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Background: To address the shortage of N95 respirators in the wake of the COVID-19 pandemic, some organ-
izations have recommended the decontamination of respirators using vaporized hydrogen peroxide (VHP)
sterilizer for up to 10 times. However, these recommendations are based on studies that did not take into
account the extended use of respirators, which can degrade respirator fit.
Methods: We investigated the impact of extended use and decontamination with VHP on N95 Respirator Fit.
We performed a prospective cohort study to determine the number of times respirators can be decontami-
nated before respirator fit test failure. The primary outcome was the overall number of cycles required for
half of the respirators to fail (either mechanical failure or fit test failure).
Results: Thirty-six participants completed 360 hours of respirator usage across 90 cycles. The median num-
ber of cycles completed by participants before respirator failure was 2. The overall number of cycles required
for half of respirators to fail was 1, 3, 5, and 4 for the 3M 1860(S), 3M 1870+, Moldex 151X and ProGear
88020 respirators, respectively.
Conclusions: The combination of prolonged usage and VHP decontamination was associated with early fail-
ure. Decontamination and prolonged usage of respirators must be done cautiously.
© 2020 Association for Professionals in Infection Control and Epidemiology, Inc. Published by Elsevier Inc. All

rights reserved.
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BACKGROUND

Severe acute respiratory syndrome coronavirus 2 is an emerging
pathogen that is spreading worldwide. It is primarily transmitted by
respiratory droplets and by direct and indirect contact; however, air-
borne transmission can also occur in the context of aerosol generat-
ing medical procedures, necessitating the usage of N95 respirators
for protection of healthcare workers (HCWs).1

The Severe acute respiratory syndrome coronavirus 2 pandemic
has caused a global shortage of N95 respirators1 that can represent a
risk to HCWs performing aerosol generating medical procedure.2 To
solve this shortage, alternative strategies have been considered such
as decontamination with vaporized hydrogen peroxide (VHP) based
on promising pre-existing research available.3-6 This technique was
able to reduce pathogen burden while maintaining filtration perfor-
mance.6 The respirator fit and elastic band integrity, as measured on
a surrogate robotic manikin headform, were also determined to be
maintained for up to 20 decontamination cycles.3,6 Based on these
encouraging data, the FDA and Health Canada have approved the
emergency use authorization of some VHP decontamination systems
such as the STERIS V-PRO maX Low Temperature Sterilization Sys-
tem. These VHP methods allow cellulose-free N95 respirators to be
decontaminated and re-utilized up to 10 times.7,8 However, the
aforementioned studies supporting these claims were mainly per-
formed in laboratory settings and may overestimate post-decontami-
nation quality of respirator fit, as the respirators were not used for
extended periods between decontamination cycles.3-6 In the absence
of specific manufacturer guidance, the US Centers for Disease Control
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and Prevention recommends limiting respirator re-usage to no more
than 5 times to ensure an adequate safety margin.9

The current trend in healthcare settings is to promote the
extended use of respirators to maximize their lifespan, and HCWs are
encouraged to wear respirators for many consecutive hours before
removing them and sending them for decontamination.10 However,
to our knowledge, no studies have considered the impact of the com-
bination of prolonged usage and decontamination on respirator qual-
itative fit test. These physical and chemical stressors can deform the
respirators and decrease tensile strength of the elastic bands, thereby
affecting the user’s fit to the respirator. As adequate fitting of respira-
tors is critical for achieving optimal protection, we sought to investi-
gate whether the combination of extended use and reuse of various
N95 models and decontamination with VHP could affect the fit of the
respirators, as a surrogate for the respirator structure and functional-
ity.

METHODS

Study design

This is a single-center prospective cohort study at the Jewish Gen-
eral Hospital in Montreal, Canada, between April 9 and April 22,
2020. The study participants were recruited from 2 acute-care medi-
cal clinical teaching units. Eligibility was determined if individuals
were HCWs and had been previously fit-tested with an N95 respira-
tor. Exclusion criteria included HCWs who worked with patients
with COVID-19 (to prevent exposing HCWs to potential pathogens in
case of respirator failure) and those who failed the initial fit-test. This
study was approved by the institutional research ethics committee.

