http://dx.doi.org/10.1093/annhyg/mes068
http://dx.doi.org/10.1093/annhyg/mes068
http://www.ncbi.nlm.nih.gov/pubmed/23108786
http://dx.doi.org/10.1080/15298669191364631
http://www.ncbi.nlm.nih.gov/pubmed/1858664
http://dx.doi.org/10.1093/annhyg/mer065
http://www.ncbi.nlm.nih.gov/pubmed/21893677
http://dx.doi.org/10.1111/j.1365-2273.1992.tb01068.x
http://www.ncbi.nlm.nih.gov/pubmed/1587036
http://dx.doi.org/10.1016/S0196-6553(10)00196-3
http://www.ncbi.nlm.nih.gov/pubmed/20036443
http://dx.doi.org/10.1016/j.ajic.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22575285
http://www.publichealth.va.gov/docs/cohic/project-breathe-report-2009.pdf
http://www.publichealth.va.gov/docs/cohic/project-breathe-report-2009.pdf
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_id=12716&p_table=standards
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_id=12716&p_table=standards
http://www.osha.gov/pls/oshaweb/owadisp.show_document?p_id=12716&p_table=standards
http://dx.doi.org/10.1055/s-0032-1327661
http://dx.doi.org/10.1055/s-0032-1327661
http://www.ncbi.nlm.nih.gov/pubmed/23175181
http://www.ncbi.nlm.nih.gov/pubmed/20420727
http://dx.doi.org/10.1111/j.1440-1843.2010.01713.x
http://www.ncbi.nlm.nih.gov/pubmed/20337987
http://dx.doi.org/10.4103/1463-1741.77200
http://www.ncbi.nlm.nih.gov/pubmed/21368434
http://dx.doi.org/10.5271/sjweh.1815
http://www.ncbi.nlm.nih.gov/pubmed/2345867
http://www.ncbi.nlm.nih.gov/pubmed/10233122
http://www.dtic.mil/cgi-bin/gettrdoc?location=u2&doc=gettrdoc.pdf&ad=ada265221
http://www.dtic.mil/cgi-bin/gettrdoc?location=u2&doc=gettrdoc.pdf&ad=ada265221
http://www.ncbi.nlm.nih.gov/pubmed/871443
http://dx.doi.org/10.1016/S0196-6553(13)01168-1
http://www.ncbi.nlm.nih.gov/pubmed/22944510


28. Smith CL, Whitelaw JL, Davies B (2013) Carbon dioxide rebreathing in
respiratory protective devices: influence of speech and work rate in full-
face masks. Ergonomics dx/doi.org/10.1080/00140139.2013.777128.

29. James RH (1976) Breathing resistance and dead space in respiratory
protective devices. National Institute for Occupational Safety and
Health Report No NIOSH-77-161. Cincinnati, OH..

30. Maxwell DL, Cover D, Hughes JMB (1985) Effect of respiratory
apparatus on timing and depth of breathing in man. Respir Physiol 61:
255-264. doi:10.1016/0034-5687(85)90130-6. PubMed: 4048673.

31. DuBois AB, Botelho SY, Comroe JH Jr (1956) A new method for
measuring airway resistance in man using a body plethysmograph:
values in normal subjects and in patients with respiratory disease. J
Clin Invest 35: 327-335. doi:10.1172/JCI103282. PubMed: 13295397.

32. Lerman Y, Shefer A, Epstein Y, Keren G (1983) External inspiratory
resistance of protective respiratory devices: effects on physical
performance and respiratory function. Am J Ind Med 4: 733-740. doi:
10.1002/ajim.4700040606. PubMed: 6650511.

33. Roberge R, Benson S, Kim J-H (2012) Thermal burden of N95 filtering
facepiece respirators. Ann Occup Hyg 56: 808-814. doi:10.1093/
annhyg/mes001. PubMed: 22294505.

34. Roberge RJ, Kim J-H, Coca A (2012) Protective facemask impact on
human thermoregulation: an overview. Ann Occup Hyg 56: 102-112.
doi:10.1093/annhyg/mer069. PubMed: 21917820.

35. Silverman L, Lee G, Plotkin T, Sawyers LA, Yancey AR (1951) Air flow
measurement on human subjects with and without respiratory
resistance at several work rates. Arch Ind Hyg Occup Med 3: 461-478.

36. Wiley RL, Zechman FW Jr (1966/7) Perception of added airflow
resistance in humans. Respir Physiol 2: 73-87. doi:
10.1016/0034-5687(66)90039-9. PubMed: 5971707.

