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The supply of N95 filtering facepiece respirators (FFRs) may not be adequate to match de-
mand during a pandemic outbreak. One possible strategy to maintain supplies in healthcare
settings is to extend FFR use for multiple patient encounters; however, contaminated FFRs
may serve as a source for the airborne transmission of virus particles. In this study, reaeroso-
lization of virus particles from contaminated FFRs was examined using bacteriophage MS2 as
a surrogate for airborne pathogenic viruses. MS2 was applied to FFRs as droplets or droplet
nuclei. A simulated cough (370 l min21 peak flow) provided reverse airflow through the con-
taminated FFR. The number and size of the reaerosolized particles were measured using gel-
atin filters and an Andersen Cascade Impactor (ACI). Two droplet nuclei challenges produced
higher percentages of reaerosolized particles (0.21 and 0.08%) than a droplet challenge
(<0.0001%). Overall, the ACI-determined size distribution of the reaerosolized particles
was larger than the characterized loading virus aerosol. This study demonstrates that only
a small percentage of viable MS2 viruses was reaerosolized from FFRs by reverse airflow un-
der the conditions evaluated, suggesting that the risks of exposure due to reaerosolization as-
sociated with extended use can be considered negligible for most respiratory viruses. However,
risk assessments should be updated as new viruses emerge and better workplace exposure data
becomes available.
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INTRODUCTION

National Institute for Occupational Safety and
Health (NIOSH)-certified N95 filtering facepiece
respirators (FFRs) are part of a hierarchy of control
strategies recommended by the Centers for Disease
Control and Prevention (CDC) to reduce exposure
to airborne respiratory pathogens such as Mycobac-
terium tuberculosis (TB), Severe Acute Respiratory
Syndrome (SARS)-associated coronavirus (SARS-
CoV), and most recently 2009 H1N1 influenza
(CDC, 1999, 2005, 2009, 2010a). The ever-present

concerns of a pandemic influenza, elevated by the
confirmed transmission of avian influenza (H5N1)
to humans, and the recent 2009 H1N1 influenza pan-
demic have focused efforts on pandemic prepared-
ness including FFR availability and supply (Claas
et al., 1998; Buxton Bridges et al., 2000; Bailar
et al., 2006; CDC, 2009). These concerns, supported
with estimates of FFR supply requirements for pan-
demic influenza and corroborated with occurrence of
FFR shortages during the SARS outbreak, have
opened discussions and initiated research into extend-
ing the useful life and maintaining supplies of FFRs as
part of pandemic influenza preparedness planning
(Bailar et al., 2006).
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Many strategies have been identified to maintain
FFR supplies during a pandemic including minimiz-
ing the number of individuals who need respiratory
protection, the use of alternative types of respiratory
protective devices, prioritization (e.g. for those with
the highest risk of exposure), stockpiling, FFR reuse,
and FFR extended use (CDC, 2010b). Since the
SARS outbreak, several studies have been completed
or initiated to assess some of these strategies. For
example, stockpiling of FFRs occur on many organi-
zational levels from individual hospitals to hospital
networks and among local, state, and federal govern-
ment bodies. Viscusi et al. (2009) examined the
effects of extended storage of FFRs on filtration per-
formance, while other studies have examined the po-
tential to decontaminate or inactivate viruses on the
surfaces of FFRs so that they may be used again
(Viscusi et al., 2007; Fisher et al., 2009; Viscusi
et al., 2009; Vo et al., 2009; Bergman et al., 2010;
Fisher et al., 2010; Fisher and Shaffer, 2010; Fisher
and Shaffer, 2011; Heimbuch et al., 2011). These
studies have highlighted the complexities of effec-
tive FFR decontamination. A successful decontami-
nation method must inactivate the virus, not harm the
filtration performance of the filtering medium, not
affect the fit of the FFR, present no health or irritation
concerns to the wearer due to residual chemicals, and
be easily performed in a timely manner. The issue of
toxic residues remaining on FFRs has been previously
evaluated (Salter et al., 2010). In that study, very few
toxic residues were detected following decontamina-
tion with a variety of chemical decontamination
agents. Although research has proved promising,
there are currently no guidance or recommendations
for FFR decontamination and reuse. Among the strat-
egies proposed for maintaining supplies during a pan-
demic, the simplest approach may be to extend the
use of FFRs, which are routinely disposed of after
each patient encounter (Siegel, 2007). Extended use
of FFRs (e.g. wearing the same FFR over multiple pa-
tient encounters as it is commonly practiced by
healthcare workers treating patients with TB) would
significantly cut down on the number of FFRs used,
but the potential health risks of this process have
not been extensively examined for many respiratory
pathogens.