N95 respirators’models tested

At the time of the study, the hospital possessed 3 brands of N95
respirators (3M [Maplewood, MN]), Moldex [Culver City, CA] and Pro-
Gear [Fort Worth, TX]). A total of 8 respirators models were used:
models 1860, 1860s, and 1870+ from 3M, models 1510, 1511, 1512,
and 1517 from Moldex, and model 88020 from ProGear. The 1860
and Moldex came in different sizes but were considered to be the
same model for this study and referred to as 1860(S) and Moldex
151X, respectively. All of these respirators are cellulose-free and
were deemed compatible with the decontamination method using
the V-PRO as per FDA emergency use authorization.11

Study protocol

After enrollment, participants received teaching on proper quality
check, seal check, and donning and doffing of the respirator. Each
participant was fit-tested with their current N95 respirator or with
the ProGear model using qualitative fit-testing method by trained
technicians and a bitter solution (denatonium benzoate, Bitrex FT-32,
3M). The alternative solution for participants who could not taste the
Bitrex was a sweet saccharin solution (FT-12, 3M). The participants
were placed under a hood and the solution was administered
through a hole. If the participant could taste the bitter or sweet sub-
stance, the procedure was considered to represent respirator fit-test
failure. Masks were identified for proper storage and returned to the
same user after decontamination.

Participants were expected to wear the respirator during their
regular scheduled work hours for a total of 4 consecutive hours. Of
note, participants were advised not to wear the study’s respirator for
patients under airborne or droplet isolation precautions as the objec-
tive was to investigate the impact of reprocessing and prolonged
usage. Participants were instructed to minimize the donning and
doffing during this 4-hour time; however, temporary removal of the
respirator was permitted, if necessary, for example to drink. The N95
respirator was then collected for decontamination at the end of each
usage period.

Decontamination was performed with VHP (V-PRO maX Low
Temperature Sterilization System; Steris, Mentor, OH) in the medical
device reprocessing unit. The decontamination was set to a non-
lumen setting and lasted 28 minutes. Each respirator was separately
placed in a Tyvek 8£ 14 inch pouch identified for use in low-temper-
ature sterilization with VHP. A verified vaporized H2O2 process indi-
cator adhesive label was added on each pouch to validate exposure
to the sterilant and to ensure that the cycle is complete and respects
the quality standards in reprocessing. Before reusing the decontami-
nated respirator, each mask was visually inspected for loss of integ-
rity. Participants were then re-fit-tested on the mask they previously
used to assess the respirator’s structural and functional integrity.
Each cycle, which consisted of a 4-hour period of respirator use, the
decontamination with VHP, and fit-testing after decontamination,
was repeated until failure of the fit test occurred (eg, leak detected
on fit-test) or mechanical failure of the respirator was detected (eg,
rupture of the elastic bands). The occurrence of either of these 2
aspects determined the end of the study for that participant.

Primary and secondary outcomes

The primary endpoint of the study was respirator failure, defined
as either fit-test failure or mechanical failure, and the primary out-
come was the overall number of cycles required for half of the respi-
rators to fail. In the case of mid-cycle mechanical failure, we added a
0.5 value to the number of cycles completed. Secondary outcomes
included fit test failure (ie, number of cycles that can be performed
before failure of fit testing), capacity of user seal check to predict fit
test failure, and the number of times the respirator was donned and
doffed during a 4-hour period.

We used survival curves to compare mask failure of different
models. Two different figures were created: The first one included
both mechanical failures and failures of fit testing in the outcome in
order to explore the global survival of masks. The second figure only
included failures of fit testing (and censored mechanical failures) to
explore the number of times respirators could be reprocessed before
loss of fit testing. In both figures, in case of loss to follow-up, partici-
pants were censored at the beginning of each next cycle.

