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Abstract

Objectives: N95 filtering facepiece respirators (N95 FFRs) and surgical masks are comprised of mul-
tiple layers of nonwoven polypropylene. Tight-fitting N95 FFRs are respiratory protective devices
(RPDs) designed to efficiently filter aerosols. During the COVID-19 pandemic, health care workers
(HCWs) throughout the world continue to face shortages of disposable N95 FFRs. Existing version
of widely available FDA cleared loose-fitting surgical masks with straps do not provide reliable pro-
tection against aerosols. We tested the faceseal of a modified strapless form-fitting sealed version of
surgical mask using quantitative fit testing (QNFT) and compared the performance of this mask with
that of N95 FFRs and unmodified loose-fitting surgical masks.

Methods: Twenty HCWs participated in the study (10 women; 10 men; age 23-59 years). To create the
sealed surgical masks, we removed the straps from loose-fitting surgical masks, made new folds, and
used adhesive medical tape to secure the new design. All participants underwent QNFT with a loose-
fitting surgical mask, the sealed surgical mask, and an N95 FFR; fit factors were recorded. Each QNFT was
performed using a protocol of four exercises: (i) bending over, (ii) talking, (iii) moving head side to side,
and (iv) moving head up and down. When the overall fit factor for the sealed surgical mask or N95 FFR
was <100, the participant retook the test. Participants scored the breathability and comfort of the sealed
surgical mask and N95 FFR on a visual analog scale (VAS) ranging from 0 (unfavorable) to 10 (favorable).
Results: The median fit factor for the sealed surgical mask (53.8) was significantly higher than that of
the loose-fitting surgical mask (3.0) but lower than that of the N95 FFR (177.0) (P < 0.001), equating to
significantly lower inward leakage of ambient aerosols (measuring 0.04-0.06 pm) with the sealed sur-
gical mask (geometric mean 1.79%; geometric standard deviation 1.45%; range 0.97-4.03%) than with
the loose-fitting surgical mask (29.5%; 2.01%; 25-100.0%) but still higher than with the N95 FFR (0.66%;
1.46%; 0.50-1.97%) (P < 0.001). Sealed surgical masks led to a marked reduction (range 60-98%) in in-
ward leakage of aerosols in all the participants, compared to loose-fitting surgical masks. Among the ex-
ercises, talking had a greater effect on reducing overall fit factor for the sealed surgical mask than for the
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piece respirators.

Loose-fitting surgical masks allow profound inward leakage of aerosolized particles, mostly due to lack of
a face seal. Our study suggests that face seal can be achieved in FDA-cleared loose-fitting surgical masks
using simple modifications and adhesives, leading to marked reduction in inward leakage of aerosols,
though leakage remain higher than with N95 filtering facepiece respirators. Sealed versions of surgical
masks may offer useful levels of respiratory protection during an extreme shortage of N95 filtering face

N95 FFR; when talking was excluded, the fit factor for the sealed surgical mask improved significantly
(median 53.8 to 81.5; P < 0.001). The sealed surgical mask, when compared with the N95 FFR, offered
better reported breathability (median VAS 9 versus 5; P< 0.001) and comfort (9 versus 5; P< 0.001).
Conclusions: Widely available loose-fitting surgical masks can be easily modified to achieve faceseal
with adhesives. Unlike loose-fitting surgical masks, sealed surgical masks can markedly reduce in-
ward leakage of aerosols and may therefore offer useful levels of respiratory protection during an
extreme shortage of N95 FFRs and could benefit HCWs who cannot comply with N95 FFRs due to
intolerance. However, because a wide range of surgical masks is commercially available, individual
evaluation of such masks is highly recommended before sealed versions are used as RPDs.