37. Gottfried SB, Altose MD, Kelsen SG, Fogarty CM, Cherniack SM
(1978) The perception of changes in airflow resistance in normal

subjects and patients with chronic airways obstruction. Chest 73
(Suppl): 286-288. doi:10.1378/chest.73.2_Supplement.286. PubMed:
340163.

38. Campbell EJM, Gandevia SC, Killian KJ, Mahutte CK, Rigg JRA (1980)
Changes in the perception of inspiratory restive loads during partial
curarization. J Physiol 309: 93-100. PubMed: 7252883.

39. Killian KJ, Mahutte CK, Howell JBL, Campbell EJM (1980) Effect of
timing, flow, lung volume, and threshold pressures on restive load
detection. Journal of Appl Physiol 49: 958-963. PubMed: 7440304.

40. Burki NK (1981) Effects of added inspiratory loads on load detection
thresholds. J Appl Physiol Respir Environ Exerc Physiol 50: 162-164.
PubMed: 7204184.

41. Harber P, Shimozaki S, Barrett T, Loisides P (1989) Relationship of
subjective tolerance of respirator loads to physiologic effects and
psychophysical load sensitivity. J Occup Med 31: 681-686. doi:
10.1097/00043764-198908000-00014. PubMed: 2668457.

42. Roberge RJ, Kim J-H, Benson S (2012) N95 filtering facepiece
respirator deadspace temperature and humidity. J Occup Environ Hyg
9: 166-171. doi:10.1080/15459624.2012.660428. PubMed: 22413894.

43. Harber P, Beck J, Luo J (1997) Study of respirator effect on nasal-oral
flow partition. Am J Ind Med 32: 408-412. doi:10.1002/
(SICI)1097-0274(199710)32:4. PubMed: 9258395.

44. McVicar J, Eager R (2009) Validation study of a transcutaneous carbon
dioxide monitor in patients in the emergency department. Emer Med J
26: 344-346. PubMed: 19386868.

45. Bendjelid K, Schütz N, Stotz M, Gerard I, Suter PM et al. (2005)
Transcutaneous PCO2 monitoring in critically ill adults: clinical
evaluation of a new sensor. Crit Care Med 33: 2203-2206. doi:
10.1097/01.CCM.0000181734.26070.26. PubMed: 16215371.

Respirator Filter Resistance Effects

PLOS ONE | www.plosone.org 7 December 2013 | Volume 8 | Issue 12 | e84901

http://dx.doi.org/10.1016/0034-5687(85)90130-6
http://www.ncbi.nlm.nih.gov/pubmed/4048673
http://dx.doi.org/10.1172/JCI103282
http://www.ncbi.nlm.nih.gov/pubmed/13295397
http://dx.doi.org/10.1002/ajim.4700040606
http://www.ncbi.nlm.nih.gov/pubmed/6650511
http://dx.doi.org/10.1093/annhyg/mes001
http://dx.doi.org/10.1093/annhyg/mes001
http://www.ncbi.nlm.nih.gov/pubmed/22294505
http://dx.doi.org/10.1093/annhyg/mer069
http://www.ncbi.nlm.nih.gov/pubmed/21917820
http://dx.doi.org/10.1016/0034-5687(66)90039-9
http://www.ncbi.nlm.nih.gov/pubmed/5971707
http://dx.doi.org/10.1378/chest.73.2_Supplement.286
http://www.ncbi.nlm.nih.gov/pubmed/340163
http://www.ncbi.nlm.nih.gov/pubmed/7252883
http://www.ncbi.nlm.nih.gov/pubmed/7440304
http://www.ncbi.nlm.nih.gov/pubmed/7204184
http://dx.doi.org/10.1097/00043764-198908000-00014
http://www.ncbi.nlm.nih.gov/pubmed/2668457
http://dx.doi.org/10.1080/15459624.2012.660428
http://www.ncbi.nlm.nih.gov/pubmed/22413894
http://dx.doi.org/10.1002/(SICI)1097-0274(199710)32:4
http://dx.doi.org/10.1002/(SICI)1097-0274(199710)32:4
http://www.ncbi.nlm.nih.gov/pubmed/9258395
http://www.ncbi.nlm.nih.gov/pubmed/19386868
http://dx.doi.org/10.1097/01.CCM.0000181734.26070.26
http://www.ncbi.nlm.nih.gov/pubmed/16215371

	Impact of Low Filter Resistances on Subjective and Physiological Responses to Filtering Facepiece Respirators
	Introduction
	Materials and Methods
	Statistical Analysis

	Results
	Discussion
	Physiological Responses
	Subjective Perceptions
	Moisture Retention
	Limitations

	Conclusion
	Acknowledgements
	Author Contributions
	References