RESULTS

Overall, 36 HCWs, including 15 physicians (41.7%), 20 registered
nurses (55.6%), and 1 beneficiary attendant (2.8%), completed a total
of 360 hours of respirator usage across 90 cycles. The majority of par-
ticipants were female (59.5%). The respirator models distribution
were 1860(S) (25.0%), 1870+ (27.8%), Moldex 151X (27.8%), and Pro-
Gear (19.4%). The median (interquartile range) of intracycle respirator
donning, excluding the initial donning was 2 (interquartile range, 1-
3). By the end of the study, 23 of 36 (64%) participants had met the
primary endpoint (18 due to failure of fit test post decontamination,
and 5 due to mechanical failure). Twelve participants were lost to fol-
low up because they were deployed to care for patients with COVID-
19 or the study had ended before reaching their primary endpoint.
One was unable to sustain extended wear because of suffocation.

The overall median number of cycles completed by participants
before mechanical or fit test failure was 2. With the inclusion only of
fit test failures (and exclusion of mechanical failures), the median
number of decontamination cycles that could be performed before fit
test failure was 4. However, there was a marked variation between
respirator models in the number of cycles that could be performed
before failure. The overall number of cycles required for half of respi-
rators to fail for the models 1860(S), 1870+, Moldex 151X and



Fig 1. Survival curve for different models of masks with cycles of usage and decontamination. Each individual’s mask underwent a cycle, which comprised 4 hours of usage, fol-
lowed by a period of decontamination with vaporized hydrogen peroxide. Individuals were then qualitatively fit tested to the reprocessed mask. The number of cycles that could be
performed before mechanical failure or fit test failure is indicated on the X-axis. Loss to mechanical failure, defined as irreversible damage of elastic straps, was represented as a
mid-cycle loss (0.5 cycles), as their cycle was not fully completed. Individuals lost to follow-up were censored and this was visually depicted on the survival curves with a cross (+).
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ProGear, was 1, 3, 5 and 4, respectively (Fig 1). When mechanical fail-
ure was censured, the overall number of cycles required for half of
respirators to fail fit testing was 1, 4, 5 and 4 for the 1860(S), 1870+,
Moldex 151X, and ProGear, respectively (Fig 2). Finally, the propor-
tion of masks that failed fit testing after a single cycle of extended use
and decontamination was 66% for the 1860, 22% for the 1870+ and
the Moldex, and 0% for the ProGear (Fig 2). Given the preliminary
high failure rate with the 1860 model, 5 fit tests for this model were
performed immediately at the end of the first 4h period of use (ie,
before VHP reprocessing): All these participants (5/5) passed the
qualitative fit test.

Overall, the user seal check was concordant with the qualitative fit
test in 81.3% (n = 75) of cases. Participants were able to detect leakage
on seal check in 4 occasions, all of which corresponded to failure with
the qualitative fit testing. However, the user seal check failed to pre-
dict fit test failure in 14 of 18 cases (77.8%) of fit test failures

DISCUSSION

Even though some expert organizations and respirator manufac-
turers claim that N95 respirators can be safely decontaminated up to
10 times using the Steris V-PRO system, our data indicates that this
may not be the case in the context of extended respirator use, as
most respirators would lose their fit after a few cycles of extended
use and decontamination.2-5 We also detected wide variation
between brands in the number of cycles that can be performed before
failure, which questions the “one size fits all” recommendations that
have been published.4-6 Changes in respirator fitting over multiple
donnings and prolonged wear have been associated with an
increased fit test failure.9,12,13 Respirators cannot provide optimal
protection without a proper seal and most aerosolized contaminants
that enter a worn N95 respirator result from seal leakage rather than
insufficient filtration performance − the latter of which is preserved
for up to 50 cycles with VHP decontamination.6,14 As the capacity to
decontaminate respirators is further hampered by mechanical fail-
ures, our study indicates that the number of decontamination cycles
that can be safely performed is lower than previously reported.