Keywords: breathability; fit test; inward leakage; N95 filtering facepiece respirator; respiratory protectionsurgical mask

Introduction

The World Health Organization has recommended that
surgical masks should be worn by healthcare workers
(HCWs) in the same room as a patient with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2),
whereas devices such as US National Institute for
Occupational Safety and Health (NIOSH)-approved fil-
tering facepiece respirators (FFR) with N93 filters (N95
FFRs) are reserved for high-risk settings such as aerosol-
generating procedures (World Health Organization,
2020). However, research has shown that rates of re-
spiratory illness among HCWs wearing surgical masks is
higher than among those wearing N95 FFRs (MacIntyre
et al., 2011; Chu et al., 2020). Of note, some countries
and jurisdictions have more stringent requirements than
the WHO. For instance, the Centers for Disease Control
and Prevention (CDC) in the USA has recommended the
use of N95 FFRs when caring for a patient with sus-
pected or confirmed COVID-19, as well as when per-
forming or present for an aerosol-generating procedure
(Centers for Disease Control and Prevention, 2020).
Surgical masks cleared by the Food and Drug
Administration (FDA) (product code FXX [US Food
and Drug Administration, 2019]) are loose-fitting de-
vices that create a physical barrier, blocking droplets”,
or splashes that may carry pathogens from a source
(a person or surgical field) and preventing spillage of
saliva and respiratory secretions from HCWs. The

loose-fitting design of these masks allows profound in-
ward leakage along the edges; thus, the FDA does not
consider them effective against pathogens within aero-
solized particles. As such, users of surgical masks are
not required to undergo fit testing, and surgical masks
are not part of the written respiratory protection pro-
gram (RPP) under the Occupational Safety and Health
Administration’s (OSHA) Respiratory Protection
Standard (29 CFR 1910-134) (Occupational Safety and
Health Administration, 1998). Additionally, most sur-
gical masks used in many healthcare settings do not
undergo FDA clearance or standardized testing. In con-
trast, FDA-cleared surgical N95 FFRs (product code
MSH [US Food and Drug Administration, 2019]) are
certified by NIOSH and are included in the RPP. They
are expected to form a tight seal around the nose and
mouth, eliminating leaks along the edges. HCWs must
therefore undergo fit testing before using N95 FFRs.
Penetration of aerosols through a device can occur
via two pathways: through the filter medium and
through faceseal leakage. The filter medium in sealed
N95 FFRs undergo tests in NIOSH laboratory and
demonstrate at least 95% particle filtration efficiency
(PFE) when charge-neutralized polydisperse sodium
chloride is used as a challenge aerosol (count median
diameter, 0.075 = 0.02 pm) at a flow rate of 85 1/min
(Rengasamy et al., 2017). The filter medium in sur-
gical masks, in contrast, undergo tests under ASTM
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(formerly known as American Society for Testing and
Materials) F1215-89 standard and demonstrate PFE
of at least 95% when unneutralized 0.1-um poly-
styrene latex particles are used as challenge aerosols
at a face velocity ranging from 0.5 to 25 cm/s (US
Food and Drug Administration, 2004; Rengasamy
et al., 2017); however, this does not include the effect
of unfiltered air leakage through gaps in the faceseal.
It is important to note that ASTM testing standard
is not equivalent to NIOSH standard, and the stand-
ards are therefore not comparable. In addition, most
masks used in healthcare settings are not required to
be cleared by FDA and hence do not meet FDA clear-
ance requirements.

Loose-fitting surgical masks with straps allow pro-
found inward leakage through gaps along the mask
edges. Research has shown that surgical masks allow
8-12 times more penetration than N95 FFRs, with
86% of this penetration caused by lack of faceseal
(Grinshpun et al., 2009). One study using infectious
influenza virus—containing aerosols found that a
poorly fitted N95 FFR performed similarly to a loose-
fitting surgical mask; however, when the surgical mask
was sealed over the mouth of the manikin with silicone
caulk, the filtration efficiency increased from 56 to
95%, comparable to the minimum efficiency seen with
a sealed N95 FFR (Noti et al., 2012). This suggests
that eliminating faceseal leakage in high quality sur-
gical masks could substantially increase their aerosol
filtration efficiency; however, this cannot be general-
ized to all surgical masks. Grinshpun et al. (2009) sug-
gested that priority in the development of respiratory
protection devices should be shifted from improving
the efficiency of the filter medium to establishing a
better fit that would eliminate or minimize faceseal
leakage.