Concerns have been raised that the extended use
of FFRs could result in additional opportunities for
influenza transmission to co-workers and patients.
For example, extended use may result in a risk of
contact transmission by touching the contaminated
surface of a respirator and subsequently touching
the mucous membranes of the face. Recommenda-
tions to minimize the threat of contact transmission

including limiting the handling of the FFR while in
use or practicing hand hygiene after touching the res-
pirator have been provided (CDC, 2008). Another
concern of extended use is that a contaminated
FFR may serve as a potential source for the airborne
transmission of virus containing particles (VCPs). A
healthcare worker’s FFR may become contaminated
with VCPs when in close contact with an infected
patient. If the healthcare worker continues using
the contaminated FFR and enters the room of a sub-
sequent patient, it is possible that VCPs may reaeros-
olize due to the airflow (breathing, coughing, and
sneezing) generated by the healthcare worker. The
reaerosolized VCPs then become a hazard to current
and subsequent occupants of the area. The number
and size distribution of the reaerosolized VCPs has
risk assessment implications for extended use of
FFRs. The objective of this study was to assess the
reaerosolization characteristics of VCPs from highly
contaminated NIOSH-certified FFRs during simu-
lated user-generated airflow (e.g. cough).

METHODS

Experimental design

Reverse airflow reaerosolization of VCPs from
contaminated FFRs was examined using bacterio-
phage MS2 as a surrogate for airborne pathogenic vi-
ruses. MS2 is commonly used as a surrogate virus in
aerosol and filtration studies (Balazy et al., 2006;
Eninger et al., 2008; Fisher et al., 2009; Vo et al.,
2009; Woo et al., 2010). MS2 was applied to FFRs
as droplets or droplet nuclei. Droplets are large wet
particles and represent the aerosol threat that would
be associated with an immediate deposition onto an
FFR from a direct sneeze or cough. Droplet nuclei
are small desiccated particles, remain airborne for
an extended time period and present an inhalation
hazard. Separate loading systems, designed in-
house, were used to apply MS2 containing droplets
and droplet nuclei to FFRs. The concentration of
MS2 applied to the FFRs was 104 or 105 plaque
forming units (p.f.u.) cm�2. There is a paucity of
research on the amount of pathogens in aerosols gen-
erated by an infected patient; therefore, the rationale
for selecting these MS2 loading levels was, in part,
based on the sensitivity of the test method. A breath-
ing machine was used to provide reverse airflow
(simulated cough) through the contaminated FFR
housed within a reaerosolization chamber. The num-
ber and size of the reaerosolized particles were mea-
sured using gelatin filters and an Andersen Cascade
Impactor (ACI). The results were analyzed to
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determine the effects of loading particle size and
type (droplet nuclei or droplet) on reaerosolization
of VCP from contaminated FFRs. Particle sizers
such as the Scanning Mobility Particle Sizer and
the Laser Aerosol Spectrometer were used in the ini-
tial characterization of the test systems but were not
used in conjunction with the reaerosolization tests as
viable particle detection was the focus of this research.

Filtering facepiece respirator

All experiments were performed using a NIOSH
approved N95 FFR (Gerson 1730; Louis M. Gerson
Co., Inc, Middleboro, MA, USA). This FFR model is
consists of several layers of material including hy-
drophilic strata on the exterior surfaces. The approx-
imate surface area of this model FFR is 170 cm2.

Viruses, bacteria, and media

MS2 was prepared using standard protocols (EPA,
2001). The MS2 suspension was centrifuged to re-
move cell debris and the supernatant was filtered
through a 0.22-lm cellulose acetate filter. The stock
MS2 was diluted into filtered deionized water to ob-
tain the target suspension concentration for aerosol-
ization. The suspension concentration was adjusted
depending on the target loading level, which ranged
from 106 to 108 p.f.u. ml�1.