A recent study estimated that respirators could be reprocessed
with VHP for up to 20 cycles. However, it is worth noting that fit
assessment was conducted on a manikin rather than an actual human
in real-life work conditions.5,6 Of note, despite the FDA and Health
Canada’s authorization for decontamination, the European Center for
Disease Prevention and Control has not followed suit in authorizing
VHP decontamination methods. While they acknowledge the evi-
dence for decontamination from laboratory studies, they cite a pilot
study in the Netherlands which showed that VHP is effective for 2
decontamination cycles without deformation while retaining filtra-
tion efficacy as assessed by a rapid fit test.15 The similarity to our
findings may suggest that laboratory-based studies may correlate
poorly with actual clinical use and may overestimate the quality of
the fit. One of the strengths of our study was the extended usage of
the respirator, which simulated a regular workday with everyday
movements and frequent donning-doffing, which may have contrib-
uted to a diminished respirator fit.

Of the respirator types, the 1860(S) models were the earliest to
fail. This may be explained by the rigid structure of this model and
tighter fit on the user, which may not be able to withstand the
repeated stress from frequent donning-doffing and reprocessing
leading to respirator deformation. This is contrary to the previous
studies which suggested that 1860(S) model was compatible with



Fig 2. Survival curve for different models of masks with mechanical failure censored. Similarly, to Figure 1, each individual’s mask underwent a cycle, which comprised 4 hours of
usage, followed by a period of decontamination with vaporized hydrogen peroxide. Individuals were then qualitatively fit tested to the reprocessed mask. Loss due to mechanical
failure was censored and this was visually represented with a mid-cycle “X”. Individuals lost to follow-up were censored and this was visually depicted on the survival curves with
a cross (+) at the beginning of the cycle.
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VHP decontamination4-6. The N95 1870+, Moldex 151X, and ProGear
were more tolerant to extended use and decontamination, with the
Moldex having the highest number of cycles completed before 50%
failure. The ProGear reached 3 cycles with 100% fit test passing rate.
We hypothesize that the more flexible structure of these models may
allow them to withstand the stress of prolonged use and decontami-
nation without perturbing the respirator’s fit. It is important to
emphasize that the study is not sufficiently powered to detect statis-
tically significant differences between respirator models in terms of
failure rates.

Whether some respirator models can be decontaminated at all
should be questioned, as 3 of the 4 models that we evaluated had a
20% or higher fit test failure after a single cycle of extended use and
decontamination. If decontamination of these masks is contemplated,
the systematic evaluation of respirator fit after each reprocessing
may be warranted, as the user seal-check overestimates the protec-
tion provided by re-used respirators and appears to be unreliable for
detecting respirator leakage, hereby exposing healthcare providers to
infectious agents.3,6,16

The study’s limitations include the performance of qualitative fit-
testing as opposed to quantitative fit-testing. We could not perform
quantitative fit tests as these techniques require puncture of the res-
pirator to place sensors; this would have permanently altered the
respirator, precluding reutilization of the same mask over successive
cycles. Another limitation was the low number of participantsto
reduce the waste of respirators that were in short supply at the peak
of the COVID pandemic. The number of participants who did not
reach their endpoint or was lost to follow-up was elevated as many
HCWs were recruited into COVID-19 units. It is impossible to assess
the relative contribution of extended use and reprocessing to
respirator failure. The number of donning and doffing were self-
reported and may be subjected to recall bias. Furthermore, we did
not evaluate the microbiologic efficacy of the decontamination tech-
nique, given previous studies showing the effectiveness of VHP to
reduce pathogen burden.3,6

In summary, our study may suggest a rapid loss of fit among respi-
rators that have been decontaminated following extended use. The
decision to decontaminate single-use N95 respirators should be
taken only after careful deliberation since longevity may be much
shorter than previously reported. Larger studies are needed to better
understand the individual impact of donning and doffing, prolonged
use and reprocessing on the fit test of N95 respirators. Finally, imple-
menting a decontamination process for N95 respirators is a decision
that is made locally amongst shared stakeholders which will depend
on the reprocessing processes and equipment that is available, the
supply of respirators, the local hospital situation with input from the
local public health authorities with regards to outbreaks of COVID-
19. Alternative options should be explored to protect our health care
workers in preparation for the current or next pandemics such as res-
pirator stewardship or reusable respirator.
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