Before the COVID-19 pandemic, the demand for
N95 FFRs was low. Manufacturers therefore had
limited manufacturing capacity and have since been
unable to scale up production quickly enough to
meet the worldwide demand. OSHA issued interim
enforcement flexibility on 24 April 2020 that in-
cludes the use of disposable N95 FFRs beyond their
manufacturer’s recommended shelf life, extended
use and reuse after decontamination (Occupational
Safety and Health Administration, 2020). Unlike N935
FFRs, surgical masks remain more readily available.
To meet the need for improved respiratory protection
during this N95 FFR shortage, we have developed a
technique for achieving faceseal by modifying loose-
fitting surgical masks with straps into strapless form-
fitting sealed surgical masks. The study presented here

was conducted to compare the impact of faceseal in
these sealed surgical masks with that of loose-fitting
surgical masks and N95 FFRs using quantitative fit
testing (QNFT). The primary objective was to deter-
mine whether the fit factor of a sealed surgical mask
is higher than that of a loose-fitting surgical mask and
whether the inward leakage of submicron particles
measured is comparable to that seen with an N95 FFR.
We also evaluated the breathability and comfort of the
sealed surgical mask versus those of an N95 FFR and
assessed whether particular face measurements affect
the overall fit factors.

Methods

Participants

This study was approved by the Institutional Review
Board, with all participants providing written informed
consent. Twenty HCWs (10 women, 10 men; 3 Asian
participants, 1 Black participant, and 16 White partici-
pants; mean age, 43.4 years; range, 23-59 years) from
the radiology department at a single institution volun-
teered to participate in this study. The participants in-
cluded four computed tomography technologists, six
magnetic resonance imaging technologists, three nuclear
medicine technologists, five ultrasound technologists,
one nurse, and one radiology assistant. All participants
completed an OSHA respirator medical clearance ques-
tionnaire, were medically cleared and previously ap-
proved for use of an N95 FFR. Individuals with known
intolerance to skin adhesives or with facial hair that
could interfere with the faceseal were not included in
the study. When donned, the sealed surgical masks ex-
tended vertically from just below the sellion to the
menton and horizontally to the outer canthi of the eyes
(Fig. 1, bottom panels). Hence, the outer canthal dis-
tance [OCD] and menton-sellion length [MSL] for each
study participant were recorded in this study. Although
NIOSH has not established a bivariate panel to conduct
tests on surgical masks, the OCD and MSL provide rele-
vant facial dimensions of the participants in this study.

Devices tested

All participants underwent fit testing with a loose-fitting
surgical mask with straps, the strapless form-fitting
sealed surgical mask, and an N95 FFR. Details about the
FDA-cleared loose-fitting surgical mask (Model 15525;
Precept, Arden, NC, USA) (Fig. 1, top left panel) and N95
FFR (Model 1860; 3M, St Paul, MN, USA) used in the
study are provided in Table 1. To create sealed surgical
masks, we removed the straps from another set of loose-
fitting surgical masks. New folds were made along the
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Figure 1. Sealed surgical masks used in this study. Top left panel: photograph of surgical mask used in the study. Top right panel:
illustration of sealed surgical mask donned on a manikin using a sagittal reconstruction computed tomography image. Bottom
panels: sealed surgical mask with sampling probe and hose during a fit test.

sides of each mask; these folds were secured with single-
coated adhesive medical tape (Model 1538; 3M, St Paul,
MN, USA). Double-coated adhesive medical tape (Model
5733; Avery Dennison, Glendale, CA, USA) was then
fixed along the inner edges, and the side corners were
reinforced with a single-coated adhesive medical tape
(Model 1538; 3M, St Paul, MN, USA). Participants re-
moved the paper liner covering the adhesives before don-
ning this device and then applied pressure to the edges to
achieve faceseal. A sampling probe was attached to each
device before fit testing (Fig. 1, bottom panels).

Fit testing
The temperature and humidity of the testing area were
recorded. Fit testing was conducted separately for

each device. After donning the sealed surgical mask or
the N95 FFR, participants completed a 5-min comfort
assessment and confirmed a positive pressure user seal
check before undergoing fit testing. Fit testing com-
prised four exercises (bending over, talking, turning
head side to side, and turning head up and down) as
per the modified ambient aerosol condensation nuclei
counter QNFT protocol for FFRs (Occupational Safety
and Health Administration, 2019) (trial 1). Based on a
prior annual fit test, 10 participants used 3M model
1860 regular N95 FFRs and 10 participants used 3M
model 1860S small N95 FFRs for this study. When the
overall fit factor for the sealed surgical mask or N935
FFR was <100, the participant performed another user
seal check, waited for 3—5 min, and then retook the
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Table 1. Surgical mask and N95 FFR used in the study.

