Journal of Environmental Health Science and Engineering (2021) 19:805-817
https://doi.org/10.1007/s40201-021-00648-3

RESEARCH ARTICLE ;‘)

Check for
updates

Quantitative fit testing of filtering face-piece respirators
during the COVID-19 pandemic reveals anthropometric deficits
in most respirators available in Iran

Anahita Fakherpour' @ - Mehdi Jahangiri' @ - Mozhgan Seif*® - Hossein Charkhand? - Siamak Abbaspour? -
Evan L. Floyd*

Received: 10 November 2020 / Accepted: 8 March 2021 / Published online: 15 April 2021
© Springer Nature Switzerland AG 2021

Abstract

Purpose Frontline health care workers (HCWs) must wear a standard N95 or FFP2 respirator during worldwide pandemics of
respiratory diseases including COVID-19 to protect against airborne infectious pathogens when performing care activities. This
study aimed to quantitatively investigate the fit of most of the common FFRs used during the COVID-19 pandemic in Iran.
Methods A total of 37 volunteers were fit tested in 20 selected FFRs in a randomized order. The selected FFRs were underwent
quantitative fit testing by PortaCount® model 8038. To determine the effects of face sizes on respirator fit, the participants’ facial
dimensions were measured using a digital caliper.

Results The rate of passing fit tests for the studied FFRs were surprisingly low with 11 out of 20 FFRs having less than 10%
passing fit tests and the best performers having only 43% and 27% passing fit tests (brands 2 and 20, respectively). Cup-shaped
respirators provided significantly greater fit than the vertical flat-fold ones (p <0.001). A significantly different FFs were found
among the respirator brands (F = 13.60, p < 0.001).

Conclusion Overall, unacceptably low fit factors were obtained from the studied FFRs. The main reasons for this are suspected to
single size and style for each studied FFR. It confirms the importance and requirement of the proper respirator selection in that
way fitted optimally into facial dimensions, appropriate usage, and properly performing the fit testing procedure. A unique fit test
panel should be developed to guide respirator wearers in selecting the appropriate FFR for their specific face sizes.

Keywords Coronavirus (COVID-19). Filtering face-piece respirators. Quantitative fit test. Respiratory protection program.
Respirator characteristics. Subject features

Introduction pathogens in health care workers (HCWs) during worldwide

pandemics such as influenza and the current COVID-19 pan-
There has been considerable concern about providing optimal ~ demic. The HCWs are required to don FFP2 based on the
respiratory protection against transmissible infectious  EN149 standard [1] or N95 according to the National
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Institute for Occupational Safety and Health (NIOSH 42 CFR
84) [2], to protect themselves against pathogenic or infectious
aerosols in healthcare setting; ultimately, against the COVID-
19 during aerosol-generating procedures (AGPs) such as tra-
cheal intubation, noninvasive ventilation, tracheotomy, car-
diopulmonary resuscitation, manual ventilation before intuba-
tion, and bronchoscopy, among others [3, 4].

To assure respirators are capable of providing the necessary
level of protection for wearers, it is required firstly that the
respirators meet the filtration efficiency requirements and sec-
ondly that acceptable respirator fitting into the wearers’ facial
dimension. “Filtration efficiency” pertains to the capability of
the filter media to capture or filter out the dangerous airborne
particles before entering to a subject’s breathing zone and
inhaling by his/her respiratory system. “Respirator fitting” de-
termines the capability of fitting a respirator with a specific
make, model, style, and size into the wearers’ facial dimen-
sions in order to protect respiratory system against the air
contaminants. In addition to the filtration efficiency, the capa-
bility of respirator fitting shall not be ignored [5-7].

NIOSH has developed the total inward leakage (TIL) per-
formance requirements for all classes of respirators [6, 8]. The
TIL value is a function of filter penetration through filter me-
dia (FP) and leakage through the face-seal and exhalation
valves. In other words, the TIL value means the realistic pro-
tection level obtained by the respirator while considering the
roles of all penetration paths which can be obtained from the
inverse of the fit factor (FF) measured during quantitative fit
testing [9, 10]. Fit testing procedures determine whether ac-
ceptable fit is obtained by a specific respirator on a specific
wearer. Respirator fit testing is classified into the qualitative fit
testing (QLFT) and quantitative fit testing (QNFT) according
to the respiratory protection standards [9—12]. QLFT relies on
the subjective detection of a test agent by the respirator wear-
er. Test agents such as Bitrex™, saccharin, isoamyl acetate,
and irritant smoke are presented to the respirator wearer while
performing standardized fit test exercises. The respirator wear-
er provides a positive response if the test agent is detected
during any exercise of the fit test. QNFT uses an instrument
to objectively quantify the fit of a respirator to a wearer. The
most commonly QNFT procedure using ambient aerosol (TSI
PortaCount®) measures the concentration of an aerosol chal-
lenge agent outside the respirator (C,,) and compares to the
aerosol concentration inside the respirator (C;,) with the pre-
sumption that aerosol present within the respirator is primarily
due to leakage of the respirator and not penetration of particles
through the filter media. The ratio of Cgy to C;, is used to
calculate the “fit factor” (FF) [12].