Droplet nuclei loading system

The majority of experiments were performed by
loading the FFR using a submicron aerosol contain-
ing MS2. The test system used for loading the FFRs
with an aerosol of MS2 is illustrated schematically in

Fig. 1 and consisted of a nebulizer, dryer, charge
neutralizer, exposure chamber, reference sampler,
and breathing machine. The MS2 aerosol was gener-
ated with a 6-jet Collison nebulizer (BGI, Inc., Wal-
tham, MA, USA) operated at 138 kPa (20 psig). The
aerosol exiting the nebulizer was diluted with filtered
house air and then passed through a Kr-85 charge
neutralizer (Model 3012; TSI, Shoreview, MN,
USA) prior to delivery to the test chamber. The test
chamber measured �90 � 90 � 90 cm and contained
two small mixing fans to minimize concentration
gradients. Excess challenge was vented through
a HEPA filter and exhausted into the hood. The
FFR sample holder had a conical shape with an inlet
of �7.5 cm inner diameter and an outlet of �2.5 cm
inner diameter. It was connected to the breathing ma-
chine by tubing with a 2.5 cm inner diameter. The
breathing machine inhaled and exhaled through the
FFR at a tidal volume of 1.6 l breath�1 and a rate
of 25 breaths min�1, which corresponds to a mean
occupational volumetric breathing rate reported pre-
viously (Caretti et al., 2004). VCPs within the range
of 0.65–1.1 lm were the most common aerodynamic
sized particle produced by the aerosol system as
measured by the ACI.

Droplet loading system

A limited subset of experiments was performed by
spraying the FFR surface with large droplets to better
simulate direct contamination such as that from
a sneeze. The pneumatic droplet generating system
consisted of a compressed air source to aspirate and
disseminate a controlled liquid volume (0.125 ml) of

Fig. 1. Schematic of aerosol generating system.
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MS2 suspension and a vacuum pump to pull 40 l
min�1 of air through the FFR. A solenoid valve
was used to pulse air from the pressurized cylinder
through a 1-cm inner diameter tube and entrain
0.125 ml of suspension that subsequently impacted
the FFR positioned 40 cm from the outlet of the
droplet generator. The number median diameter
and mass median diameter as measured 8 cm from
the outlet using a Phase Doppler Anemometry in-
strument were �10 and 60 lm, respectively.

Reaerosolization system

The reaerosolization chamber, illustrated in Fig. 2
was constructed of Lucite with an internal volume
of �27 l (30 � 30 � 30 cm). The chamber was main-
tained at a slightly positive pressure [less than �25 Pa
(0.1 in. H2O)] to ensure particles did not leak into the
chamber. The chamber was equipped with a HEPA
filter for removal of air displaced by the cough and
a mixing fan to enhance mixing within the chamber.
The front panel of the chamber contained an opening
for attaching the filter holder with mounted FFR. A
breathing machine was used to simulate the cough
through the FFR. It was equipped with a check valve
such that HEPA filtered air was inhaled and directed
through the FFR. The chamber was equipped with
a 1.3-cm outer diameter sample port for collecting
aerosol samples subsequent to the simulated cough.
Prior to experimentation, the reaerosolization cham-

ber was tested for particle distribution uniformity us-
ing polystyrene latex spheres. Duplicate sampling in
five locations demonstrated a coefficient of variation
of 10%.

Aerosol samplers

Samples of the loading aerosol were collected
with 47-mm gelatin filters (Sartorius Stedim Biotech
S.A., Aubagne Cedex, France) to determine the
time-averaged MS2 aerosol concentration. The fil-
ters were housed in an in-line filter holder and a
vacuum pump was used to draw 10 l min�1 through
the filter. The collected viruses were extracted from
the filter and a bioassay was performed to determine
the number of viable organisms collected. The viable
airborne concentration was then estimated based on
the sample volume. The 47-mm gelatin filters were
also used to collect the MS2 reaerosolized from
the FFR. The filters were housed in in-line holders
and the sample flow rate was 28 l min�1.

