
Coronavirus transmission and the use of masks

This article examines: 1) how long the coronavirus remains infectious on various
surfaces; 2) what kind of mask should be used to stop this virus; and 3) whether or not a
single-use mask can be reused.

What kind of mask should be used and whether or not a single-use mask can be reused
are important questions. Using the best mask available helps protect the wearer, and
because there are never enough masks during a major epidemic, masks are going to be
reused. The wearer therefore has to know how long the virus will survive on the mask
and how the mask can be sterilized so that it is safe to use more than once.

This article therefore examines what international scientists have written about these
topics in 16 peer-reviewed papers published in major scientific journals before the
current coronavirus outbreak occurred. In the analysis section below, each statement
about this virus includes a reference to one of these 16 papers, and the complete texts
of all papers are found at the accompanying hyperlinks. Each article also contains an
extensive bibliography: Hundreds of the best scientific articles written on this topic have
therefore been identified for readers who wish to examine the full complexity of these
questions.

Disclaimer: 1) This is not medical advice: It is a description of scientific literature from
reputable international sources, but it is not guaranteed to be accurate. If you have a
medical question, ask your doctor. 2) As novel coronavirus has just been isolated, the
scientific papers cited in this article refer to other viruses that are thought to be similar,
like SARS, MERS, and two avian respiratory viruses. It is not yet known how similar the
novel coronavirus is to these other respiratory viruses.

Questions:

1. How long does the coronavirus remain infectious on various surfaces?

2. Can a mask stop coronavirus?

3. Can a single-use mask be reused?

Short answers:

1. The coronavirus remains infectious for different periods of time on different
surfaces.

a) Hard surfaces like stainless steel may remain infectious for up to 6 days, but
typically become less infectious after 24-48 hours.

b) Porous surfaces like clothing and masks typically remain infectious for 8-12
hours.
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2. Can a mask prevent the inhalation of coronavirus?

a) Surgical masks are designed to prevent bacteria and other particles from
contaminating a sterile field, as when a surgeon is performing an operation.
Surgical masks are not designed to prevent the wearer from inhaling viruses:
20-85% of viruses 0.1 microns in diameter can penetrate these masks. They
are therefore not the best way to prevent the inhalation of viruses. However, if
the wearer already has already contracted a virus, a surgical mask can help
prevent the transmission of the virus to others.

b) N95 respirators are designed to reduce the wearer’s exposure to airborne
particles like viruses. When worn properly, only 5% of particles 0.1 microns in
size can penetrate these masks. The Centers for Disease Control recommend
the use of N95 respirators for SARS and flu pandemics.

c) P100 respirators are also designed to reduce the wearer’s exposure to
airborne particles like viruses. They are also resistant to oil, and they tend to
be more durable than N95 respirators, so P100 respirators typically last longer.
P100 respirators also do a better job of stopping airborne viruses. When worn
properly, only 0.1% of particles 0.1 microns in size can penetrate these masks.
P100 respirators are the best, and they are much more expensive than N95
respirators.

3. Can a single-use mask be reused?

a) Yes, single use N95 and P100 respirators can be reused if they have not been
damaged, have not been heavily contaminated, and have been properly
sterilized. Manufacturers sometimes make claims regarding how long a
respirator will last: An N95 mask might be expected to last for 8 hours, while a
P100 mask might be expected to last for 40 hours. The Centers for Disease
Control say that disposable respirators might “remain functional for weeks to
months” if proper precautions have been taken.

b) As noted in 1(b) above, coronavirus can remain infectious on soft surfaces like
masks for many hours, so the wearer must be very careful when removing the
mask: Touching an infected portion of the mask could transmit the virus. The
wearer must also sterilize both sides of the mask before reuse. UV light can
sterilize a mask without damaging it; other sterilization methods are effective
as well.

Analysis:

1. Viruses remain infectious for different periods of time on different surfaces.

a) On common surface materials, human coronavirus 229E remains infectious for
several days. It survives for at least 5 days on Teflon, PVC, ceramic tiles,
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glass, and stainless steel; it survives for at least 3 days on silicon rubber.
(Warnes, “Human Coronavirus 229E Remains Infectious,” 2.)

b) On N95 respirators, the influenza virus H1N1 remains infectious for 6 days,
although other studies concluded that this virus became less infectious after
24-48 hours. (Coulliette, “Persistence of the 2009 Pandemic Influenza,” 5.)

c) On nonporous surfaces like steel, latex, ceramic tiles, and plastic, two avian
respiratory viruses survived for 24-48 hours. (Tiwari, “Survival of Two Avian
Respiratory Viruses,” 286.)

d) On porous surfaces like cotton and polyester fabrics, wood, paper, and tissue,
two avian respiratory viruses survived for 8-12 hours. The viruses survived on
some surfaces like bird feathers for up to 6 days, but they did not survive for 9
days. (Tiwari, “Survival of Two Avian Respiratory Viruses,” 286.)

e) After drying, human coronaviruses survive for only a few hours. (Chan, “The
Effects of Temperature,” 1.)

f) At a higher temperature and humidity (38°C and relative humidity above 95%)
SARS virus viability rapidly decreased. The virus is killed by heat at 56°C for
15 minutes. (Chan, “The Effects of Temperature,” 1, 3.)

g) In an air-conditioned environment, the SARS virus can survive at least two
weeks. During the SARS epidemic, in Singapore and Hong Kong the
transmission of SARS largely occurred in well air-conditioned environments
like hospitals and hotels. But during the SARS outbreak in Guangzhou
Province, the windows in patient rooms were kept open and the rooms were
well ventilated; this is thought to have reduced virus survival. (Chan, “The
Effects of Temperature,” 1, 3.)

2. Can a mask prevent the inhalation of coronavirus?

a) Surgical masks are primarily designed to protect the environment from the
wearer. Surgical masks are not designed to prevent the wearer from inhaling
viruses: 20-85% of viruses from 0.1 to 0.8 microns in diameter can penetrate
these masks. (Bałazy, “Do N95 Respirators Provide 95% Protection,” 51.)

b) Surgical masks are intended to prevent bacteria and other particles exhaled by
the wearer from contaminating a sterile field like a patient’s wound. Because
there are no requirements for small particle filtration efficiency or fit, surgical
masks should not be expected to provide respiratory protection. The infection
rate of those who wore surgical masks was about twice as high as for those
who wore N95 masks. Surgical masks should not be used to protect people
from viruses like H1N1. (Janssen, “The Use of Respirators,” 1, 4, 5.)
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c) Surgical masks are not recommended to protect the wearer from the inhalation
of airborne viruses. (Harnish et al., “Challenge of N95 Filtering Facepiece
Respirators,” 2.)

d) The bare influenza virus is approximately 0.1 micron, but the influenza virus
expelled from humans via respiratory secretions is typically much larger at 0.8
micron. (Harnish et al., “Challenge of N95 Filtering Facepiece Respirators,” 5.)

e) N95 respirators, when worn properly, effectively filter over 95% of particles
between 0.1 and 0.3 microns. (Coulliette, “Persistence of the 2009 Pandemic
Influenza,” 1.)

f) N95 respirators are designed to reduce the wearer’s exposure to airborne
particles like viruses. N95 respirators should be used to protect people from
viruses like H1N1. (Janssen, “The Use of Respirators,” 1, 4, 5.)

g) N95 respirators were penetrated by approximately 5% of 0.1 micron particles
at a constant air flow rate of 85 liters per minute. (Eshbaugh, “N95 and P100
Respirator Filter Efficiency,” 58, figure 2.)

h) N95 respirators that fit properly reduce toxic inhalation exposure by a factor of
10 or more. (Harnish et al., “Challenge of N95 Filtering Facepiece Respirators,”
7.)

i) P100 respirators are also designed to reduce the wearer’s exposure to
airborne particles like viruses. P100 respirators also do a better job of stopping
airborne viruses. When worn properly, fewer than 0.1% of 0.1 micron particles
can penetrate these masks at a constant air flow rate of 85 liters per minute.
(Eshbaugh, “N95 and P100 Respirator Filter Efficiency,” 58, figure 2.)

3. Can a single-use mask be reused?

a) Disposable respirators can be used by the same healthcare worker to protect
against tuberculosis as long as the functional and structural integrity of the
respirator is maintained. (Fisher, “Commentary Considerations for
Recommending Extended Use,” 14.)

b) The Centers for Disease Control published guidance that supported the
extended use and limited reuse of respirators for public health emergencies
like SARS and H1N1 flu pandemics. (Fisher, “Commentary Considerations for
Recommending Extended Use,” 16.)

c) N95 respirator filter efficiency fell below their original 95% standard after the
respirators were used for 9 to 13 weeks. (Fisher, “Commentary Considerations
for Recommending Extended Use,” 6.)

d) Disposable respirators can be reused for weeks to months. (Fisher,
“Commentary Considerations for Recommending Extended Use,” 8.)
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e) Decontamination: Viruses may remain on a respirator after use and pose a
risk of virus transfer to the wearer. Respirators should therefore be
decontaminated before reuse. (Casanova, “Survival of a Surrogate Virus,”
1335.)

f) Ultraviolet light of 15 watts at a distance of 25 cm for 15 minutes completely
removed detectable H5N1 virus from a respirator. (Lore, “Effectiveness of
Three Decontamination Treatments,” 95, 99.)

g) Five decontamination methods were studied for N95 and P100 respirators,
including ultraviolet irradiation, ethylene oxide, vaporized hydrogen peroxide,
microwave oven irradiation, and bleach. Ultraviolet irradiation, ethylene oxide,
and vaporized hydrogen peroxide were the most promising decontamination
methods, as the original characteristics of the respirators remained unchanged.
The other decontamination methods were not recommended. (Viscusi,
“Evaluation of Five Decontamination Methods,” 824-25.)