Generally, the selection of the fit test methods depend on
the several criteria like the severity of the respiratory hazards
[13], numbers of the organization’s workers [13], ability to
use [14], skill and understanding on how to conduct the fit
test [ 14], take preventive maintenance and care [14], check for
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system leakage [15], system calibration [15], suitability of the
test method for the respirator [14], workers’ abilities to recog-
nize the challenge agent [14], cost and benefits of the fit test
method [14], and applicable legal requirements [14].
Noticeably, various factors influencing the respirator fit in-
cluding the respirator design (style, brand, model, size, etc.)
[16], facial features (face size, face shape, facial hair) [16], any
changes in physical features such as facial deformity, dental
changes, cosmetic surgery, substantial weight loss or gain
[16], and also training [16].

Apart from the numerous studies were performed regarding
the filtration efficiency [17-22]; several studies were conduct-
ed on the QNFT procedure [23-29]. For instance, Spies et al.
stated more than one model and size of the RPE are required to
provide for the respiratory protection program (RPP) [30].
Another study by Lawrence et al., concluded that the QLFT
had lower pass rates than the TSI PortaCount® Plus with the
N95-Companion; thus, it would be contributed to the most of
the subjects retested, which in turns increased the required
time and cost for the QLFT procedure [31]. In addition, an-
other research focused that the user seal checks (USCs) could
not be as a substitution for the QNFT, due to its low accuracy,
sensitivity, and predictive value [32]. During the COVID-19
pandemic, numerous brands of imported and domestic respi-
rators are being used by Iranian HCWs with primary attention
paid to filtration efficiency. While an essential aspect of respi-
ratory protection, this emphasis has inadvertently neglected
the role of respirator fit. Surprisingly, the QNFT has not been
investigated in Iran until this study, although several studies
have examined the QLFT procedure on a few numbers of
respirators [33-37]. Accordingly, this study, for the first time,
was aimed to examine the quantitative fitting characteristics of
the most well-known and available FFRs with various makes,
models, and styles being used during the COVID-19 pandem-
ic in Iran.

Materials and methods
Study design

This cross-sectional study was conducted on the volunteers of
the School of Public Health, Shiraz University of Medical
Sciences, Iran in 2020.

Inclusion criteria

Subjects who were not able to medically wear the respirators
according to the OSHA 29CFR 1910.134 were not included in
the study. For example, volunteers with cardiovascular, high
blood pressure, or respiratory diseases (asthma, pneumonia,
shortness of breath, dyspnea); facial hair (stubble and beard);
facial deformity, acnes, or scars; facial surgery; and plastic or
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rhinoplasty surgery were excluded from the study [38, 39].
Meanwhile, if the study participants exhibited difficulty in
breathing during the tests, we stopped the test and request
them to remove the respirator.

Participants

Thirty-seven participants consisted of 25 (67.60%) females
and 12 (32.40%) males with a mean age of 24.6 £4.2 years
were tested in the Industrial Safety laboratory of the School of
Health. Before undertaking the investigation, participants
were given a description of their responsibilities during the
test procedure including the USCs and QNFT procedures.

Respirators

All participants were fit tested in each of the 20 selected FFRs
available in the Iranian market (10 domestic and 10 imported).
These 20 FFRs consisted of 6 cup-shaped and 14 vertical flat-
fold respirators that are being used during the COVID-19
pandemic in Iran. Participants were fit tested in each respirator
in a randomized order. Each respirator was assigned a number
from 1 to 20 and randomized. Subjects were fit tested in each
respirator in the randomized order using the Latin Square
Design (LSD). The details of the studied FFRs are presented
in Table 1.