Surgical mask

N95 FFR

Model 15525; Precept, Arden, NC, USA 1860; 3M, St. Paul, MN, USA

Straps 4 ties 2 elastic loop bands

FDA cleared Yes Yes

PFE testing ASTM F 1215-89: 298% (for 0.1-pm latex particles) NIOSH: 295% (for polydisperse NaCl

standard aerosols; count medium diameter 0.075 =
0.02 pm)

Shape Flat and flexible with 3 pleats Rigid cup

Layers 4: 2 layers of polypropylene filter with inner and 3: polypropylene/polyester filter with a poly-

outer layers of a cellulose/polyester blend
Differential <3.3 H,0/cm?*

pressure (AP)

propylene shell and polypropylene coverweb
~6 mm H,0/cm?

test (trial 2). For the N95 FFRs, five participants re-
quired a second trial; for the sealed surgical mask, all
20 participants required a second trial. When two fit
trials were performed, the mean fit factor of two trials
was used for analysis. Because faceseal was not ex-
pected with the loose-fitting surgical mask, a second
trial was not performed.

The quantitative fit test (QNFT) was conducted
using PortaCount Pro+ Respirator Fit Tester 8038 (TSI
Incorporated, St Paul, MN, USA) with the built-in
N95-Companion enabled. The N95-Companion is an
electrostatic classifier that isolates and transports nega-
tively charged 0.04- to 0.06-um particles to the tester to
measure ambient particle concentration outside and in-
side the device (Fit factor = count [out]/count [in]). Fit
factor values up to 200 are then calculated. In our study,
values reported as 200+ were rounded to 200 for our
calculations.

The overall fit factor for the exercises mandated by
OSHA standards was calculated using the harmonic
mean of individual exercise fit factors. This is described
in the following equation:

. Number of exercises
Overall fit factor =

(L/fh) + (Ufh) + (UfH) + (1/ffa)

where ff,, ff,, ff,, and ff, are the fit factors for exercises
1,2, 3, and 4.

Statistical analysis

The primary objective of this study was to determine
whether the fit factor improves when a surgical mask
is sealed and whether the inward leakage of a sealed
surgical mask is comparable to that of an N95 FFR;
the null hypothesis was that they are the same. In
order to detect a 25% difference in fit factor between
respiratory protection devices, we estimated that 19

subjects were needed for a study with 80% power.
Because the fit factors were not normally distributed,
nonparametric methods were used. Friedman’s test
was used to compare fit factors between the three de-
vices and Wilcoxon signed rank test within a device
type. A significance level of 0.05 was applied and
Holm’s method was used for pairwise comparison of
devices. The inward leakage (%) was calculated as (1/
fit factor) x 100. Two-way ANOVA was used to test
for differences in inward leakage.

We had two secondary objectives. First, we sought
to assess the breathability and comfort of the sealed
surgical mask versus those of an N95 FFR. To this
end, participants scored the breathability and comfort
of each device on a visual analog scale ranging from
0 (very difficult to breathe; extremely uncomfort-
able) to 10 (very easy to breathe; very comfortable);
Friedman’s test was used to compare these results.
Second, we sought to determine whether the face tri-
angle area ([OCD x MSL]/2) affects the overall fit
factor. Spearman’s rank correlation was computed to
identify a linear relationship and a regression model
for the log scores and a quadratic term for the face tri-
angle area was fit to identify nonlinear relationships.

Role of the funding source

There were no study sponsors. The corresponding au-
thor has full access to all of the data in the study and
the final responsibility for the decision to submit for
publication.

Results

In study participants, the mean MSL was 116.5 mm
(range, 79-131 mm), and the mean OCD was 96.3 mm
(range, 87-110 mm). The mean face triangle area was
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5607 mm? (range, 3990-7150 mm?). During testing,
the mean room humidity was 48:3% (range, 44-51%),
and the mean room temperature was 22.1°C (range,
20.7-24.1°C).