Conclusions:

1. Human coronavirus can remain infectious on various surfaces for days: When a
mask is removed, you should assume that it is infected and can continue to
transmit the virus for days.

2. Wear the best mask you can find: P100 respirators stop the virus better than N95
respirators, and both are recommended by the Centers for Disease Control for
SARS and flu epidemics. Surgical masks do not stop the virus as well, but they
can still help prevent transmission of the virus.

3. A respirator can be reused: However, you must first decontaminate the respirator
and make sure it not too dirty or damaged. Ultraviolet light decontaminates
respirators well and does not damage them.
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Do N95 respirators provide 95%
protection level against airborne
viruses, and how adequate are
surgical masks?
Anna Ba1azy, MSc,a,b Mika Toivola, PhD,a Atin Adhikari, PhD,a Satheesh K. Sivasubramani, PhD,a

Tiina Reponen, PhD,a and Sergey A. Grinshpun, PhDa

Cincinnati, Ohio, and Warsaw, Poland

Background: Respiratory protection devices are used to protect the wearers from inhaling particles suspended in the air. Filtering
face piece respirators are usually tested utilizing nonbiologic particles, whereas their use often aims at reducing exposure to
biologic aerosols, including infectious agents such as viruses and bacteria.
Methods: The performance of 2 types of N95 half-mask, filtering face piece respirators and 2 types of surgical masks were deter-
mined. The collection efficiency of these respiratory protection devices was investigated using MS2 virus (a nonharmful simulant
of several pathogens). The virions were detected in the particle size range of 10 to 80 nm.
Results: The results indicate that the penetration of virions through the National Institute for Occupational Safety and Health
(NIOSH)-certified N95 respirators can exceed an expected level of 5%. As anticipated, the tested surgical masks showed a much
higher particle penetration because they are known to be less efficient than the N95 respirators. The 2 surgical masks, which
originated from the same manufacturer, showed tremendously different penetration levels of the MS2 virions: 20.5% and
84.5%, respectively, at an inhalation flow rate of 85 L/min.
Conclusion: The N95 filtering face piece respirators may not provide the expected protection level against small virions. Some
surgical masks may let a significant fraction of airborne viruses penetrate through their filters, providing very low protection
against aerosolized infectious agents in the size range of 10 to 80 nm. It should be noted that the surgical masks are primarily
designed to protect the environment from the wearer, whereas the respirators are supposed to protect the wearer from the
environment. (Am J Infect Control 2006;34:51-7.)

N95 filtering face piece respirators and surgical
masks are commonly used to protect the human respi-
ratory system against fine airborne particles that are
known to be associated with various respiratory and
heart diseases.1 The aerosol particles of biologic origin,
eg, viruses, bacterial cells, bacterial and fungal spores,
fragments, and pollen grains, may cause major health

effects, including infectious diseases. The adverse
health effects of the biologic particles, particularly path-
ogenicity, depend not on the mass of the inhaled parti-
cles but on the number of particles. Viral particles, or
virions, are one of the smallest known bioaerosol
agents, with a particle diameter ranging from 20 to
300 nm.2 Because of their small size, virions can easily
penetrate through the human respiratory system and
may cause diseases, such as colds, flu,measles,mumps,
pneumonia, rubella, or chickenpox. The respiratory
protection devices are usually tested using nonbiologic
particles as the challenge aerosol, although their use of-
ten aims at reducing exposure to biologic particles. The
results on the protection of filtering face piece respira-
tors against submicron and supermicron particles
have been widely reported in the literature.3-9 The
data on the penetration of nanosize sodium chloride
particles through the N95 respirators have been re-
cently reported by our research team.10 It is acknowl-
edged that the penetration of biologic particles
through respirator filters may differ from that of their
corresponding nonbiologic simulants. The attempts to
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evaluate the respirator performance directly with bio-
logic particles have been primarily focused on airborne
bacteria.7,11-16

N95 filtering face piece respirators are certified un-
der NIOSH 42 CFR 84 regulations.17 Uncharged sodium
chloride (NaCl) particles of 300 nm in diameter are uti-
lized as the tested aerosol. The penetration, P, of such
particles through a certified N95 respirator cannot ex-
ceed 5%; thus, the efficiency, E, of the respirator, which
is calculated as E 5 100% 2 P, must be at least 95%.
Surgical masks are not NIOSH certified. The perfor-
mance of some masks has been evaluated when they
were challenged either with latex sphere particles or
aerosolized bacteria. The particulate filtration effi-
ciency, PFE, is defined as the percentage of monodis-
persed nonneutralized latex particles that do not pass
through the face mask at a specific inhalation flow
rate. The F 2299 test method utilizes a light-scattering
particle counted in the size range from 100 to 5000
nm and airflow test velocities from 0.5 to 25 cm/s.18

The bacterial filtration efficiency, BFE, can be deter-
mined by 2 methods: in vitro using a biologic aerosol
of Staphylococcus aureus or in vivo (modified Greene
and Vesley test) when the masks are worn by a subjects
while he/she enunciates the word ‘‘chew’’ 120 times
over a 2-minute period, and viable aerosol particles
are collected onto agar plates of the Andersen sampler.
The filtration efficiency is calculated by comparing the
concentration levels determined when the subject does
and does not wear the mask, respectively.19,20

The studies on the respiratory protection against air-
borne biologic agents have been recently reviewed by
Rengasamy et al.21 From this and other reviews, it is
clearly seen that there is a lack of direct measurement
data on the efficiency of respirators and health care
masks against aerosolized viral particles.

METHODS

Experimental setup

Figure 1 depicts the schematic diagram of the exper-
imental setup. The challenge aerosol was generated

using a 6-jet Collison nebulizer (BGI Inc., Waltham,
MA), which was supplied by a compressed air system.
Before entering the nebulizer, the air was purified
by passing through a high-efficiency particulate air
(HEPA) filter. Generated aerosol was diluted by clean
air, which was also derived from the compressed air
system, and then passed through an 85Kr source charge
neutralizer (Model 3054; TSI Inc., Minneapolis, MN).
Charge-neutralized aerosol was supplied to the top
part of the test chamber. The tested respirators and sur-
gical masks were sealed by silicon sealant to the face
of a manikin, which was placed inside the chamber. A
bubble-producing liquid was used to assure that there
were no leaks between the tested devices and the man-
ikin’s surface. The sealant surface was covered by this
liquid, and the compressed air flowing through the res-
pirator or surgical mask caused bubbles formation in
case of a leak. The places at which the leakages were
detected were additionally sealed and checked for
leaks again. This leak-detection method allows identi-
fying microleaks; however, it may not be sufficient to
identify the leaks below 100 nm.

The experiments were carried out at 2 different con-
stant flow rates: 30 L/min (which simulates inhalation at
light workload) and 85 L/min (which simulates inhala-
tion at heavy workload). These specific flow rates
were controlled by a rotameter adjacent to an air supply
pump. The aerosol generation system and the test
chamber were located inside a class II biosafety cabinet
(SterilchemGARD; Baker Co., Sanford, ME). The particle
concentrations and size distributions outside and inside
the tested respiratory protection device were deter-
mined using a wide-range particle spectrometer (WPS;
model 1000 XP, configuration A; MSP Corp., Shoreview,
MN). The WPS is a device that combines 3 different in-
struments, namely the differential mobility diameter
(DMA), the condensation particle counter (CPC) and
the laser particle spectrometer (LPS). The combination
of the 2 first instruments allows counting the particles
of 10 to 500 nm, whereas the LPS covers the particle di-
ameter range between 350 and 10,000 nm. The electri-
cal mobility analysis utilized in the DMA is the most
efficient and commonly used technique for measuring
the aerosol particle size distribution in the nanometer
size range (suitable for MS2 virions used in this study).