As shown in Table 1, 6 out of the 20 studied respirators
were designated by the respirator manufacturer as FFP3 or
N99 FFRs. The remaining respirators were N95 or N95/
FFP2 designation. Five FFRs had exhalation valves. Six
FFRs were cup-shaped and 14 FFRs were vertical flat-fold
styles. A total of 10 brands of imported and 10 brands of
domestic respirators were assessed in the study.

Instruments

A NaCl particle generator (model 8026, TSI Inc., Shoreview,
MN, USA) was utilized to enhance the ambient aerosol levels
for fit testing. The PortaCount® respirator fit tester (model
8038, TSI Inc., Shoreview, MN, USA) was employed to per-
form ambient aerosol fit testing procedures and the probe kit
(model 8025-N95, TSI Inc., Shoreview, MN, USA) was used
to insert a test probe into each respirator for testing.

Set up and experiments

The experiment was set up to comply with OSHA 29 CFR
1910.134 requirements. A small room approximately 4 m X
4 m, without operating air conditioning systems was selected
for conducting the test. All participants abstained from drink-
ing, eating, chewing gum, and smoking cigarettes or cigars for
at least 30 min before starting the study to obtain reliable
measurements.

Particle generation

A-non-hazardous test acrosol such as salt (NaCl) solution was
used as the challenge agent in order to measure the leakage
rate of the face-seal leakage of the respirator being fit tested.
To produce the required particle concentration for ambient of
fit testing room, all manufacturer’s instructions were follow-
ed; most notably, a 2% NacCl solution with the count median
diameter (CMD) of 0.04 um and geometric standard deviation
(GSD) of 2.2 um was used and the particle generator was
placed at least 1.80 m away from the respirator fit tester during
operation. The particle generator was only used sparingly;
before beginning fit tests to build up particle concentration
in the test room (~8000 particles/cc, for respirator with
>99% efficiencies and ~ 800 particles/cc, for respirators with
<99% efficiencies) and during testing only if the particle con-
centration fell below the minimum concentration of the fit
tester which required for the respirator being tested.

Fit testing protocol

Before performing fit tests on participants, the fit tester “Daily
Checks” were conducted to ensure full function of the device
and sufficient aerosol count within the test room. QNFTs were
conducted in Stand-Alone mode (not controlled by the fit test
software). A test probe was inserted into each respirator be-
tween the participants’ nose and mouth and participants were
instructed how to properly don and doff each respirator type,
perform the USCs (negative and positive pressure seal checks)
while wearing the respirator for at least 5 minutes before
conducting the fit test. These procedures ensured ambient par-
ticles were purged from inside the respirator and permitted
participants to ascertain if the respirator was seated correctly
and comfortably.

Fit tests were carried out according to the OSHA eight
exercise protocol (normal breathing; deep breathing; head side
to side; head up and down; talking out loud; grimace; bending
over; and normal breathing). Each test exercise was conducted
for 1 min, except for the grimace (15 s). The harmonic mean
of each exercise’s fit factor was used to calculate the “overall
fit factor” by the PortaCount® respirator fit tester. The overall
fit factor was reported and recorded at the end of each fit test.
The overall fit factor was compared to the minimum required
FF for FFRs (FF >100). If the overall fit factor was greater
than or equal to the required FF, then the wearer would be
approved to use that respirator for occupational protection
(Fig. 1) [40].

NIOSH developed the total inward leakage (TIL) perfor-
mance requirements for all classes of respirators [6, 8]. The
TIL value is a function of particle penetration through filter me-
dia (FP) and leakage through the face-seal and exhalation valves.
In other words, the TIL tests the realistic protection level obtained
by the respirator while considering the roles of all leakage/
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Table 1  Characteristics of the studied filtering face-piece respirators (FFRs) used in the current study *

No. Respirators’ Respirator Protection Exhalation Style Domestic Nose Adjustable Certified by

pictures brand/ Level valve or clip straps legal bodies
Model Imported
Number
1 Apolo  NosERPY  es Flat Tmported  Yes No NA
HY8226 P
Uvex-Silv
2 Air (Uvex) NO95/FFP2 No Cup Imported Yes No NIOSH
2200
HERO
3 HY8236 FFP3 Yes Flat Imported Yes No NA
4 3M8514 NO95 Yes Cup Imported Yes Yes NIOSH
5 M FFP2 Yes C Imported  Yes No NA
HY8626 up P
3 Max
6 HY8226 FFP2 Yes Flat Imported Yes No NA
7 GSP FFP3 Yes Cup Imported Yes Yes NA
HY8636
8 SPC FFP2 Y Flat Imported Y N NA
HY8226 es a mporte es 0
9 SPC FFP2 Y Cup Imported Y N NA
HYS8626 es up porte es 0
10 Pinz Tec KN95 No Flat Imported Yes No NA
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11 Delta FFP2 No Flat Domestic No No Naﬁﬁ’\‘/}aElgocal
12 FPS FFP2 Yes Flat Domestic No NA