An ACI (BGI Inc., Waltham, MA, USA) was used
to measure the viable particle size distribution of
both the loading and reaerosolized MS2 aerosols.
The ACI consists of six stages, each of which con-
tains a glass Petri dish filled with a solid nutrient me-
dium seeded with Escherichia coli. The bin sizes for
each stage are provided in Fig. 3. A 47-mm gelatin
filter was placed in-line downstream of the ACI
to collect particles with aerodynamic diameters

Fig. 2. Schematic of reaerosolization system.
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,0.65 lm. The ACI sampled at a flow rate of 28 l
min�1. Each particle that impacts the agar surface
and contains at least one viable virus is assumed to
result in a p.f.u. It is possible that more than one par-
ticle could impact the same location on the plate
leading to understated values; however, this phe-
nomenon is more likely with higher aerosol concen-
trations. As such, the ACI provides the size
distribution based on number of VCPs.

Virus loading of FFRs

Virus contamination of FFRs was conducted under
ambient temperature (22 – 3�C) and relative humidity
(30 – 10%). Virus was applied as droplet nuclei, using
two loading levels (104 and 105 p.f.u. cm�2) or as
droplets (105 p.f.u. cm�2) as described below. Virus
loading of the FFR models was performed under a cy-
clic flow of 40 l min�1 (1.6 l breath�1 and 25 breaths
min�1), simulating the mean occupational volumetric
breathing rate (Caretti et al., 2004). Three swatches
(area 5 4 cm2 swatch�1) were recovered from the
FFR for extraction and bioassay to confirm the load-
ing level.
Droplet nuclei. The FFR was sealed to the holder

using hot melt glue (Part No. BAP5-4; Arrow Fas-
tener Company, Inc., Saddlebrook, NJ, USA) and
mounted to the loading chamber. The chamber was
sealed and the breathing machine was started and op-
erated at 40 l min�1. The aerosol generation system
was then started. A stop watch was used to measure
the loading duration, typically 30 min. A total of four
reference filters were collected during loading to
quantify the viable aerosol concentration during
loading. All reference filters were collected after
the chamber had reached steady state concentrations;

two sets of filter pairs were collected for 10 min each
starting at 5 min into the test and at 16 min into the
test. The loading level (PL, p.f.u. cm�2) was esti-
mated based on the loading duration (tL, minutes),
time-averaged challenge concentration (CChal, p.f.u.
cm�3), flow rate (Q, cm3 min�1), filter surface area
(A, cm2), and fractional filtration efficiency (f) using
the following relationship:

PL 5
�
CChal � Q � tL � f

�
� A� 1

The fractional filtration efficiency was assigned to
be 0.95. This was based on previous measurements
of filtration efficiency made on the same brand
of FFR in the size range of the loading aerosol
(Richardson et al., 2006). At the desired loading
level, the aerosol generation system and breathing
machine were stopped and the chamber flushed with
HEPA filtered air. The filter holder and FFR were
then removed from the test system for reaerosoliza-
tion testing as described below.
Droplet. The FFR was positioned 40 cm from the

outlet of the sneeze apparatus. The vacuum pump
was started to pull air through the FFR. The sole-
noid valve was activated to pulse air from the pres-
surized cylinder to create aerosolized droplets,
which impacted the FFR. The vacuum pump was
shut-off immediately following the simulated
sneeze. The filters were allowed to dry for at least
30 min at room temperature and then were evalu-
ated for reaerosolization as described below. A
fast-response mass flow meter (Series 4000; TSI,
Inc., Shoreview, MN, USA) was used to determine
the duration of the pressure pulse upon activation of
the solenoid valve. The flow was released from the
cylinder in approximately 0.25 s. The cylinder was

Fig. 3. Size distribution of loading (104 p.f.u. cm�2) and reaerosolized droplet nuclei. ACI measured particle distribution over the
range 0.65–7.0 lm. The black bars (n 5 1) represent the loading aerosol size distribution and the gray bars (n 5 5) represent the

reaerosolized particle size distribution.
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charged to 207 kPa (30 psig) and thus, the expelled
volume was 520 cm3. The air velocity at the exit of
the pneumatic system was estimated to be 26 m s�1.
This velocity is consistent with sneeze source ve-
locities measured by (Ishima et al., 2005).