MS2 viruses

MS2 is a bacteriophage that contains single-stranded
RNA, consisting of 3569 nucleotides.22 Single MS2
virion with a referred physical diameter of approxi-
mately 27.5 nm contains 180 copies of the coat pro-
tein, which form a near spherical icosahedral shell.
This small RNA virus infects only male Escherichia
coli bacteria by injection of its RNA and A-protein.23,24

Fig 1. Experimental setup.
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Stock suspension of MS2 virus was prepared by adding
9 mL Luria-Bertani broth (prepared using ultrafiltered
deionized water) to freeze-dried phage vial (ATCC
15597-B1). This suspension was serially diluted, and
the final suspension used for the aerosolization exper-
iments had 108 to 109 plaque-forming units (pfu/mL)
of MS2 virus. In some experiments, the suspension
was prepared by plate lysis and elution (using the host
Escherichia coli; ATCC 15597, strain C3000). MS2 phage
titer was determined by using a modified plaque assay
protocol of Adams.25

The size distribution of the aerosolized virus parti-
cles, measured by WPS, is presented in Fig 2. It is
seen that the peak is for the particles of approximately
30 nm, which is in a good agreement with the referred
size of a single MS2 virion (27.5 nm). However, in addi-
tion to these particles, the population of the WPS-
detected aerosol particles includes smaller as well as
much larger particles. We assume that some of the
larger ones can be agglomerated virions. The contribu-
tion of large agglomerates is expected to be relatively
low because the scanning electronmicroscope analysis
revealed very few of the large agglomerates in the sus-
pension prepared for this study. Digital micrographs of
MS2 virus particles taken by using a scanning electron
microscope (SEM) (Phillips XL-30 ESEM; FEI Co., Hills-
boro, OR) are presented in Fig 3. The stock suspension
used for aerosolization experiments was also utilized
for the electron microscopy. On the other hand, large
MS2 agglomerates have been observed in the MS2 viral
suspension by other investigators. For instance, Hogan
et al referred to the agglomerates larger than 200 nm
seen on the SEM images obtained from a liquid viral
suspension.26 It should be acknowledged, however,

that the above study utilized a much more concen-
trated suspension (0.0749 g/L of MS2) compared with
the one we used for our SEM analyses. Nevertheless,
the agglomerates in the suspension can be broken dur-
ing aerosolization. In this study, we did not use a dryer,
so the water content of the particles aerosolized by
the Collison nebulizer could not fully evaporate, thus
increasing the number of larger particles that carry sin-
gle viruses or viral agglomerates. Similarly, in the field,
the viruses are usually carried by droplets nuclei or
other larger airborne particles.27 As to the particles
smaller than a single virion, which were detected by
the aerosol particle counter, we speculate that these
can be the fragments of some virions formed during
the freezing-drying process.

We anticipate that some nonvirus-containing parti-
cles could be generated in addition to the virions. To
reduce the influence of these particles in our aerosol
count and concentrate on the specific particle size range
that is primarily populated by virions, we limited our
analysis to 50% of the total population of the WPS-
detected particles, among which there were particles
larger and smaller than the peak size. It is seen that
the particle size distribution curve is rather steep below
approximately 30 nm so that the size range from 10 to
30 nm covers only 12.5% of the total particle count.
To make the postulated 50% of the total count, another
37.5% of particles were taken from the range above
30 nm. As a result, the particle diameter range of 10 to
80 nm was considered as the MS2 virions in this study.

Fig 2. The particle size distribution of the
aerosolized MS2 virions measured by the WPS. Fig 3. Scanning electron micrographs of the dried

MS2 viral suspension (10 times concentrated) used
for aerosolization: (a) a single MS2 virus particle
(Magnification 5 3400,000), (b) dispersed single

virus particles (Magnification 5 3200,000).
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N95 respirators and surgical masks

Two different models of N95 filtering face piece res-
pirators and 2 different models of surgical masks were
evaluated in this study. The N95 respirators were ob-
tained from 2 different manufacturers. Both respirators
had multilayer structure, and the main layers of filters
were composed of polypropylene fibers with electrical
charge. The N95 respirators were chosen using the per-
formance data presented by Coffey et al.28 One of the
respirators is characterized by relatively high fit-factor
value (respirator A) and the other one by lower fit factor
(respirator B).28

Two types of the surgical masks, SM1 and SM2, used
in this study were made by the same manufacturer and
were both fluid resistant. According to their manufac-
turer, BFE (determined by the modified Green and Ves-
ley method) of SM1 was above 96%, whereas BFE of
SM2 exceeded 99% and its collection efficiency for
200-nm latex spheres was at least 95% at a flow rate
of 28.3 L/min.

The N95 filtering face piece respirators and the sur-
gical masks used in this study were sealed to the face of
the manikin, so their efficiency determined during ex-
periments is defined as the efficiency of the filter mate-
rial. The actual field-measured efficiency may be lower
if there are some leakages between the wearer’s face
and the material of the respirator or surgical mask.

Penetration

The concentration of the particles was measured
outside [cout(dp)] and inside [cin(dp)] of each tested
N95 filtering face piece respirator or the surgical masks
by the WPS. Based on the results obtained for each
channel of the aerosol measurement instrument, the
penetration of the particles with given diameter (which
is the fraction of the particles that pass through the
filter) was determined as:

P
!
dp
"
5

cin
!
dp
"

cout
!
dp
" ! 100% ð1Þ

Because some channels of the WPS detected very
few particles, the results obtained for 2 or more chan-
nels were combined to achieve representative data.
This was done in cases in which there were fewer
than 50 particles per channel. This approach allowed
us to eliminate accidental deviations of the penetration
data in case very few particles per channel are de-
tected. Generally, according to the WPS manufacturer,
the particle fractional concentration can be accurately
determined within a range of,1 particle/cm3 to 10,000
particles/cm3.29

RESULTS

The penetrations of MS2 virions through respirator
A at flow rates of 30 and 85 L/min are presented in
Fig 4. Each point represents the penetration mean

Fig 4. Effect of the inhalation flow rate on the
fractional penetration of MS2 virus through

respirator A (n 5 5). Each point on the graphs
represents the mean value of the particle

penetration, and the error bars represent the
standard deviations for respirators.

Fig 5. Effect of the inhalation flow rate on the
fractional penetration of MS2 virus through

respirator B (n 5 5). Similar to Fig 4, the points and
error bars represent the mean values and the

standard deviations, respectively.
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value determined for 5 identical respirators, and the
corresponding error bars represent the standard devia-
tion. Figure 5 depicts the results of similar experiments
carried out for respirator B. All values of the virion
penetration through respirator A are below 5% as an-
ticipated because this is a certified N95 respirator. How-
ever, for respirator B, the penetration exceeds the
5% threshold at the higher inhalation flow rate with
the mean value of 5.6%. We found that, in the size
range of 10 to 80 nm, the maximum penetration oc-
curred at the particle diameter of approximately 50 nm.
Our previous study conducted with NaCl particles10

revealed that 300 nm is not the most penetrating par-
ticle size through N95 respirators at a flow rate of 85
L/min as is conventionally believed and postulated in
the respirator evaluation standard. Instead, the maxi-
mum penetration was observed for particles of 40 to
50 nm.10 We have shown that, for a mechanical filter
(when the particle deposition on fibers occurs because
of diffusion, direct interception, and inertial impac-
tion), the particle diameter of approximately 300 nm
is rightfully believed to be the most penetrating particle
size, although it may slightly vary depending on the fil-
ter’s structure and other factors. However, the N95 fil-
tering face piece respirators are composed of charged
fibers. This property leads to a considerable shift of
the maximum penetration toward smaller particles
because the additional polarization force has a great
importance in the process of the particle deposition
on fibers. Similar results were reported by Martin and
Moyer, who found that the maximum penetration of

particles through the fiber-charged N95 respirators oc-
curred in the 50- to 100-nm size range.9 Thus, it should
be emphasized that the certified N95 respirators will
protect their wearers properly against the particles of
300 nm and larger, but their performance may be be-
low the threshold for aerosol particles of the nanosize
range. The penetration values of the nanoparticles
through N95 respirators depend on their filter media
characteristics.

Figure 6 and Fig 7 present the evaluation data ob-
tained with 2 types of surgical masks, SM1 and SM2,
which are widely used to control human inhalation
exposure to airborne infectious agents in health care
environments (although the surgical masks were
designed to protect the environment from the wearer).
Two identical SM1 masks and 3 identical SM2 masks
were tested. Similarly to the experiments conducted
with the N95 respirators, 2 inhalation flow rates, 30
and 85 L/min, were tested. These data show that the
penetration of MS2 virions through the surgical masks
is much higher than that observed for N95 filtering face
piece respirators. For example, at 85 L/min, the particle
penetration curve for SM2 reaches a plateau at 20.5%,
whereas, for SM1, the penetration increases with in-
creasing particle size to 84.5% for particles of 80 nm
in diameter. The fibers of the surgical masks are not
electrically pretreated, and these devices act like poor
mechanical filters. In the absence of electrostatic ef-
fects, based on theoretic calculations, the diameter of
approximately 300 nm is anticipated to be the maxi-
mum penetrating particle size for these masks.

Fig 6. Effect of the inhalation flow rate on the
fractional penetration of MS2 virus through the

surgical mask SM1 (n 5 2). Each point represents
the mean penetration value, and the error bars

represent the standard deviation.

Fig 7. Effect of the inhalation flow rate on the
fractional penetration of MS2 virus through the

surgical mask SM2 (n 5 3). Each point represents
the mean penetration value, and the error bars

represent the standard deviation.
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The data presented in this paper resulted from the
experiments carried out with the clean unloaded res-
piratory protection devices. In this light, the penetra-
tion values presented in Fig 4 to Fig 7 represent the
initial penetrations of virions through the N95 respira-
tors and surgical masks. Because the fibers of N95
filtering face piece respirators are charged, the pene-
tration through these respirators increases with the
time because of the reduction in fiber charges, which
was proven experimentally by Martin and Moyer.9

Martin and Bergman showed that the filter degrada-
tion resulting from its exposure to aerosol depends
not only on the amount of the deposited particles
but also on the time over which the aerosol deposition
occurred.30 However, after achieving a certain level of
the filter loading, the pretreated respirator filter (‘‘elec-
tret’’) starts behaving like a mechanical filter, and the
penetration decreases. This means that the initial vi-
rion penetration through the N95 respirators obtained
in our experiment may somewhat differ from that
found in the field during a long-term use of the respi-
rator in bioaerosol-contaminated environments. The
penetration through the surgical masks should de-
crease during the filtration process because of loading
because they act as mechanical filters from the very
beginning.