13 nggl;n(ol}”ﬁ) FFP2 Yes Cup Domestic  Yes No NA

14 Milad930  N95 No Flat Domestic Yes No Na&‘g‘ﬁg@%l
15 I\I\IZ?; 5) (;l é( FFP3 Yes Flat Domestic Yes No Natil?\r/}e];lgocal
16 Nano Pak N99 Yes Flat Domestic Yes No NatiI(l)\I/}zEl]/)local
17 Nano Oxin N99 No Flat Domestic No No NatiI(I)\I/}«f]i:l]/)local
18 ]SE]SEZP 8[22 1;31;:};,12/ No Flat Domestic No No Na&ocr:llajls/;(\)]cal
19 P"l/;e(r}r;iggl N95/FFP2 Yes Flat Domestic Yes Yes NatiIcl)\I/}%lgocal
20 P'[l;ecl‘}r;l?};l NO99/FFP3 Yes Flat Domestic Yes Yes NatiIoMne;Elgocal
NA Not Accessible

NIOSH US National Institute for Occupational Safety and Health

IMED Iranian National Medical Device Directorate
MCLSW Ministry of Cooperatives Labor and Social Welfare
% One Size Fits All (OSFA)

@ Springer
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Fig. 1 The participant while
performing the QNFT procedure
using the PortaCount® fit tester
model 8038

|
iy |

penetration paths. The filtration efficiency (FE) is obtained from C.

the FP which means that the ratio of test aerosol concentration ~ FP (%) = —" x 100 (1)
inside the respirator to its concentration outside the respirator, out

which are represented by Eqs. 1 and 2, respectively:

Table2  The QNFT results of studied respirators compared to the brand 2 by the repeated measurements

Respirator code QNFT result (=37) Mean+SD 95% CI for Mean of 95th Percentile of FFs 95% CI for 95th p* Overall
—  of FFs FFs Percentile of FFs p
Passed Failed
N (%) N (%) Lower  Upper Lower Upper