The sealed surgical mask demonstrated a signifi-
cantly higher overall fit factor than the loose-fitting sur-
gical mask (median 53.8 versus 3.0) (P < 0.001) but a
significantly lower overall fit factor than the N95 FFR
(median 177.0) (P < 0.001) (Table 2). Among the ex-
ercises, talking had a greater effect on reducing overall
fit factor for the sealed surgical mask than for the N95
FFR; when talking was excluded, the overall fit factor
for the sealed surgical mask improved significantly (me-
dian 53.8 to 81.5) (P < 0.001).

A significant difference in inward leakage of meas-
ured aerosols was seen among the mask types, with the
sealed surgical mask demonstrating significantly lower

inward leakage than the loose-fitting surgical mask
[geometric mean (GM) 1.79% versus 29.50%] (P <
0.001) and significantly higher inward leakage than the
N9S5 FFR (GM 0.66%) (P = 0.001) (Table 3). Sealed
surgical masks led to a reduction in inward leakage ran-
ging from 60 to 98%, compared to loose-fitting surgical
masks (Fig. 2).

Breathability (median VAS 5.0 versus 9.0) and com-
fort (5.0 versus 9.0) were significantly higher with sealed
surgical masks than with N95 FFRs (P < 0.001) (Fig. 3).
The breathability score reported by participants on
a VAS ranged from 2 to 9 for N95 FFRs and 6 to 10
for sealed surgical masks. Similarly, the comfort score
ranged from 1 to 8 for N95 FFRs and 6 to 10 for sealed
surgical masks. Among the participants, 19 of 20 re-
ported better breathability and 18 of 20 reported better
comfort with sealed surgical masks than with N95 FFRs.

Table 2. Fit factor for N95 FFRs, sealed surgical masks, and loose-fitting surgical masks.

Type of device p* Pt Pt
N95 FFR Sealed Loose-fitting
surgical mask  surgical mask
Overall harmonic mean fit 177.0 [69.0] 53.8[30.5] 3.0 [3.5] <0.001 <0.001 <0.001
factor—based on 4 exercises
Fit factor for each exercise
Bending over 192.5 [54.3] 118.5[72.8] 3.0 [3.0] <0.001 <0.001 0.002
Talking 171.5 [90.5] 31.5 [15.0] 4.0 [3.5] <0.001 <0.001 <0.001
Head side to side 198.5 [74.3] 60.8 [26.3] 3.5 [4.5] <0.001 <0.001 <0.001
Head up and down 171.5 [54.8]  104.0 [58.3] 3.0 [2.0] <0.001 <0.001 <0.001
Harmonic mean fit factor—based 178.0 [58.5] 81.5 [40.8] 3.0 [4.0] <0.001 <0.001 <0.001
on 3 exercises (talking excluded)
P# 0.061 <0.001 0.008

Data are median [IQR].

*P value from Friedman’s test of differences among three devices.

tAdjusted P value from Friedman’s test of differences between sealed and loose-fitting surgical masks.

FAdjusted P value from Friedman’s test of differences between sealed surgical masks and N95 FFRs.

# Adjusted P value from Wilcoxon signed rank test of differences between harmonic mean fit factor that includes and excludes talking exercise within each device

group.

Table 3. Inward leakage of ambient aerosols (ranging from 0.04- to 0.06-um in size) with N95 FFRs, sealed surgical

masks, and loose-fitting surgical masks.

Inward leakage

Type of device pP*

N95 FFR

Sealed surgical mask

Loose-fitting surgical mask

0.6623 (1.46) {0.3906}
[0.5552,0.7900]

1.7880 (1.45) {0.3861}
[1.5017,2.1288]

29.5002 (2.01) {0.7940} <0.001

[21.27,40.92]

Data are geometric mean (geometric standard deviation) {coefficient of variation} [95% confidence interval].

*P value from Friedman’s test of differences between any two devices.
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Figure 2. Inward leakage of ambient aerosols (ranging from 0.04- to 0.06-um in size) estimated from fit factors for each partici-
pant. Inward leakage is shown for each participant when wearing a loose-fitting surgical mask, a sealed surgical mask, and an
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Figure 3. Breathability and comfort assessed using a visual analog scale. Participants rated the breathability and comfort of N95
FFRs and sealed surgical masks using a visual analog scale ranging from 0 (unfavorable) to 10 (favorable).