For all filtering face piece respiratory protection de-
vices, the penetration increases with increasing inhala-
tion flow. Although the flow rate of 85 L/min used in
this study simulates a heavy workload and is utilized
in the respirator certification tests, some studies refer
to even higher inhalation flow rates.21 At those rates,
the penetration is anticipated to be even greater com-
pared with the values reported in this paper.

The data on the virion penetration obtained in this
study were compared with the results of our earlier
experiments in which the same respiratory protection
devices were challenged with nonbiological (sodium

chloride) particles.10 The comparison was performed
using paired t tests (utilizing program Origin 6.0, Ori-
ginLab Corp., Northampton, MA). The data sets
obtained for sodium chloride and MS2 virus were com-
bined in the samemanner into 10 size fractions for N95
respirators and into 11 channels for surgical masks in
the size range from 10 to 80 nm. The results presented
in Table 1 indicate that, generally, the penetrations of
MS2 virions and sodium chloride particles through
the tested respiratory protection devices were not sig-
nificantly different. Thus, nonbiological particle simu-
lants can be used for assessing the performance of
these devices against virions of similar shape and the
same size. The only exception is respirator A operated
at 30 L/min, in which case the t test revealed significant
difference between the penetration of sodium chloride
and MS2 virions. However, even in this case, the differ-
ence between the penetration of biologic and nonbio-
logic particles did not exceed 1%.

The penetration data presented in this paper were
obtained using manikin-based tests. Thus, the respira-
tors and surgical masks were sealed to the manikin’s
face. Such procedure eliminated the leakages, which
can occur when a subject wears the personal respira-
tory protection devices. In real life, the leaks may
lead to considerably increased particles penetration.
Coffey et al indicated that, without proper fit testing,
the wearer of a respirator cannot achieve the desired
protection level.31 Therefore, it seems critical to per-
form a proper fit test before wearing a N95 filtering
face piece respirator.

CONCLUSIONS

Two types of N95 half-mask respirators and 2 types
of surgical masks were challenged with aerosolized
MS2 virus. The experiments were carried out follow-
ing a manikin-based protocol. The results indicate
that N95-certified respirators may not necessarily pro-
vide a proper protection against virus, which is consid-
erably smaller than the accepted most penetrating
particle size of 300 nm used in the certification tests.
Thus, the protection against the airborne viral agents
provided by some N95 respirators may fall below
95%, especially at higher inhalation flow rates. The
efficiency of the surgical masks is much lower than
that of the N95 respirators so that the MS2 virions pen-
etrate readily through the surgical masks. The perfor-
mance tests conducted with surgical masks challenged
with latex spheres of ;300 nm or bacterial particles
may underestimate the penetration of nanosize
virions.

The authors thank the NIOSH for providing equipment for aerosol measurements and
the Kosciuszko Foundation for support.

Table 1. Paired t test comparison of the penetration
values obtained for MS2 viruses and sodium chloride
particles

Type of respiratory
protection device

Inhalation flow
rate, Q (L/min) P value

Respirator A
30 .004*
85 .220

Respirator B
30 .156
85 .532

SM1y
30 .997
85 .962

SM2y
30 .716
85 .608

*PMS2 . PNaCl.
yType of surgical mask.
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Manikin-based performance evaluation of N95 filtering-facepiece respi-
rators challenged with nanoparticles. Ann Occup Hyg 2006; in press.

11. Brosseau LM, McCullough NV, Vesley D. Mycobacterial aerosol collec-
tion efficiency of respirator and surgical mask filters under varying
conditions of flow and humidity. Appl Occup Environ Hyg 1997;12:
435-45.

12. McCullough NV, Brosseau LM, Vesley D. Collection of three bacterial
aerosols by respirator and surgical mask filters under varying condi-
tions of flow and relative humidity. Ann Occup Hyg 1997;41:677-90.

13. Qian Y, Willeke K, Grinshpun SA, Donnelly J. Performance of N95
respirators: reaerosolization of bacteria and solid particles. Am Ind
Hyg Assoc J 1997;58:876-80.

14. Reponen T, Wang Z, Willeke K, Grinshpun SA. Survival of Mycobac-
teria on N95 personal respirators. Infect Control Hosp Epidemiol
1999;20:237-41.

15. Wang Z, Reponen T, Willeke K, Grinshpun SA. Survival of bacteria on
respirator filters. Aerosol Sci Tech 1999;30:300-8.

16. Lee K, Slavcev A, Nicas M. Respiratory protection against Myco-
bacterium tuberculosis: quantitative fit test outcomes for five types
N95 filtering-facepiece respirators. J Occup Environ Hyg 2004;1:
22-8.

17. National Institute for Occupational Safety and Health (NIOSH). 42
CFR 84 Respiratory protective devices: final rules and notice. Federal
Register 60:110. US Centers for Disease Control and Prevention,
National Institute for Occupational Safety and Health; 1997.

18. American Society for Testing and Materials (ASTM) F2299-03. Test
method for determining the initial efficiency of materials used in med-
ical face masks to penetration by particulates using latex spheres.

19. American Society for Testing and Materials (ASTM) F2100-04. Stan-
dard specification for performance of materials used in medical face
masks.

20. American Society for Testing and Materials (ASTM) F2101-01. Stan-
dard test method for evaluating the bacterial filtration efficiency
(BFE) of medical face mask materials, using a biological aerosol of
Staphylococcus aureus.

21. Rengasamy A, Zhuang Z, BerryAnn R. Respiratory protection against
bioaerosols: literature review and research needs. Am J Infect Control
2004;32:345-54.

22. Fiers W. Studies on the bacteriophage MS2. III. Sedimentation hetero-
geneity of viral DNA preparations. Virology 1967;33:413-24.

23. Valegard K, Liljas L, Fridborg K, Unge T. The three-dimensional struc-
ture of the bacterial virus MS2. Nature 1990;345:36-41.

24. Golmohammadi R, Valegard K, Fridbord K, Liljas L. The refined struc-
ture of bacteriophage MS2 at 28 Å resolution. J Mol Biol 1993;234:
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Survival of a Surrogate Virus on N95 
Respirator Material 

To the Editor—Protecting healthcare providers from occu-
pational respiratory disease is crucial for public health pre-
paredness; outbreaks of severe acute respiratory syndrome 
and influenza have shown that transmission from patient to 
healthcare worker is an occupational hazard.1'2 While N95 
respirators are vital for protection against occupational re-
spiratory infection, potential shortages in outbreak situations 
are a serious preparedness issue.3 Reuse of respirators is a 
potential solution; however, contaminated respirators are po-
tential vehicles for pathogen spread during handling and re-
use. Methods for respirator decontamination have been ex-
plored, but developing effective decontamination protocols 
requires data on virus survival on respirator surfaces to de-
termine the frequency and efficacy of decontamination re-
quired to reduce the risks of reuse. The goal of this research 
is to determine the inactivation rates of virus on the surface 
of N95 respirators at ambient temperature and humidity lev-
els using bacteriophage $6, an enveloped virus and potential 
surrogate for human respiratory viruses. 

Bacteriophage and host were kindly provided by Leonard 
Mindich, University of Medicine and Dentistry, New Jersey. 
Virus was propagated in host Pseudomonas syringae using the 
soft agar propagation method. Thirty milliliters of host bac-
terial culture were grown for 24 hours with shaking (100 
rpm, 25°C). Virus stock (2 mL) was added and incubated 
with shaking for another 24 hours. This virus culture (0.5 

mL) and fresh host culture (0.5 mL) were added to 30 mL 
of soft agar (0.7% agar), dispensed into tryptic soy bottom 
agar plates, and incubated at 25°C for 24 hours. The top layer 
was then harvested, pooled, purified by centrifugation (5,900 
g, 30 minutes, 4°C), and stored as stock in tryptic soy broth 
with 20% glycerol at -80°C. 

Virus stock was diluted in phosphate buffered saline (PBS) 
to target a concentration of 105 plaque-forming units (PFUs) 
in 10 LtL. Ten microliters were placed onto six 1-cm2 coupons 
of N95 respirator material (model 1860, 3M). Time 0 carriers 
were sampled immediately. For sampling, coupons were 
placed in tubes using sterile forceps. Two milliliters of 1.5% 
beef extract (pH 7.5) were added into each tube and agitated 
on a shaker at 60 rpm for 20 minutes. Samples were assayed 
using the double agar layer plaque assay on tryptic soy agar 
and incubated at 25°C for 24 hours. For the other time points, 
carriers were placed into controlled humidity environments 
at 22°C and either 40% (±2%) or 60% (±2%) relative hu-
midity (RH), created by placing saturated salt solutions in 
sealed glass containers. Virus survival at each time point was 
expressed as logi0 (N,/N0), where AT,is the virus concentration 
(PFU/mL) at time t and N0 is the initial virus concentration 
(PFU/mL) in the control sample at time 0. Data were analyzed 
with Excel 2007 (Microsoft) and GraphPad Prism 5 
(GraphPad). 