1 12.70)  36(97.30) 23.24 +27.33  16.41 34.24 61 34 170 <0.001 <0.001

2 16(43.20) 21(56.80) 110.49 +72.20 87.94 133.78 200 200 200 -

3 6(16.22) 31(83.78) 62.62 +39.33  50.59 74.38 151 101.01 160 >0.05

4 10(27) 27(73.0) 59.84 £52.51  43.32 76.64 180 140 180 >0.05

5 2(5.41)  35(94.59) 26.76 +24.09  20.16 35.03 100 50.60 100 <0.001

6 38.11)  34(91.89) 31.05 +3046  22.16 41.51 104 54 140 <0.001

7 6(16.22) 31(83.78) 53.51 +£47.21  39.52 70.24 155 101 200 >0.05

8 5(13.51) 32(86.49) 42.70 +£44.01  29.24 56.81 144 100.40 180 <0.001

9 2(5.40)  35(94.59) 30.51 +28.28  22.17 40.51 106 60 115 <0.001

10 2(5.40)  35(94.59) 11.39+2221 576 19.23 100 20 100 <0.001

11 3(8.10)  34(91.89) 1843 +27.60 10.73 2743 102 25.50 120 <0.001

12 3(8.10)  34(91.89) 13.51 +£26.17 5.89 23.40 100 10 100 <0.001

13 0 37 (100) 4.84 £2.46 4.08 5.62 9.10 8.10 10 <0.001

14 4(10.81) 33(89.19) 18.38 £29.04  10.27 28.08 100 23.50 100 <0.001

15 4(10.81) 33(89.19) 24.70 +31.68  15.94 35.57 120 39 120 <0.001

16 0 37(100) 6.48 £2.51 5.07 7.30 12 9.0 12 <0.001

17 0 37(100)  5.08 +2.16 443 5.79 9.10 7.30 10 <0.001

18 3(8.10)  34(91.89) 21.40 +25.87  14.19 30.37 100.50 34 105 <0.001

19 6(16.22) 31(83.78) 29.40 +36.46  18.38 41.75 106.50 100 120 <0.001

20 1027.0) 27(73.0) 110.73 +207.04 51.62 186.92  670.90 464.90 760 >0.05

ONFT Quantitative Fit Test

FF Fit Factor

SD Standard Deviation

CI Confidence Interval

# Mean FFs of all studied respirators compared to that of the brand 2 (as the best fitting respirator evaluated in this study)
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Table 3  Comparison of the QNFT results of the studied respirators by respirator style
Respirator style Numbers of studied respirators Mean+SD 95% CI for Mean Overall
(%) for FFs of FFs p
Lower Upper
Cup 6 (30) 47.66 + 54.85 4127 55.50 <0.001
Flat-fold 14 (70) 30.13 £ 67.99 24.38 36.04
SD Standard Deviation
FF Fit Factor
CI Confidence Interval
E (%) = 100-FP (2) the small, medium, and large face size cells, respectively, ac-

The TIL value for each tested respirator was calculated
based on the obtained overall fit factor in which an inverse
relationship exists between the TIL value and overall fit factor,
according to Eq. 3 [9, 10]:

100%
FF

TIL =

(3)

Facial measurements

In the final stage, to determine the participants’ face sizes able
to attain acceptable fit from each tested FFR, the participants’
bivariate facial dimensions (face length and face width) were
measured using a calibrated digital caliper (model HB-101-
111, Guanglu® Digital Caliper Manufacturer Co., Ltd.,
China) in accordance with ISO/TS 16976-2:2010. As a result,
the participants’ face sizes were categorized into three groups:
small (cells 1-3), medium (cells 4-7), or large face size (cells
8-10) according to the NIOSH bivariate fit test panel [41].
Overall, 18.9%, 75.7%, and 5.4% of the participants fell into

Fig. 2 The mean fit factors (FFs)

of'the studied FFRs between male 160
and female participants (refer to
Table 1 for FFR features)
120
)
18
w
s
o 80
c
«
)
=
40

cording to the NIOSH bivariate fit test panel.

Statistical analysis

Since subjects were measured repeatedly twenty times, the
repeated measurement analysis of variance (ANOVA) was
used to compare the FFs while controlling the factors such
as age, gender, and participants’ face size as confounding
variables. However, the mentioned confounding variables
would be removed if they were non-significance. For each
respirator, we tested differences between males and females
by FFs using an independent sample T-test. To investigate
the statistical effects of the participants’ face sizes on the
FFs, the analysis of variance ANOVA was used with the
small, medium, and large designations as the categorical
variable of facial dimension [42].

On the other hand, in order to manage the correlation be-
tween the repeated measures by a more sophisticated analysis,
the linear mixed model (LMM) was utilized in the way that the
unconstructed covariance pattern was considered as the co-
variance pattern for the baseline (full) model; then, the simpler

H Male

OFemale

el b

7 8 910121314151617181920
Respirator brand

56

w e

il
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Table 4 The factors

influencing on the FFs Variable F P

obtained from the QNFT

by the LMM Respirator brand 13.60 p <0.001
Style 431 0.04
Face size —2.688 0.07
Gender 0.125 0.72
Age 2.411 0.12

structure was used via the Likelihood Ratio Test (LTR) meth-
od to assess if a simpler covariance structure could be replaced
to be reduced model. It should be mentioned that the consec-
utive LRTs selected in Heterogeneous Compound Symmetry
(HCS) method as the simplest and most representative covari-
ance pattern. Statistical differences were considered to be sig-
nificant at the 95% level (p <0.05). Statistical analysis was
conducted using SPSS version 22.0 software.

Results

As seen in Table 2, the fit test passing rates varied amongst the
studied FFRs. The overall fit test passing rate was low. Only
11 out of the 20 studied respirators had more than 10% of
passing fit test values. Respirators 2, 4, and 20 had the highest
fit test passing rates of all studied respirators (43%, 27%, and
27%), respectively.

Respirators 2 and 20 had the highest mean FF and [95C1%]
at 110.5 [87-133] and 110.7 [51-187], respectively. The 95th
percentile of FFs for respirators 2 and 20 respirators were also
highest of all (200 and 670.90, respectively) contrasted against
the three worst performing FFRs whose 95th percentile FFs
were 9, 9, and 12. It is noteworthy that no statistically signif-
icant differences were found between the best fitting FFR
(respirator 2) and four other studied FFRs (respirators 3, 4,
7, and 20).