There was no evidence of an association between
face triangle area and the overall fit factor for any of the
mask types.

Discussion

In this study, we demonstrated that unlike loose-fitting
surgical masks, surgical masks modified to achieve
faceseal could substantially reduce inward leakage of

aerosols and remain breathable and comfortable while
providing reliable and meaningful levels of respiratory
protection against submicron aerosols. When compared
with loose-fitting surgical masks, inward leakage of
aerosols reduced significantly in all participants wearing
sealed surgical masks.

To prevent airborne diseases, it is important to under-
stand the size and behavior of the particles that carry
pathogens. Exhaled particles range from 0.01 to 1000 um
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in size, depending on the generation mechanism and site
of origin (Bake et al., 2019). ‘Infectious aerosols’ refers to
those particles small enough that they remain suspended in
air (airborne) for prolonged periods and carry pathogens.
Larger particles that travel only short distances and settle
down rapidly are referred to as ‘droplets’. Some drop-
lets, initially expelled by coughing or sneezing, can rap-
idly shrink by evaporation, become small droplet nuclei,
and behave as aerosols (Centers for Disease Control and
Prevention, 2019). SARS-CoV-2 viruses range from ~0.06
to 0.14 pm in size with 0.01-um spikes (Zhu et al., 2020),
whereas influenza viruses range from 0.08 to 0.12 pm
(Noda, 2012). Filter media in a device designed to prevent
airborne transmission of these viruses should demonstrate
high filtration efficiency for those aerosols that can carry
them; such a device should also achieve faceseal.

Unlike N95 FFRs (inward leakage measured in our
study range, 0.5-1.7%), surgical masks do not provide a
predictable level of protection against aerosols. The pur-
pose of a surgical mask is to prevent outward emissions
of large particles from the wearer onto a surgical field
and to protect the wearer from splashes; the purpose
is not to prevent the wearer from inhaling aerosols. As
such, loose-fitting surgical masks are neither designed
nor expected to achieve the faceseal necessary to pre-
vent inward leakage of aerosols. This is reflected in our
study, where the inward leakage with loose-fitting sur-
gical masks was 29.5% (range, 6.25-100%), similar to
the penetration (30-40%) reported in a previous study
(Grinshpun et al., 2009). However, when these masks
were modified to achieve faceseal in our study, the in-
ward leakage reduced significantly (GM 1.79%, range
1.0-4%). This reduction is similar to that reported in
a study of infectious influenza aerosols (43 % with sur-
gical mask attached using straps versus 5% with surgical
mask attached using silicone sealant on a manikin) (Noti
et al.,2012) and to the penetration reported when a sur-
gical mask was sealed to a breathing manikin (3-4%)
(Rengasamy et al., 2014). Taken together, these results
suggest that even high-quality loose-fitting surgical
masks (with a manufacturer reported PFE of >298% for
0.1 pm particles) create paths for unfiltered air to leak
inward along the edges of the mask, whereas a sealed
version of the mask forces air to enter only through the
filter medium, thus maximizing the filtration. It should
be noted, however, that most surgical masks used by
HCWs are not tested or cleared by FDA and may have
filters that perform with much lower efficiency than the
one used in this study. Additionally, even surgical masks
with FDA clearance are not predictable in their filter ef-
ficiency, as the tests required by FDA are not as stringent
as those required by NIOSH.

In our study, the fit factor of sealed surgical masks
(53.8) was substantially higher than that of loose-fitting
surgical masks (3.0). However, sealed surgical masks
such as the one tested in our study are not commer-
cially available and are not approved as respirators.
Additionally, an appropriate fit factor has not been de-
fined for these devices, and so the fit factor measured
in our study cannot be considered a protection factor.
It is important to understand that workplace protection
factor, assigned protection factor (APF), and fit factor
are not interchangeable. Workplace protection factor
is derived by measuring the penetration of aerosols of
a wide range of sizes throughout an employee’s actual
work shift while wearing a respirator. APFs are assigned
to respirators by OSHA after the agency conducts a
thorough review of the available literature, including
chamber-simulation studies and workplace protection
factor studies and hears testimony (Occupational Safety
and Health Administration, 2006). QNFT, in contrast,
is conducted annually and is used to calculate fit factor
during simulated workplace exercises before an em-
ployee is authorized to use a respirator.