Over 24 hours, there was an ~1 log10 reduction in infectious 
virus at 22°C and 40% RH, while there was an ~4 log10 
reduction at 22°C and 60% RH (Figure 1). The rate of virus 
inactivation is significantiy less at 40% RH (slope = 
-0.046 ± 0.007) than at 60% RH (slope = -0.20 ± 0.006; 

8 10 12 14 16 18 20 22 24 

Time 

FIGURE i. Survival of bacteriophage $6 over 24 hours at 22°C at 40% and 60% relative humidity (6 replicates per point). Circles, 40%; 
diamonds, 60%. Regression lines: solid lines, 40%; dashed line, 60%. Bars, 95% confidence interval. 
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P< .0001). Within the time frame of a typical patient care 
encounter (approximately 30 minutes), there was a <0.02 log10 

reduction in virus at 40% RH, while there was a <0.1 logi0 

reduction at 60% RH. Achieving a 4 log reduction of infectious 
virus on a mask surface would take 87 hours at 40% RH and 
20 hours at 60% RH. 

Enveloped bacteriophage $6 can survive on the surface of 
an N95 respirator longer than a single patient care encounter. 
High levels of virus remaining on a respirator may pose a 
risk of virus transfer to the wearer during handling and reuse.4 

The use of a bacteriophage provides a simple, low-cost 
method for evaluating survival and transfer risks; bacterio-
phages are already used as surrogates in studies of respirator 
decontamination.5 Bacteriophage $6 was inactivated some-
what more rapidly than H1N1 influenza on N95 surfaces at 
60% RH (possibly as a result of the matrix used), and a similar 
trend of greater inactivation was observed at higher humidity 
levels.6 The results are similar to those found for transmissible 
gastroenteritis virus, a member of the coronavirus family, on 
respirator surfaces.7 This suggests that bacteriophage $ 6 is a 
potential surrogate for studies of human respiratory viruses 
on personal protective equipment. 

The inactivation observed demonstrates that residual virus 
on a respirator surface is an important factor when reuse is 
considered. If a respirator is used over an 8- or 12-hour shift, 
even 90% inactivation during that time raises the possibility 
that that reuse over multiple patient encounters may add 
additional viral load to an already contaminated respirator. 
Therefore, decontamination of respirators is an important 
consideration in any reuse scenario.8 Studies of infectious 
virus reduction9 suggest that decontamination maybe a viable 
option if pandemic situations or shortages make respirator 
reuse an alternative that needs to be considered. The design 
of effective respirator decontamination protocols should in-
clude the intervals at which a respirator needs to be decon-
taminated between uses, as well as how long a respirator 
should be used before discarding. Virus survival data is 
needed to model inactivation, decontamination, and recon-
tamination to determine safe and effective reuse protocols. 
Long-term survival of respiratory viruses on the surface of 
N95 respirators needs to be taken into account when eval-
uating decontamination protocols and weighing the risks and 
benefits of respirator reuse for outbreak and pandemic pre-
paredness. 
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Evaluation of Universal Methicillin-
Resistant Staphylococcus aureus Screening 
Using Nasal Polymerase Chain Reaction 
Compared with Nasal, Axilla, and Groin 
and Throat and Perianal Cultures in a 
Hospital Setting 

To the Editor—Rapid detection of methicillin-resistant Staph-
ylococcus aureus (MRSA) carriage by polymerase chain re-
action (PCR) methods and early patient isolation could re-
duce the chances of nosocomial transmission between 
patients.1 However, the cost of PCR and MRSA prevalence 
could influence choice of testing method in a hospital screen-
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and Clothing
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We evaluated a personal protective equipment re-
moval protocol designed to minimize wearer contamination 
with pathogens. Following this protocol often resulted in vi-
rus transfer to hands and clothing. An altered protocol or 
other measures are needed to prevent healthcare worker 
contamination.

Caring for patients with communicable diseases places
healthcare workers (HCWs) at risk. Infected HCWs 

may not only incur serious illness or death themselves but 
may spread infection to others. Methods to prevent HCW 
infections include vaccination (1), hand hygiene (2), and 
isolation of patients with communicable diseases (3).

A key aspect of patient isolation is proper use of per-
sonal protective equipment (PPE) to protect HCWs from 
pathogen exposure during patient care. PPE includes use of 
barriers (gowns, gloves, eye shields) and respiratory pro-
tection (masks, respirators) to protect mucous membranes, 
airways, skin, and clothing from contact with infectious 
agents (3). The importance of PPE was underscored in 
the recent outbreak of severe acute respiratory syndrome 
(SARS). HCWs accounted for ≈20% of cases (4); failure to 
properly use PPE was a risk factor for HCW infection (5).

This outbreak raised concern that HCWs could con-
taminate their skin or clothes with pathogens during PPE 
removal, resulting in accidental self-inoculation and virus 
spread to patients, other HCWs, or fomites. The Centers 
for Disease Control and Prevention (CDC) addressed this 
concern by designing a protocol to minimize contami-
nation to the wearer during PPE removal (Figure 1) (6). 
However, the effectiveness of this protocol in preventing 

self-contamination has not been validated. To determine if 
removing PPE according to the CDC protocol prevents vi-
ral contamination of the wearer, a human challenge study 
was undertaken using a nonpathogenic virus.

The Study 
PPE (gowns, gloves, respirators, and goggles) donned 

by volunteers was contaminated with bacteriophage MS2, 
a nonenveloped, nonpathogenic RNA virus suspended 
in 0.01 mol/L phosphate-buffered saline and GloGerm 
(GloGerm, Moab, UT, USA), synthetic beads that   uo-
resce under UV light (for visual tracking of virus). Sites 
of contamination were as follows: front shoulder of gown, 
back shoulder of gown, right side of N95 respirator, upper 
right front of goggles, and palm of dominant hand. Each 
site was contaminated with a total of 104 PFU of MS2 in 
5 drops of 5 μL each. Participants performed a healthcare 
task (measuring blood pressure on a mannequin) and then 
removed PPE according to CDC protocol. Hands, items 
of PPE, and scrubs worn underneath were sampled for vi-
rus. Hands were sampled by using the glove juice method 
(7). Each hand was placed inside a bag containing 75 mL 
stripping solution (0.4 g KH2PO4, 10.1 g Na2HPO4, 1.0 
mL Triton-X/L) and massaged for 60 seconds to cover all 
hand surfaces with solution. PPE items were immersed in 
1.5% beef extract, pH 7.5, and agitated on a shaker for 20 
minutes. Eluent from hands and PPE was assayed by the 
most probable number (MPN) enrichment infectivity assay 
(8). To prevent cross-contamination, samples from only 1 
volunteer were processed at a time, and individual eluent 
samples were processed separately in a biological safety 
cabinet, with decontamination in between.
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Figure 1. Centers for Disease Control and Prevention protocol for 
removing healthcare worker PPE.



When an a priori value of 25% was used for the 95% 
upper con  dence limit when p (transfer) = 0, the sample 
size was N = 10. Protocols were approved by the University 
of North Carolina (UNC) Biomedical Institutional Review 
Board, and written informed consent was obtained. En-
rolled participants met the following inclusion criteria: >18 
years of age, nonpregnant, nonallergic to latex, no active 
skin disorders, and medical evaluation approval for N95 
respirator   t testing and use (9). Experiments took place in 
a patient care room in the UNC Hospitals’ General Clinical 
Research Center. The experimental protocol is shown in 
Figure 2. Participants were shown the poster distributed by 
CDC (Figure 1) and given an opportunity to read it and ask 
questions. The poster was placed in front of the participants 
for reference while they donned and removed PPE.

Ten study participants were enrolled in this study: 9 
women and 1 man. Nine participants were right-handed, 
and 1 was left-handed. Transfer of virus to both hands, the 
initially uncontaminated glove on the nondominant hand, 
and the scrub shirt and pants worn underneath the PPE was 
observed in most volunteers (Table). Because of the dif-
  culty of sampling large facial areas, visible   uorescent 
tracer was used as the criterion to determine whether the 
face would be sampled. No tracer was observed on the fa-
cial areas of any volunteer. The   uorescent tracer was not 
a consistent indicator of virus contamination; virus was re-
covered both from sites where tracer was visible and where 
it was not detected.

The amount of virus recovered was 1–3 log10 MPN for 
hands and 1–4 log10 MPN for scrubs. The mean amount of 
virus recovered from the right hand (the dominant hand of 
90% of volunteers) was greater than that recovered from 
the left hand. While removal of gloves and gowns required 
2 hands, mask and goggle removal was one-handed, which 
could have resulted in larger quantities of virus being trans-
ferred to the dominant hand during removal. In the single 
left-handed study participant, recovery of virus was greater 
from the left hand than the right (1.82 log10 vs. 0.98 log10 
MPN). The mean amount of virus recovered from scrub 
shirts was signi  cantly greater than that recovered from 
pants (p = 0.01), possibly because of contact with hands 
when the gown is pulled away from the shoulder during 
removal.

Conclusions
PPE is vital for protecting HCWs from occupationally 

acquired infection during patient care, particularly from 
droplet- or airborne-transmitted diseases. However, remov-
ing PPE after patient care without contaminating skin or 
clothes is important. Although PPE is usually worn only 
for short periods, viruses such as in  uenza (10) and SARS 
coronavirus (11) can survive for hours on surfaces, and 
viral infection can be spread by surface-to-hand (12) and 
hand-to-hand contact (13).

Developing and validating an algorithm for removing 
PPE that prevents contamination of the skin and clothes 
of HCWs are key to interrupting nosocomial transmission 
of infectious agents. These experiments demonstrate that 
the current CDC algorithm is insuf  cient to protect HCWs 
from contamination during PPE removal. However, options 
that might prevent such contamination do exist, including 
double gloving, use of surgical protocols for PPE removal, 
and PPE impregnated with an antimicrobial agent.