Virus reaerosolization from FFRs

The reaerosolization tests were conducted in a
separate chamber to minimize any background or
contamination that might be incurred inside the load-
ing chamber. The holder with FFR mounted was re-
moved from the loading chamber and sealed to the
reaerosolization chamber within 60 min of loading.
The FFR was not removed from the holder or han-
dled during transfer between the loading and reaero-
solization chambers. The reaerosolization chamber
was flushed with HEPA filtered air. Background
samples were collected from the reaerosolization
chamber prior to placement of the loaded FFR and
after placement of the loaded FFR using either the
47-mm filter or ACI, depending on the sampler to
be used for that trial. Both samplers operated at 28
l min�1 and the sample duration was 10 min. HEPA
filtered air was supplied to the chamber at �29 l
min�1 to replenish the sampled air and to maintain
the reaerosolization chamber under slight positive
pressure. The sampling media was then replaced in
preparation for the reaerosolization test. Reaerosoli-
zation sampling was initiated by starting the sam-
pler, either the 47-mm filter or the ACI, 1 min
prior to initiating the cough. The breathing machine
was then used to simulate the cough through the fil-
ter. All sampling was then performed for 10 min. At
the conclusion of the test, the sample media was re-
covered for subsequent bioassay and the FFR was re-
moved from the test system. The surfaces of the
reaerosolization chamber were wiped with bleach
following each trial to decontaminate the system to
ensure no cross-contamination between trials. Sys-
tem backgrounds were collected prior to each reaer-
osolization test to verify the chamber had been
properly decontaminated since the previous trial.

A cough profile, with a tidal volume of 1.6 l and
a peak flow of about 370 l min�1 was obtained from
a human subject during testing performed at the
U.S. Army Edgewood Chemical Biological Center
(Richardson et al., 2006). This measured waveform
was programmed into a pulmonary waveform gener-
ator for the simulated cough. A single cough was
performed during each reaerosolization test.

Virus enumeration

FFR swatch samples were cut from the FFR using
scissors and forceps that had been decontaminated.

Swatch samples were placed in 50-ml conical tubes
containing 10 ml phosphate-buffered saline and ex-
tracted using a vortexer. The same method was used
for FFRs loaded with the aerosol or large droplets.
Sampled gelatin filters were removed from their re-
spective filter holders using decontaminated forceps
and placed in conical tubes containing 10 ml of
phosphate buffered saline. All samples were serially
diluted in phosphate-buffered saline and plated per
standard microbiological protocols. Each sample
was plated in triplicate and the plates were incubated
overnight. Plaques were counted and used to deter-
mine p.f.u. ml�1 of sample. Upon completion of
aerosol sampling, the ACI plates were incubated at
the appropriate conditions and the p.f.u. on each
stage were counted.

Scanning electron microscopy

Microphotographs were collected to visualize the
distribution of aerosol or droplets on the FFR. FFR
swatch samples were cut from the FFR using scissors
and forceps that had been decontaminated. The
coarser outer layer and the filter media were sepa-
rated and imaged separately. Secondary electron im-
ages were collected on a JEOL 840A scanning
electron microscope using an accelerating voltage
of 20 kV. Samples were fixed to pure carbon adhe-
sive tabs placed on aluminum stubs and lightly
coated with gold prior to imaging. Samples were an-
alyzed from an as-received FFR (i.e. no contamina-
tion), an FFR loaded with the MS2 aerosol, and an
FFR loaded with liquid droplets containing MS2.

Data analysis

The percent of viable viruses reaerosolized was
defined as the ratio of the number of viable viruses
re-entrained to the number of viable viruses loaded
onto the filter. The total number of viable viruses
re-entrained was based on the number of p.f.u. col-
lected on the 47-mm gelatin filters following the
simulated cough. The viable loading on the FFR
was determined through analysis of swatches re-
moved from the FFR and/or the time-averaged chal-
lenge concentration and known minute volume and
duration. The area of the FFR was estimated to be
170 cm2 and the loading was assumed to be constant
over the surface. The cascade impactors were used to
estimate the median aerodynamic diameters of both
the loading and reaerosolization aerosols. Statistical
comparison of the reaerosolization of particles de-
posited as droplet nuclei for both loading concentra-
tions was performed using a two-tailed T-test (Excel
2007).
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RESULTS

Table 1 summarizes the results of the reaerosoliza-
tion testing to quantify the total number of viable
viruses resuspended from the FFR during the simu-
lated cough. The table contains the average mea-
sured viable loading level, the average number of
airborne viruses collected following resuspension
due to the cough, and the average percent of viable
viruses loaded onto the FFR that were reaerosolized.
The bioassay of all background filters, collected to
monitor decontamination of the chamber between
experiments, resulted in non-detections (,100
p.f.u.). In comparison, the number of viable viruses
sampled following the cough was generally .1000
p.f.u., 10 times higher than the minimum detection
limit. Thus, the organisms collected during reaeroso-
lization can be attributed to those VCPs shed from
the FFR. The percentage of reaerosolization mea-
sured 0.21 and 0.08% for the 104 and 105 p.f.u.
cm�2 challenge levels of the droplet nuclei experi-
ments, respectively. The difference in the percentage
of particle reaerosolization between the two loading
levels was not statistically significant (P 5 0.33).
The droplet challenge experiment only demonstrated
reaerosolization of ,0.0001% (below detection
limits).