Table 3 compares the mean FFs obtained from the studied
FFRs by respirator style (cup vs. flat-fold). Overall, the cup-
shaped FFRs had significantly higher mean FFs than flat-fold
ones (48 vs. 30), p <0.001.

The mean FFs of the studied FFRs compared across gender
are illustrated in Fig. 2. In line with our prediction, the overall
mean of FFs were not significantly different between males
and females, except for one of the best fitting respirators
(brand 20) which showed a tremendous difference in FF be-
tween male and female test subjects (19 vs.155), p<0.05.
Moreover, no statistically significant differences were found
between the participants’ face sizes and proportions of passing
fit testing.

The factors significantly affecting the FFs obtained from
the QNFT were noted in Table 4. As observed, the LMM
noted that there were significantly different FFs among the
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respirator brands (F=13.60, p <0.001). Meantime, studied
respirator styles were significantly different by the FFs during
the QNFT procedure (F=4.31, p <0.05).

Discussion

The purpose of the present study was to evaluate the quanti-
tative fitting characteristics of the FFRs utilized during the
COVID-19 pandemic in Iran. Several findings were obtained
from this study which are explored in greater detail below.
First of all, most of the studied respirators had low rates of
passing fit tests (less than 10% of passed tests) and low FFs in
general (<40). This finding is similar to previous studies
[43-47]. Among the imported FFRs, one likely explanation
is limited size and style options of the studied FFRs which
came in only one size and one style. A further point, all stud-
ied FFRs were designed and developed for populations from
foreign countries; in other words, these respirators were made
to fit the facial anthropometry of a population different from
the test group (Iranian people).

Even the domestic respirators in this study also had low
proportions of passing fit tests (an average of 8.9%). Again, it
seems the most likely reason is the molds used during the
production of the domestic FFRs were based on facial anthro-
pometries different from the study group. Additionally, no
unique fit test panel was developed to determine/guide the
appropriate respirator size for Iranian wearers. Moreover, no
requirements regarding respirator fit testing and filtration effi-
ciency were established to apply during the designing and
manufacturing of the FFRs in Iran. It should be mentioned
that the manufacturers shall develop a unique fit test panel
by measuring the Iranian subjects’ facial dimensions and de-
sign the respirators based on the panel to ensure the respirators
would provide optimal protection for the wearers. Also, it is
critically required to develop the filtration efficiency and fit
testing regulations as soon as possible to optimize the domes-
tic respirators’ designs. At the very least, having domestic and
imported respirators, total inward leakage testing, and devel-
oping a fit test panel will guide wearers on the face shape
suited to the particular respirator. Meanwhile, a system for
continuously verifying the quality of the respirators should
be established. This could be accomplished through random-
ized spot-checking and yearly re-certification of approved res-
pirators. In the future, manufacturers should account for both
filtration efficiency and face fit for the end-user population to
ensure adequate respiratory protection.

Seo et al. found there was low passing fit testing (21%)
among the HCWs. Also, no statistically significant differences
among the studied N95 respirators. Cameron et al., demon-
strated that 6.2% of the Australian HCWs failed the first four
masks and 1.6% failed all studied masks. It confirms that
several masks are required to test on the HCWs to find the
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mask with optimal fitting [48]. The study by Coffey et al.,
concluded that fit testing using ambient aerosol (TSI
PortaCount® Plus) and corn oil generated aerosol methods
identified poorly fitting respirators better than two qualitative
fit test methods (Bitrex and Sacchrin) and the TSI
PortaCount® Plus coupled with the TSI N95-Companion
aerosol generator [47]. Furthermore, Lawrence et al. conclud-
ed that the fit test passing rate for qualitative fit testing was
lower than the TSI PortaCount® Plus coupled with TSI N95-
Companion and this lead to more retesting; which in turn
increases the required time and overall cost for performing
fit tests [31]. Chadyiwa et al. compared the and QLFT and
QNFT procedures among the 99 HCWs in South Africa. The
proportions of passing QLFT were higher than the QNFT
(89.2% vs. 45.9%); however, there were not significantly dif-
ferent in fit testing results. Considerably, only 45% of the
passing both fit tests, was below the required value of 95%
by the American National Standards Institute (ANSI). It
should be taken into account that safety principles for imple-
mentation of fit testing are required to prevent and control the
COVID-19 pandemic [49]. Grinshpun et al. assessed the per-
formance of the developed AccuFIT 9000 apparatus com-
pared to the PortaCount® fit tester (as a reference). The study
stated the AccuFIT 9000 could be determined the poorly
fitting respirators in which met the ANSI requirement>0.95
(a sensitivity of 0.95 and specificity of 0.97); therefore, use of
the novel apparatus could be acceptable for quantitative fit
testing [50]. A recent study addressed that there was a signif-
icant inverse relation between the achieved respirator fit and
facial hair [51]. But other researches indicated that high pass-
ing rates obtained from the quantitative fit testing [48, 52-54].