A double-glove removal sequence would begin with 
removal of the outer glove, followed by removal of gog-
gles or face shield, gown, and respirator/mask, and   n-
ishing with removal of the inner glove followed by hand 

DISPATCHES
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Figure 2. Protocol for human challenge experiments. PPE, personal 
protective equipment; CDC, Centers for Disease Control and 
Prevention.

Table. Frequency and levels of viral contamination of selected sites, virus transfer study, 2007* 

Site
% Volunteers who transferred 

virus to site (N = 10) 
Mean viral titer recovered from site 

(log10 MPN) 
% Contaminated sites with 

visible tracer (N = 10) 
Nondominant glove 80 2.2 10
Right hand (skin) 90 2.4 20
Left hand (skin) 70 1.8 0
Scrub shirt 100 3.2 10
Scrub pants 75† 2.1 0
Face 0 – –
*MPN, most probable number; –, not measured. 
†N = 8.

PPE use

Perform simulated healthcare task 
(use blood pressure cuff to take the blood 

pressure of a mannequin on an 
examination bed in the room; count the 

pulse at the wrist)

Remove PPE (with CDC poster visible for 
reference at all times)

Place virus/tracer on PPE

Don PPE (contact isolation gown, N95 
respirator, goggles, gloves)

Put on scrub shirt and pants

Undergo fit testing and instruction in how 
to put on and fit check N95 respirator

Participant’s face and hands examined 
under UV light for the presence of tracer

Participant’s hands sampled using glove 
juice method

Participant’s hands cleaned with 
antimicrobial soap and 70% ethanol

Scrubs and PPE collected and 
examined under UV light for presence of 

tracer

Scrubs and PPE placed in sterile eluent 
and transported to laboratory for 

analysis

Sampling

Participant removes scrubs and is 
showered to remove any virus/tracer



Virus Transfer from PPE

hygiene; handling of PPE with ungloved hands is avoided. 
Borrowing PPE protocols from surgery, in which the ends 
of gown sleeves are tucked underneath gloves during wear, 
might also reduce contamination. When the HCW is   n-
ished, goggles and respirator are removed   rst, and gown 
and gloves are then removed together by peeling off both at 
the same time, again avoiding handling PPE with ungloved 
hands. Finally, the use of PPE impregnated with antimicro-
bial agents might also reduce or eliminate contamination of 
skin and clothes.

This study also indicates the need for continued em-
phasis on hand hygiene. A barrier to improving hand hy-
giene compliance rates is the belief that gloves make hand 
hygiene unnecessary (14). This is contradicted by our study 
and others showing that organisms can spread from gloves 
to hands after glove removal (15). Even if double gloving is 
incorporated into protocols for PPE use, it is not a substitute 
for proper hand hygiene. Before these or other candidate 
methods are introduced into clinical practice, their impact 
on the safety of HCWs should be validated by testing with 
methods such as we have described.
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The main route of transmission of SARS CoV infection is presumed to be respiratory droplets. However the virus is also detectable
in other body fluids and excreta. The stability of the virus at different temperatures and relative humidity on smooth surfaces
were studied. The dried virus on smooth surfaces retained its viability for over 5 days at temperatures of 22–25◦C and relative
humidity of 40–50%, that is, typical air-conditioned environments. However, virus viability was rapidly lost (>3 log10) at higher
temperatures and higher relative humidity (e.g., 38◦C, and relative humidity of >95%). The better stability of SARS coronavirus at
low temperature and low humidity environment may facilitate its transmission in community in subtropical area (such as Hong
Kong) during the spring and in air-conditioned environments. It may also explain why some Asian countries in tropical area
(such as Malaysia, Indonesia or Thailand) with high temperature and high relative humidity environment did not have major
community outbreaks of SARS.

1. Introduction

Severe acute respiratory syndrome (SARS), was a new
emerging disease associated with severe pneumonia and
spread to involve over 30 countries in 5 continents in
2003. A novel coronavirus was identified as its cause [1–3].
SARS had a dramatic impact on health care services and
economies of affected countries, and the overall mortality
rate was estimated to be 9%, but rising to 50% in those aged
60 or above [4]. A notable feature of this disease was its
predilection for transmission in the health care setting and
to close family and social contacts. The disease is presumed
to be spread by droplets, close direct or indirect contact, but
the relative importance of these routes of transmission is
presently unclear. A study showed that viral aerosol genera-
tion by a patient with SARS was possible and therefore air-
borne droplet transmission was a possible means of trans-
mission [5]. However, the role of fomites and environmental
contamination in transmission of infection is presently still
unclear. An outbreak of disease affecting over 300 residents
in high-rise apartment block (Amoy Gardens) in Hong Kong
could not be explained by respiratory droplet transmission

from infected patients [6]. Infectious virus is detectable in
the faeces [7], and aerosolization of virus in contaminated
faeces is believed to be the mode of transmission of this
outbreak [8].

We and others have reported that infectivity of SARS CoV
(SARS coronavirus) was lost after heating at 56◦C for 15
minutes but that it was stable for at least 2 days following
drying on plastic. It was completely inactivated by common
fixatives used in laboratory [9, 10]. Another study showed
that it was inactivated by ultraviolet light, alkaline (pH> 12),
or acidic (pH< 3) conditions [11]. Human coronaviruses
have been shown to survive in PBS or culture medium with
5–10% FCS for several days [12–14] but they only survive
a few hours after drying [13, 14]. There have been some
studies reporting an association between the SARS outbreak,
metrological factors, and air pollution [15–17]. Thus, infor-
mation on the survival of the SARS coronavirus (SCoV)
in the environment at different temperature and humidity
conditions is of significant interest to understanding virus
transmission. A recent study using surrogate coronaviruses
(transmissible gastroenteritis virus (TGEV) and mouse
hepatitis virus (MHC)) has investigated the effect of air
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Table 1: WHO SARS report—based on data as of the 31st December 2003.

Areas Total Medan age Deaths Case fatality Ratio (%) No. of imported Cases (%) No. of HCW (%) First case Last case

China 5327 NKn 349 7 NA 1002 (19) Nov-02 Jun-03
Hong Kong 1755 40 299 17 NA 386 (22) Feb-03 May-03
Taiwan 346 42 37 11 21 (6) 68 (20) Feb-03 Jun-03
Singapore 238 35 33 14 8 (3) 97 (41) Feb-03 May-03
Viet Nam 63 43 5 8 1 (2) 36 (57) Feb-03 Apr-03
Indonesia 2 56 0 0 2 (100) 0 (0) Apr-03 Apr-03
Malaysia 5 30 2 40 5 (100) 0 (0) Mar-03 Apr-03
Thailand 9 42 2 22 9 (100) 1 (11) Mar-03 May-03
Philippines 14 41 2 14 7 (50) 4 (29) Feb-03 May-03

Total 8096 774 9.6 142 1706 (21)

temperature and relative humidity on coronavirus survival
on surface [18]. The survival effects of these environmental
factors on SARS coronavirus remain unclear. In the present
study, we report the stability of the SARS coronavirus at dif-
ferent temperatures and relative humidity.

2. Material and Methods

2.1. Virus Strain and Cell Line. The SARS CoV strain used in
this study is HKU39849. Foetal monkey kidney cells (FRhK-
4) were cultured in minimal essential medium (MEM, Gibco,
USA) with 10% foetal calf serum and penicillin streptomycin
(Gibco, USA) at 37◦C in 5% CO2 and were used for growing
stock virus and for titration of viral infectivity [1, 2].

2.2. Preparation of Stock Virus. Stock virus was harvested
when infection approximately 75% of the cell monolayer
of a virus infected flask manifested cytopathic effect (CPE).
Infected cells were subjected to one cycle of freeze and thaw
centrifuged at 2000 rpm for 20 minutes to remove cell debris
and the culture supernatant was aliquoted and stored at
−80◦C until use.

2.3. Determination of Tissue Culture Infectious Dose (50%)
(TCID50). 96-well microtitre plates containing 100 µL of
confluent FRhK-4 were infected with 100 µL of serial 10-
fold of dilutions of stock virus in minimal essential medium
with 1% FCS (maintenance medium) starting from 10−1 to
108. Titrations were done in quadruplicate. Infected cells
were incubated for 4 days at 37◦C. Appearance of CPE was
recorded daily. TCID50 was determined according to Reed
and the Muench method [19].

2.4. Effect of Drying, Heat, and Relative Humidity. Ten
microlitre of maintenance medium containing 107 TCID50

per mL of virus was placed in individual wells of a 24-
well plastic plates and allowed to dry at room temperature
(22∼25◦C) and relative humidity of 40–50% (i.e., conditions
prevailing in a typical air-conditioned room). One hundred
microlitre of MM was used to resuspend the virus at 0 hr,
3 hr, 7 hr, 11 hr, 13 hr, 24 hr, and up to 4 weeks and the resi-
dual virus infectivity was titrated. Controls in closed screw

cap eppendorf tube were included each time and treated
similarly but without drying.

The experiment was repeated at different temperatures
(38◦C, 33◦C, 28◦C) and relative humidities (>95%, 80∼89%)
for 3 hr, 7 hr, 11 hr, 13 hr, and 24 hr. A nebulizer under a
controlled condition was used to generate high and relative
low humidity environment. All the experiments above were
conducted in duplicate and the residual viral infectivity was
titrated.