The ACI results shown in Fig. 3 represent the
loading and simulated cough resuspended aerosol
size distributions of VCPs .0.65 lm for the droplet
nuclei sample set with a determined load of �1.3 �
104 p.f.u. cm�2. Roughly 41% of the loaded aerosol
contained VCPs ,1.1 lm with the remaining 60%
distributed among the five larger bin sizes at 13,
16, 20, 8, and 3% for each increasing category, re-
spectively. The measured VCPs in the reaerosolized
particles demonstrated an overall shift to the right in
particle size distribution with the majority of the
VCPs residing in the two bins for particle sizes be-
tween 2.1 and 4.7 lm. The higher loading level
(1.3 � 105 p.f.u. cm�2) experiment demonstrated
similar trends; however, the loading aerosol sample
was overloaded with MS2 p.f.u. for the two stages
measuring particles in the range of 0.65–2.1 lm
and was not quantified.

DISCUSSION

The results of this study are congruent with the
limited published investigations of reaerosolization
of particles from FFRs. Qian et al. (1997a) and
Willeke and Qian (1998) evaluated the reaerosoliza-
tion of biological aerosols from three different mod-
els of N95 FFRs at velocities up to 300 cm s�1,
intended to represent violent sneezing or coughing.
The microorganisms Bacillus subtilis and Bacillus
megatherium were loaded onto FFRs (105 particles
cm�2) with a constant airflow of 85 l min�1. Reaer-
osolization was found to be ,0.2% under all condi-
tions tested similar to the results demonstrated in this
study (Table 1). Kennedy and Hinds (2004) found
that ,0.3% of polystyrene latex microspheres (1.0
lm in diameter) reaerosolized from FFRs when
dropped from a height of 3 ft. In similar studies,
Birkner et al. (2011) found that particle release
tended to increase with drop height and particle size.
Qian et al. (1997a) also characterized the reaerosoli-
zation of inert particles to assess the effect of particle
size, particle type, and filter type. For particles ,1.0
lm, ,0.025% of the particles became reaerosolized.
For the condition of violent sneezing or coughing,
�1% of 3 lm and 6% of 5 lm particles became re-
aerosolized. A similar trend is evident in this study;
in general, larger particles were detected in the
aerosol generated from contaminated FFRs when
compared to the loading aerosol (Fig. 3). The per-
centage of particles detected in the largest size cate-
gories, �4.2 lm, were no different between the
loading and reaerosolized samples, which may be
due to low particle counts in this size range. It is pos-
sible that some of the reaerosolized particles de-
tected in this study were agglomerates formed after
shedding from the FFR. Virus viability may be
higher in large agglomerates than in smaller par-
ticles, which would overstate the measured reaero-
solization of larger particles; however, previous
characterization of reaerosolized monodispersed
inert particles suggests that larger particles may
be more susceptible to reaerosolization due to the
larger aerodynamic drag forces seen with larger
particles (Qian et al., 1997a). Qian et al. (1997b)

Table 1. Viable MS2 reaerosolized from FFRs during a simulated cough when contaminated with droplets or droplet nuclei.
[The load and reaerosolized values represent the average MS2 (p.f.u. cm�2) and MS2 (p.f.u.), respectively recovered from 3–5
replicate experiments. The percentage of MS2 reaerosolized was calculated for each of the 3–5 replicate experiments and then
reported here as the average.]

Particle type Load (p.f.u. cm�2) Reaerosolized (p.f.u.) Reaerosolized (%)

Droplet nuclei 1.3E þ 04 2.4E þ 03 0.21 – 0.22

Droplet nuclei 1.3E þ 05 1.7E þ 04 0.08 – 0.08

Droplet 3.6E þ 05 ,1.0E þ 02 ,0.0001
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found that multiple pulses (i.e. coughs) did not
result in any measureable reaerosolization because
drag forces from the airflow over the particle were
not enough to exceed the particle’s force of adhe-
sion to the filter fiber.