Determining a permissible exposure limit (PEL) for
pathogens is not feasible. The health effects of different
pathogens on HCWs can vary greatly. N95 FFRs with
an APF of 10, based on PEL of hazardous chemicals,
are chosen for HCWs, and a safety factor of 10 is used
to calculate the desired fit factor of 100 (APF x safety
factor). A safety factor is arbitrarily used because the
actual protection that employees receive at work sites
tends to be much lower than the fit factors achieved
during fit testing (Occupational Safety and Health
Administration, 2011). Compared to N95 FFRs, a de-
vice with a lower APF or fit factor could still provide a
reduced but useful level of protection to HCWs during
a public health emergency. While APF for sealed surgical
masks do not exist and hence, cannot be considered as
respirators, our study suggests that such devices could
substantially reduce the inward leakage of aerosols and
achieve a fit factor that indicates improved faceseal in
HCWs than loose-fitting surgical masks. Without a des-
ignated APF for sealed surgical masks, however, a de-
sired fit factor cannot be chosen for this device.

In this study, for loose-fitting surgical masks with
ASTM level 3 filter media that were not expected to
achieve faceseal, the median overall fit factor was 3.0,
similar to values reported previously (Lee et al., 2016).
With sealed surgical masks, a fit factor of at least 100
was achieved in 51 out of 160 exercises. Although
the overall fit factor (for four exercises) was substan-
tially higher with sealed surgical masks (median 53.8),
in spite of user-confirmed faceseal, a value of at least
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100 was achieved in only one of the 40 trials in our
study. However, when the maximum desired overall
fit factor was reduced to at least 50 for sealed surgical
masks (equivalent to £2% inward leakage of 0.01-um
particles expected for this filter media), 75% of users
achieved an overall fit factor of at least 50 in at least
one of the two trials, and 55% achieved this in both
trials. In 37 of 40 trials (92.5%) with sealed surgical
masks, an overall fit factor >34 was seen (equivalent to
<3.0% inward leakage of 0.04- to 0.06-um particles
measured).

The design of facepiece respirators affects the APF
assigned by OSHA; the APF is 5 for quarter-mask and
10 for half-mask respirators (Occupational Safety and
Health Administration, 1998). Design also affects fit
factor. For instance, among flat fold and cup-shaped
N9S5 FFRs available, the latter requires higher seal pres-
sures to achieve high fit factor Niezgoda et al., 2013).
Likewise, differences in the design of the sealed surgical
mask with pleats and folds and the N95 FFR used in our
study likely influenced the differences we observed.

High-quality filter media restrict the free flow of air,
resulting in a pressure drop across the media [differen-
tial pressure (AP)]. For devices that achieve faceseal, this
can be perceived as discomfort, resistance to breathing,
and increased thermal sensations (Roberge et al., 2012),
which can negatively affect compliance. At least 50%
compliance with the proper use of N95 FFRs is required
before meaningful protection can be received by HCW's
(Chen et al., 2017), with wear time of at least 75%
(Gosch et al., 2013). However, when continuous use of
the device is expected, less than two-thirds of HCWs
report compliance, while nearly two-thirds report dis-
comfort (Maclntyre ef al., 2013). Additionally, among
HCWs using N95 FFRs and managing COVID-19, a
high prevalence (97%) of skin injury has been reported
(Lan et al., 2020). The sealed surgical masks used in our
study are lighter (~6 versus 12 g with a sampling probe)
and more flexible than N95 FFRs, with pleats that can
be stretched to conform around the nose and mouth of
the wearer and form a conical tent that keeps the mask
away from the lips (Fig. 1, top right panel). Additionally,
these sealed surgical masks do not require elastic
straps to maintain faceseal, whereas N95 FFRs require
strong elasticity in the straps. These features likely ex-
plain why 18 of 20 HCWs in this study reported sig-
nificantly higher comfort scores with the sealed surgical
masks than with the N95 FFRs. In a previous survey of
HCWs, two-thirds reported difficulty breathing with
N95 FFRs, and 9 out of 10 believed that they would not
be able to tolerate wearing the device for 8 hours (Baig
et al., 2010). In our study, 40% of participants reported