2.5. Infectivity Assay. The infectivity of residual virus was
titrated in quadruplicate on 96-well microtitre plates con-
taining 100 µL of confluent FRhK-4 cells. 100 µL of serial 10-
fold of dilutions of virus in maintenance medium starting
from 10−1 to 108 was added into FRhK-4 cells. The infected
cells were incubated at 37◦C for 4 days. Appearance of CPE
was recorded daily. TCID50 was determined according to the
Reed and Muench method [19].

3. Results

Ten microlitre of 107 TCID50 per mL of virus was placed
in individual wells of a 24-well plastic plate (representing
a nonporous surface) and dried. The dried virus was then
incubated at different temperatures (38◦C, 33◦C, 28◦C) at
different relative humidity (>95%, 80∼89%) for 3 hr, 7 hr,
11 hr, 13 hr, and 24 hr and the residual viral infectivity
was titrated. A similar experiment was conducted at room
temperature and relative humidity of about 40–50% (air-
conditioned room) for up to 4 weeks. Virus dried on plastic
retained viability for up to 5 days at 22∼25◦C at relative hum-
idity of 40∼50% with only 1 log10 loss of titre (Figure 1).
After that virus infectivity is gradually lost ever time. Loss
of virus infectivity in solution was generally similar to dried
virus under these environmental conditions. This indicates
that SARS CoV is a stable virus that may potentially be
transmitted by indirect contact or fomites, especially in air-
conditioned environments.

High relative humidity (>95%) at comparatively low
temperature (28◦C and 33◦C) did not affect the virus infecti-
vity significantly (Figure 2(a)). High temperature (38◦C) at
80–90% relative humidity led to a 0.25∼2 log10 loss of titre at
24 hr (Figure 2(b)). However, if the dried virus was stored at
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Figure 1: Residual virus infectivity at 22–25◦C with relative humi-
dity 40–50% (starting titre 105/10 µL) and at 33◦C or 38◦C with re-
lative humidity >95%.

high temperature (38◦C) and high relative humidity (>95%),
there was a further ∼1.5 log loss of titre for each time point
up to 24 hr (0.38∼3.38 log10) when compared with high
temperature (38◦C) at a lower relative humidity 80–90%
(Figures 3(a)–3(c)).

4. Discussion

Viruses do not replicate outside living cell but infectious
virus may persist on contaminated environmental surfaces
and the duration of persistence of viable virus is affected
markedly by temperature and humidity. Contaminated
surfaces are known to be significant vectors in the transmis-
sion of infections in the hospital setting as well as the com-
munity. The role of fomites in the transmission of RSV
has been clearly demonstrated [20]. Survival of viruses on
a variety of fomites has been studied for influenza viruses,
paramyxoviruses, poxviruses, and retroviruses [21]. The hu-
man coronavirus associated with the common cold was
reported to remain viable only for 3 hours on environmental
surfaces after drying, although it remains viable for many
days in liquid suspension [13]. Parainfluenza and RSV
viruses were viable after drying on surfaces for 2 and 6 hours,
respectively [20, 22]. In aerosolised form, human corona-
virus 229E is generally less stable in high humidity [12]. The
environmental stability of SCoV was previously unknown
and this information is clearly important for understanding
the mechanisms of transmission of this virus in a hospital
and community setting.

In the present study, we have demonstrated that SARS
CoV can survive at least two weeks after drying at temper-
ature and humidity conditions found in an air-conditioned
environment. The virus is stable for 3 weeks at room tem-
perature in a liquid environment but it is easily killed by
heat at 56◦C for 15 minutes [9]. This indicates that SARS
CoV is a stable virus that may potentially be transmitted by
indirect contact or fomites. These results may indicate that

contaminated surfaces may play a major role in transmission
of infection in the hospital and the community.

Our studies indicate that SCoV is relatively more stable
than the human coronaviruses 229E or OC43 and some other
viral respiratory pathogens such as respiratory syncytial
virus. These findings suggest that, while direct droplet
transmission is an important route of transmission [23],
the role of fomites and environmental contamination in
virus transmission may play a significant role in virus
transmission. In particular, fomites may contribute to the
continued transmission of infection in the nosocomial
setting that continues to occur in spite of the great attention
and stringent precautions taken to prevent droplet spread.
In addition to droplet precautions, reenforcing contact
precautions and hand washing is called for.

Faecal contamination of SCoV coronavirus may thus
be an effective route of transmission of the disease. The
outbreak in Amoy Garden in Hong Kong which affected over
300 residents in a single-apartment block with thought to
have been transmitted by contaminated sewage. The stability
of the virus on environmental surfaces and its presence
in faeces indicates the potential that fecal contamination
of fresh-food production may pose a threat for virus
transmission; especially in countries with poor sanitation
and sewage disposal systems and that studies to address this
possibility are needed.

In this study, we showed that high temperature at high
relative humidity has a synergistic effect on inactivation
of SARS CoV viability while lower temperatures and low
humidity support prolonged survival of virus on contami-
nated surfaces. The environmental conditions of countries
such as Malaysia, Indonesia, and Thailand are thus not
conducive to the prolonged survival of the virus. In countries
such as Singapore and Hong Kong where there is a inten-
sive use of air-conditioning, transmission largely occurred
in well-air-conditioned environments such as hospitals or
hotels. Further, a separate study has shown that during the
epidemic, the risk of increased daily incidence of SARS was
18.18-fold higher in days with a lower air temperature than
in days with a higher temperature in Hong Kong [24] and
other regions [15–17]. Taken together, these observations
may explain why some Asian countries in tropical area (with
high temperature at high relative humidity) such as Malaysia,
Indonesia, and Thailand did not have nosocomial outbreaks
of SARS (Tables 1 and 2(a)–2(c)). It may also explain why
Singapore, which is also in tropical area (Table 2(d)), had
most of its SARS outbreaks in hospitals (air-conditioned
environment). Interestingly, during the outbreak of SARS in
Guangzhou, clinicians kept the windows of patient rooms
open and well ventilated and these may well have reduced
virus survival and this reduced nosocomial transmission.
SARS CoV can retain its infectivity up to 2 weeks at
low temperature and low humidity environment, which
might facilitate the virus transmission in community as in
Hong Kong which locates in subtropical area (Table 2(e)).
Other environmental factors including wind velocity, daily
sunlight, and air pressure, had shown to be associated
with SARS epidemic, should also be considered [16, 17].
The dynamics of SARS epidemic involves multiple factors
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Figure 2: Infectivity of SARS Coronavirus (105/10 µL) to different temperatures at (a) >95% relative humidity, (b) >80–89%.
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Figure 3: Infectivity of SARS Coronavirus (starting titre 105/10 µL) at different relative humidity at (a) 38◦C, (b) 33◦C, and (c) 28◦C.
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Table 2: A summary of the meteorological data of 2005 in average weather conditions∗.

Month Average sunlight (hours)
Temperature

Discomfort from heat and humidity
Relative humidity

Min Max am pm
(a) Kuala Lumpur, Malaysia

Jan 6 22 32 High 97 60
Feb 7 22 33 High 97 60
March 7 23 33 High 97 58
April 6 23 33 High 97 63
May 6 23 33 High 97 66
June 7 22 33 High 96 63
July 7 23 32 High 95 63
Aug 6 23 32 High 96 62
Sept 6 23 32 High 96 64
Oct 5 23 32 High 96 65
Nov 5 23 32 High 97 66
Dec 5 22 32 High 97 61

(b) Jakarta, Indonesia
Jan 5 23 29 High 95 75
Feb 5 23 29 High 95 75
March 6 23 30 High 94 73
April 7 24 31 High 94 71
May 7 24 31 High 94 69
June 7 23 31 High 93 67
July 7 23 31 High 92 64
Aug 8 23 31 High 90 61
Sept 8 23 31 High 90 62
Oct 7 23 31 High 90 64
Nov 6 23 30 High 92 68
Dec 5 23 29 High 92 71

(c) Bangkok, Thailand
Jan 9 20 32 High 91 53
Feb 8 22 33 High 92 55
March 9 24 34 High 92 56
April 8 25 35 Extreme 90 58
May 8 25 34 Extreme 91 64
June 6 24 33 Extreme 90 67
July 5 24 32 High 91 66
Aug 5 24 32 High 92 66
Sept 5 24 32 High 94 70
Oct 6 24 31 High 93 70
Nov 8 22 31 High 92 65
Dec 9 20 31 High 91 56

(d) Singapore
Jan 5 23 30 High 82 78
Feb 7 23 31 High 77 71
March 6 24 31 High 76 70
April 6 24 31 High 77 74
May 6 24 32 Extreme 79 73
June 6 24 31 High 79 73
July 6 24 31 High 79 72
Aug 6 24 31 High 78 72
Sept 5 24 31 High 79 72
Oct 5 23 31 High 78 72
Nov 5 23 31 High 79 75
Dec 4 23 31 High 82 78
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Table 2: Continued.