Reaerosolization of particles from FFRs contami-
nated using the droplet method was below the detection
limit. The microphotographs of Fig. 4 demonstrate
a difference in the presentation of the contaminants
on the FFR fibers for droplet and droplet nuclei ex-
posed FFRs. There is no visual evidence of contamina-
tion on FFR fibers exposed to VCPs as droplets. This
may be due to a capillary or wicking mechanism that
has been previously speculated and studied (Belkin,
1996; Li et al., 2006; Li, 2008; Roberge, 2008). Upon
deposition, the wet droplet particle may be distributed
over a wide area, including multiple layers, of the FFR.

It appears that wicking of droplets into the media of an
FFR may reduce the potential of reaerosolization; how-
ever, the capillary movement of infectious particles to
the inside of the FFR from the exterior may present an-
other potential danger to the wearer and is the focus of
a future study at NIOSH.

For risk assessment purposes, it is paramount that
the data and experimental approach be put into the
proper context of possible in-use scenarios. At first
consideration, the total average number of reaerosol-
ized VCPs in the droplet nuclei experiment (2400
and 17 000 p.f.u. in 100 l of sampled air) may seem
alarming in regards to potential respiratory hazards.
However, it is possible that the reverse airflow gen-
erated by the simulated cough was higher for the
tested FFRs compared to what would be expected
in-use. The tested FFRs were sealed to the holders

Fig. 4. Microphotographs of the particle deposition on FFR layers. Top row, as-received FFR; middle row, droplet nuclei exposed
FFR; and bottom row, droplet exposed FFR (left: outer layer and right: filter media layer). The scale bar is applicable to each

image.
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with hot glue; therefore, the airflow was forced
through the medium of the contaminated FFR and
not around the FFR edges. Tang et al. (2009) used
Schlieren imaging of human subjects to demonstrate
that a portion of the airflow generated by coughs
leaks around the edges of the FFRs, which would
lessen the threat of reaerosolization due to decreased
airflow passing through the filter medium. In addi-
tion, the level of contamination used in this study
is unlikely as infectious aerosols are typically ex-
tremely dilute (Roy and Milton, 2004). Data on typ-
ical particle concentrations of infectious pathogens
in the healthcare setting are limited due to low con-
centration of particles, insensitivity of virus detection
methods, and virus viability (Tellier, 2009), but some
recent studies have measured airborne levels of respira-
tory viruses in several workplace settings, presumably
generated via a combination of sources (e.g. talking,
breathing, coughing, and sneezing). Lindlsey et al.
(2010) measured influenza RNA concentration exceed-
ing 3 pg m�3 of air in an urgent care clinic, while Bla-
chere et al. (2009) measured �17 000 and 21 000
TCID50-equivalent RNA particles in the lower and up-
per airspace of an emergency waiting room and child-
ren’s waiting room, respectively, after 4–5 h of
sampling. Yang et al. (2011) measured influenza con-
centrations in healthcare centers, a daycare, and on
aeroplanes and determined the average concentration
to be 1.6 – 0.9 � 104 genome copies m�3 in the sam-
ples containing detectable virus. The average concen-
tration was used to estimate inhalation doses of 30 –
18, 236 – 140, and 708 – 419 TCID50 for 1, 8, and
24-h exposures periods, respectively. These studies
did not measure viable influenza and the quantifica-
tion methods make estimating a particle count diffi-
cult. Among three studies that sampled from within
hospital rooms occupied by SARS patients, only a to-
tal of two viruses were detected (Wan et al., 2004;
Booth et al., 2005; Tsai et al., 2006). Likewise, the
difficulty in detecting TB in air samples of isolation
rooms of infected patients supports the likelihood
of dilute infectious aerosols in healthcare settings
(Fennelly et al. 2004).