difficulty breathing with N95 FFRs (breathability score
<4), but everyone reported ease of breathing with sealed
surgical masks (breathability score >6). Among the parti-
cipants, 95% reported that breathability was better with
the sealed surgical masks. These findings likely reflect
the lower differential pressure (AP <3.3 versus ~6 mm
H,O/cm?) in the filter media within the sealed surgical
mask. If filter media within the sealed surgical masks are
replaced with media from N95 FFRs to achieve similar
filtration efficiencies, this could result in higher differ-
ential pressure and reduction in breathability scores in
such masks. Future research should focus on identifying
materials and designs that can achieve high filtration ef-
ficiencies while maintaining ease of breathing to ensure
compliance among users, especially when these devices
have to be donned for long hours.

It is worth noting that N95 FFRs and other similar
FFR were primarily designed to protect industrial
workers, not HCWs against pathogens. Additionally,
type of pathogen and its risk to HCWs varies with
time, and the access to protective devices impact morale
among HCWs. A new class of respirator specifically de-
signed to protect HCWs against bioaerosols has been
proposed (Gosch et al., 2013); however, no such device
yet exists, and N95 FFRs remain in short supply during
pandemics. While previous research focused on new
designs of respirators, and new methods of achieving
faceseal, including through the use of adhesive on mani-
kins (Lantos et al., 2009), our work focused on the use
of readily available surgical masks and evaluated the
benefit when faceseal is achieved in these masks using
folds and adhesive medical tape in HCWs. Solutions
similar to the one evaluated in this study could therefore
offer HCWs protection in the interim.

This feasibility study had several limitations, including
its small sample size. Facial measurements of the volun-
teers in this study may not reflect the measurements of
HCWs worldwide, and testing room conditions may not
be generalizable to other settings. Results with different
models of FDA-cleared surgical masks from the same and
different manufacturers may differ from the findings we
observed due to the dissimilarities in the composition of
the layers between the masks; hence, each model should
be subjected to tests to better understand performance.
It should also be noted that surgical masks that did
not undergo tests under ASTM standards would likely
have significantly different inward leakage compared
with those that did when challenged with similar aero-
sols. Thus, results from this study using surgical masks
with ASTM level 3 filter media cannot be used to make
far-reaching conclusions. Tiny holes in surgical masks
have previously been shown to negatively affect filtration
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efficiency (Rengasamy et al., 2012, 2014), but we did
not assess for damage caused by inserting the sampling
probes required to conduct QNFT. Previous research has
demonstrated that N95 FFRs do not result in harmful
changes in physiological parameters (Roberge et al.,
2010, 2013); similar studies are needed to assess the
physiological effects of sealed surgical masks on HCWs.
The inward leakage of the 0.04- to 0.06-pm particles used
to estimate fit factor in this study cannot be assumed to
be the same for particles of other sizes (Rengasamy et al.,
2009; He et al., 2013). Finally, although none of the par-
ticipants in this study reported an adverse reaction to the
adhesive medical tape used to achieve faceseal, the par-
ticipants wore the sealed surgical masks for only 13-15
min. Medical adhesive-related skin injury is an often mild
but widely reported problem (Farris et al., 2015); thus,
prospective studies are needed to evaluate the safety of
using adhesives to achieve faceseal.

In this study, we demonstrated that faceseal can be
achieved in FDA-cleared disposable surgical masks and
that when these masks are donned by HCWs, inward
leakage of submicron ambient aerosols is substantially
reduced during simulated workplace exercises. Although
the filtration performance of these sealed masks is lower
than that of N95 FFRs, our results suggest that selected
models of surgical masks modified in this fashion can
provide significantly improved respiratory protection
over loose-fitting surgical masks against aerosols rele-
vant to HCWs, and these masks may therefore offer
useful levels of protection during an extreme shortage
of disposable N95 FFRs and could benefit HCWs
who cannot comply with tight-fitting N95 FFRs due
to intolerance. Workplace protection factor studies at
healthcare facilities will be required to determine the ap-
propriate APF and the desired fit factor for such masks.
Further research is also required to refine the design of
these masks, study the durability of the faceseal, and as-
sess user tolerance.
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