Additionally, another study stressed that only 59% and
18% of the participants failed the fit test after passing the
USCs and that only after failure of the respirator such as strap
slipping. That study concentrated on USCs and strap slipping
despite participants passing the primary fit test because the
researcher wanted subjects to attain the best possible respira-
tory protection for HCWs during aerosol generating proce-
dures such as cardiopulmonary resuscitation (CPR) [55].
Other research has pointed out that the USCs should not be
a replacement for fit testing [23, 45, 56]. Meanwhile, Viscusi
et al. stated that the USCs might be partially beneficial during
the respirator donning process for users who have previously
passed a fit test for some models of the FFRs [57]. Lam et al.
remarked that the USCs could not identify any gross leakage
during respirator donning; however, it would promote the
proper donning procedures [58]. O’Kelly et al. evaluated the
accuracy of fit checking of the N95 and KNO95 respirators
compared to the QNFT procedures of those respirators, surgi-
cal, and cloth masks. The study presented that the N95 respi-
rator offered more protection than the KN95 respirator. All
non-N95 respirators had low FFs. There was a correlation
between the results from the fit checking and FFs; thus, fit

checking could not be determined or substituted for the
respirator/mask fit testing [59].

This study showed that none of the 20 tested FFRs had high
rates of passing fit tests and the two best performing FFRs,
one imported (respirator 2) and one domestic (respirator 20)
only provided passing QNFT about 43% and 27%, respective-
ly. In addition, the study by De-Yiigo-Mojado et al., concen-
trated that the FFP3 had higher FFs than the surgical masks
and other ones (FFP1, FFP2, etc.) used by the HCWs (40.7 =
37.8 vs. 3.2+£5.0) [60]. Buckley et al. assessed the quantita-
tive fit testing on the various masks/respirators with different
filter media. Among all, the N95 respirator had highest FFs
(FF =83). The FFs for the HensNest (HEPA, 3 ply) was 3
times than that of the HensNest (HEPA, 1 ply) (23 vs. 8)
[61]. Ballard et al. investigated the substitutions of a surgical
mask and NO95 respirator by surgical N95 respirators in
Thailand. The FFs for two unsealed surgical masks ranged
4-5; while, for surgical masks which sealed with 3 M micro-
pore tape were 33-38. Also, the FFs of four unsealed masks
and respirators ranged from 11 to 95 after sealing increased to
>199. To provide pleasant respiratory protection for the
HCWs against the COVID-19 pandemic, it is mandatory to
instruct regarding the proper donning and doffing of respira-
tors and fit testing procedures as essential component of the
RPP [62].

In this study, no statistically significant differences were
found between the best fitting FFRs (respirator 2) and four
other studied FFRs including 3, 4, 7, and 20. Contrasting
our results to the high passing rates from the above discussed
studies, our results indicate the facial dimensions of the study
participants are poorly suited to the tested FFRs. Within this
study, these results indicate some FFRs were better fitted to
the facial anthropometries of our (Iranian) test subjects. Thus,
it seems these selected respirators (2, 3, 4, 7, and 20) were
more adequately fitted to the facial dimensions of the partici-
pants and more likely to provide the needed protection against
COVID-19 in HCW settings; therefore, these five respirators
could provide appropriate protection for some HCWs more
frequently than the other studied FFRs. Another view, with
such a poorly fitting selection of FFRs available to the Iranian
HCWs, it is even more vital to perform QNFT to ensure the
selection of an adequate FFR. The main cause of this finding
could be attributed to the following reasons: Firstly, the respi-
rator 2 was certified by NIOSH and respirator 20 was certified
by the Iranian local/national regulatory bodies. Secondly,
these respirators underwent TIL testing and demonstrated
TIL values below 1% (equivalent to FF >100) which is one
of the NIOSH’s criteria for certifying respirators [8]. Thirdly,
the design of those respirators by consideration of the respira-
tor characteristics and subject features and verifying a certifi-
cation program regarding the TIL requirements. Some com-
mon design characteristics are believed to be better fit of these
five respirators: four-point head band attachment, flexible
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nose clip, nose foam and a sealing lip on the respirators 2, 4, 7,
and 20 led to the lower leakage across the nose bridge.
O’Kelly et al. utilized some modifications (fit hacks such as
placement of two brands of pantyhose, tightly binding the
mask on the face by a rolled first-aid gauze, knotting ear loops,
filling of visible gaps by a first aid gauze, or sealing the edges
of the mask using a cloth tape) on the masks to improve the fit
of KN95 and surgical masks. The applied fit hacks decreased
the gaps between the face and the edges of the masks; as a
result, the wearers protected against the airborne particles
[63]. Runde et al. examined the effects of rubber band mask
brace on a surgical mask during the quantitative fit testing
procedure (TSI PortaCount Pro Model 8038). All studied sub-
jects passed the test while the mask brace was anchored on a
face shield or with a paperclip. It is drawn to the conclusion
that all the surgical mask with brace could improve the pro-
tection during the COVID-19 pandemic [64].