To assess the risk posed by the reaerosolization of
respiratory viruses such as influenza, various techni-
ques based upon modeling data (Nicas et al., 2005;
Nicas and Gang, 2006; To and Chao, 2010) or actual
exposure assessment data can be used. For the case
of influenza, the Yang et al. (2011) data discussed
above is most convenient because estimated inhala-
tion doses are calculated. To apply this data to reaer-
osolization from FFRs, the inhalable dose is used to
estimate FFR contamination levels. As discussed
above, the inhalation dose estimated for an 8 h expo-

sure (work shift) with an adult breathing rate of 20
m3 day�1 was 236 – 140 TCID50. Even if 100% con-
tamination of the FFR is assumed (worst case situa-
tion), this level of contamination would be far less
than the levels used experimentally in this study. Air-
flow equivalent to the type of simulated coughs used
in our study could reaerosolize up to 0.21% or 0.496
TCID50 from the contaminated FFR. Assuming
equal mixing and no air changes, the concentration
of the reaerosolized virus would be 0.018 TCID50

m�3 air for a patient room measuring 27 m3 (3.0 m
� 3.0 m � 3.0 m), which is much less than the
human infectious dose (ID50) of 0.6–3 that have been
reported to be adequate to induce infection (Alford
et al., 1966; Yang et al., 2011). This risk assessment
assumes only one cough but considers a constant 8 h
exposure, which are both unlikely events. Likewise,
the estimation was based on measurements of ge-
nome copies converted to TCID50 equivalents, which
may grossly overstate the viable influenza in the in-
halation estimation.

Overall, these results suggest that a small amount
of micron-sized particles, which have the potential to
remain airborne, can be reaerosolized. Because of
the paucity of exposure data and myriad number of
scenarios in which FFRs are used, it is difficult to
completely characterize all the risks associated with
extended use to healthcare workers and patients from
reaerosolization of virus, if it were a virulent species.
However, based on the percentage of viable reaero-
solized particles measured from FFR contaminated
via droplet nuclei and droplet loading methods and
the estimated loading levels found in workplace set-
tings, the potential threat from the reaerosolization
of most respiratory viruses appears to be insignifi-
cant and unlikely to pose a significant risk to health-
care workers and patients. Similar conclusions were
made for bacteria (Willeke and Qian, 1998). As new
respiratory pathogens emerge (with increased and/or
unknown levels of virulence) and more exposure as-
sessment data become available, this risk assessment
should be reevaluated.

Finally, some limitations must be acknowledged.
Only one FFR model, the NIOSH approved N95
Gerson 1730, was used in this study; therefore, the
results generated in this study may not be applicable
to other FFR models. Similarly, the use of MS2 as
a surrogate for pathogenic viruses only generally de-
fines the potential for virus reaerosolization from
FFRs and does not define the potential threat of
any specific virus. Viable assays were used to mea-
sure the size and concentrations of MS2 particles,
thus the results may differ for other viruses, which
may have distinct viability characteristics. The
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viability of lipid enveloped viruses could presum-
ably be less than that of the non-enveloped MS2 bac-
teriophage used in this study; therefore, the
reaerosolization values reported in this study may
overstate the potential threat for viruses such as in-
fluenza. Future studies assessing the risks of ex-
tended FFR use should consider other factors, such
as the infectious dose of the organism, stability of
the organism in the environment, performance of ex-
isting engineering controls, and duration of the expo-
sure. This study examined the reaerosolization of
virus from FFRs from the perspective of healthcare
workers in patient contaminated environments. A
single simulated cough was used to provide high ve-
locity airflow to determine particle reaerosolization.
It is possible that the wearer of the FFR may also re-
lease particles with normal breathing, a topic worthy
of further investigation; however, in Qian et al.,
1997a, particle reaerosolization from FFRs were
not registered for velocities under 200 cm s�1 be-
cause the air drag forces were not sufficient to over-
come the adhesion forces between the particles and
the filter fibers.

CONCLUSIONS

Only a small percentage (�0.21%) of viable virus
was reaerosolized from the tested FFRs by reverse
airflow generated by a simulated cough. The extent
of reaerosolization observed was dependent on the
method used to load the FFRs. Virus applied as drop-
let nuclei were much more susceptible to reaerosoli-
zation than viruses loaded as droplets. The size
distribution of the reaerosolized particles was larger
than the loading aerosol as measured by the ACI.
These data suggest that for most respiratory viruses
the risks due to reaerosolization associated with ex-
tended use can be considered negligible, although
risk assessments should be updated as new respira-
tory viruses emerge and better workplace exposure
assessment data become available.
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