In the current study, the repeated measurements exhibited that
statistically significant differences were determined among the
respirator brands by the FFs which consistent with the previous
studies [44, 65-69]. The LMM was also represented the similar
findings. The result of this research provides valuable insight into
respirator fit testing; in total, face seal leakages result from several
factors such as respirator size or style, incorrect face-piece size or
shape, imperfect sealing lip, beard growth, perspiration or facial
oils would lead to the slippage of the face-piece, user failure to
use all the head straps, improper positioning and adjusting of a
face-piece on a wearer’s face, incorrect head strap tension or
position, improper maintenance of the respirators, and respirator
damage [70]. Another implication, training on proper donning
and doffing of the respirators would improve the protection for
the wearers based on the study by Kim et al. [71].

In this study, cup-shaped respirators compared to the flat-
fold ones had modestly higher mean FFs (47 vs. 38;
p<0.001). It seems that fitting characteristics for the design
of the cup-shaped respirators were more suited to our popula-
tion than the flat-fold ones. Better fit of cup-shaped FFR was
not consistent with earlier studies [72, 73]. However, another
study demonstrated no significant differences between the
cup-shaped and flat-fold respirators by the FFs [74, 75]. We
believe that various sizes for the tested respirators would im-
prove the fit for wearers, based upon the large difference in
male and female results in respirator 20.

Overall, there were no statistically significant differences in the
mean FFs between males and females. This finding was similar to
previous studies [26, 30, 65, 69, 76, 77]. On the contrary, some
studies reported mean FFs of males were higher than those of
females in most cases [45, 68, 73, 78]. Our observation of no
significant differences is likely due to the overall poor fit (low
FF scores and high fit variability) of the tested FFRs. This study
was limited to FFRs currently being used by HCWs in Iran during
the COVID-19 pandemic, other FFRs from different manufac-
turers, models, sizes, and styles may have different results.
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Conclusion

Taken together, the overall rate of passing fit tests for all
studied FFRs during the COVID-19 pandemic was low. It
confirms the importance and requirement of the proper respi-
rator selection (make, model, style, and size) in that way fitted
optimally into wearers’ facial dimensions (face size and face
shape), appropriate usage (donning and doffing), and properly
performing the fit testing procedure; particularly for the
HCWs exposed to the patients with a confirmed or suspected
COVID-19. One important reason for these findings might be
that all studied FFRs came in a one-size-fits-all. To satisfy
with safety and ergonomics aspects of the respirator fitting
requirements, it is required to provide various respirators with
different makes, models, styles, and sizes in order.
Furthermore, no unique fit test panel was developed or rec-
ommended to guide respirator wearers in selecting the FFR
appropriate to their specific face sizes. Although manufac-
turers are already required to account for user anthropometry
in their designs, this is a new rule that is still being implement-
ed. To ensure manufacturers are complying with the new
rules, the national legal bodies should certify respiratory pro-
tection products for both filtration efficiency and total inward
leakage specific to the Iranian workforce. Meanwhile, an op-
timal fit test panel should also be developed for the Iranian
people which determines the appropriate face sizes and shapes
for selection of the respirators’ sizes and styles. At the very
least, respirator manufacturers should identify which cells
within an established fit test panel will fit their products.
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