Month Average sunlight (hours)
Temperature

Discomfort from heat and humidity
Relative humidity

Min Max am pm
(e) Hong Kong

Jan 5 13 18 — 77 66
Feb 4 13 17 — 82 73
March 3 16 19 — 84 74
April 4 19 24 Medium 87 77
May 5 23 28 Medium 87 78
June 5 26 29 High 86 77
July 8 26 31 High 87 77
Aug 6 26 31 High 87 77
Sept 6 25 29 High 83 72
Oct 7 23 27 Medium 75 63
Nov 7 18 23 Moderate 73 60
Dec 6 15 20 — 74 63
∗

Data is available at BBC weather website (http://www.bbc.co.uk/weather/world/city guides/results).

including physical property of virus, outdoor and indoor
environments, hygiene, space, and genetic predispositions
[10, 15–17, 24, 25]. Understanding the stability of viruses in
different temperature and humidity conditions is important
in understanding transmission of novel infectious agent in-
cluding that of the recent influenza Apandemic H1N12009.
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Persistence of the 2009 Pandemic Influenza A (H1N1) Virus on N95 Respirators

A. D. Coulliette, K. A. Perry, [...], and J. A. Noble-Wang

ABSTRACT
In the United States, the 2009 pandemic influenza A (H1N1) virus (pH1N1) infected almost 20% of the population and caused >200,000

hospitalizations and >10,000 deaths from April 2009 to April 2010. On 24 April 2009, the CDC posted interim guidance on infection control measures

in health care settings explicitly for pH1N1 and recommended using filtering face respirators (FFRs) when in close contact with a suspected- or

confirmed-to-be-infected individual, particularly when performing aerosol-generating procedures. The persistence and infectivity of pH1N1 were

evaluated on FFRs, specifically N95 respirators, under various conditions of absolute humidity (AH) (4.1 × 10  mPa, 6.5 × 10  mPa, and 14.6 × 10

mPa), sample matrices (2% fetal bovine serum [FBS], 5 mg/ml mucin, and viral medium), and times (4, 12, 24, 48, 72, and 144 h). pH1N1 was

distributed onto N95 coupons (3.8 to 4.2 cm ) and extracted by a vortex-centrifugation-filtration process, and the ability of the remaining virus to

replicate was quantified using an enzyme-linked immunosorbent assay (ELISA) to determine the log  concentration of the infectious virus per coupon.

Overall, pH1N1 remained infectious for 6 days, with an approximately 1-log  loss of virus concentrations over this time period. Time and AH both

affected virus survival. We found significantly higher (P ≤ 0.01) reductions in virus concentrations at time points beyond 24 to 72 h (−0.52-log

reduction) and 144 h (−0.74) at AHs of 6.5 × 10  mPa (−0.53) and 14.6 × 10  mPa (−0.47). This research supports discarding respirators after close

contact with a person with suspected or confirmed influenza infection due to the virus's demonstrated ability to persist and remain infectious.

INTRODUCTION
The 2009 H1N1 pandemic influenza A (H1N1) virus (pH1N1) outbreak affected >214 countries and caused at least 18,449 deaths worldwide (WHO, 6

August 2010). The estimated impact, as extrapolated from laboratory-confirmed hospitalizations in the United States from April 2009 to April 2010,

was 60.8 million cases (range, 43.3 to 89.3 million), 274,304 hospitalizations (range, 195,086 to 402,719), and 12,469 deaths (range, 8,868 to 18,306)

(1). The current Centers for Disease Control and Prevention (CDC) Prevention Strategies for Seasonal Influenza in Healthcare Settings: Guidelines

and Recommendations states that face masks are a sufficient form of personal protective equipment (PPE) for hospital staff, associated workers,

patients, and visitors when a person is suspected or known to be infected (3). During the pandemic, the first CDC interim guidance statement was

posted on 24 April 2009 regarding infection control measures in health care settings specifically for pH1N1. Filtering facepiece respirators (FFRs) (i.e.,

N95) were recommended (in addition to standard precautions) in this guidance document as a conservative measure to protect health care personnel

when patients are in isolation, particularly during aerosol-generating procedures, and for those in close contact with patients with suspected or

confirmed pH1N1 infections (2, 4).

The number of N95 FFRs used during the 2009 pandemic period is unclear, and supply shortages were acknowledged in the CDC 2009 H1N1

Influenza Interim Guidance document (2). A study by the Institute of Medicine stated that 90 million respirators would be needed for a 42-day

influenza pandemic (5). Meanwhile, Murray et al. (6) found that facial protective equipment (e.g., masks, respirators, and disposable eyewear) use

more than doubled in the Vancouver Coastal Health service region during the 2009 pandemic. Specifically for respirators, the rate of use during the

pandemic was 51% higher than the historical baseline; to estimate the supplies needed in the event of a pandemic, the authors suggested a 1:1 ratio of

respirators to masks in acute care facilities where aerosol-generating medical procedures are performed (6). The numbers of FFRs used during

influenza virus outbreaks are daunting due to the protocols (i.e., “donning and doffing” for every room), while minimal direct evidence on the

exclusion of influenza A virus during FFR use and survival after deposition remains elusive.

N95s provide 99.5% filtration efficiency for particles >0.75 µm and ≥95% for particles between 0.1 to 0.3 µm (7). Influenza A virus is approximately

120 nm in diameter (8). Thus, with a proper seal, N95s deliver protection from infectious particles ranging from large droplets (>100 µm) to inhalable

droplets (10 to 100 µm) and to nuclear aerosols (<10 µm) (9, 10). However, the main transmission route of influenza virus infection continues to be a

topic of debate (9–12). Some contend that airborne transmission via small-particle aerosols is a feasible pathway that has not been given the appropriate

attention (10, 11), while others cite evidence for close contact and large droplets as the cause of influenza infection (9, 12). Fomite transmission,

particularly within the hospital setting, is another area for which data are limited. Regardless of deposition and transmission routes, knowledge about

the survival and persistence of influenza A virus on the exterior of the facepiece is needed because of the repeated donning and doffing of FFRs and

subsequent hand hygiene considerations.

Influenza A virus is an enveloped virus, and its lipid bilayer is a main determinant of survival, as viruses with higher lipid contents persist better under

lower-humidity conditions (13). Research regarding influenza virus survival on surfaces has mostly focused on stainless steel (14–16). For the study of

survival and interactions on respirators, MS2 coliphage, a single-stranded RNA [ss(+)RNA] virus that infects Escherichia coli, has been used as the
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surrogate (17–19). Previous studies provided insight into mostly older strains of influenza A virus, such as A/Brazil/11/78-like (16) and A/PR/8/34

(20), various materials (pajamas, tissue, soft toys, surgical masks, and hospital gowns) (16, 21), and a single absolute humidity (AH) (16, 20, 21). We

used a robust design to evaluate the persistence and infectivity, as defined by the ability to infect tissue culture, of the pH1N1 virus deposited on N95

FFR materials under different conditions of AH, tested in various sample matrices (component of the sample besides pH1N1, such as mucus), and

measured at time periods up to 6 days.

MATERIALS AND METHODS
The study evaluated the survival and infectivity of the pH1N1 virus within three matrices: viral medium (Dulbecco's modified Eagle medium

[DMEM]) (Gibco, Grand Island, NY), 2% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA), and 5 mg/ml mucin (MP Biomedicals,

Soloni, OH) on coupons of N95 respirators (model no. 8210; 3M, St. Paul, MN). We studied survival under AH conditions of 4.1 × 10  mPa (18°C and

20% relative humidity [RH]), 6.5 × 10  mPa (25°C and 20% RH), and 14.6 × 10  mPa (21°C and 58.5% RH) for 0, 4, 12, 24, 48, 72, and 144 h time

points. The experiments were performed three times for all conditions, with the exception of the 144-h time point at the 4.1 × 10  mPa AH, which was

performed twice. All sample sizes were 9, with the following exceptions: FBS, 4.1 × 10  mPa for 12 h (n = 6) and 144 h (n = 3); viral medium, 14.6 ×

10  mPa for 24 h (n = 8) and 144 h (n = 6); mucin, 4.1 × 10  mPa for 12 to 72 h (n = 6); mucin, 6.5 × 10  mPa for 72 and 144 h (n = 6); and mucin,

14.6 × 10  mPa for 24 and 48 h (n = 8).

Experiment parameters. (i) Influenza pH1N1 virus and propagation. Influenza virus A/California/04/2009 H1N1 (influenza virus A [H1N1] pdm; CDC

identification no. 2009712047; lot no. 08/13/2009) was obtained from the Influenza Division, CDC, and propagated in Madin-Darby canine kidney

(MDCK) cells as described by Szretter et al. (22). The method is briefly detailed here. Confluent MDCK cells were washed twice with room

temperature phosphate-buffered saline (PBS) (Gibco, Grand Island, NY) and once with complete DMEM (cDMEM)–7.5% bovine serum albumin

(BSA) (Fisher, Fair Lawn, NJ). The virus, thawed in cool water, was diluted to obtain a multiplicity of infection (ratio of influenza virus to MDCK

cells) of 1:100 with viral growth medium (diethyl maleate [DEM], 7.5% BSA), 2% penicillin-streptomycin (stock concentration, 10,000 units/ml

penicillin G sodium and 10,000 µg/ml streptomycin sulfate) (Life Technologies, Carlsbad, CA), HEPES buffer (Gibco, Grand Island, NY), and

tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (ThermoScientific, Rockford, IL). One milliliter of the diluted virus suspension

was added to the MDCK cell monolayer. The suspension was rotated to thoroughly cover the entire monolayer and was incubated at 37°C for 45 min.

Viral growth medium (20 ml) was added to the monolayer, and the flask (75 cm ) was not harvested until cytopathic effects (CPE) were detected in

75% of the monolayer. The monolayer supernatant was centrifuged for 15 min at 300 × g, and the supernatant was then divided into cryovials and

stored at −80°C until the experiment. In an effort to prepare sufficient pH1N1 for the entire experiment, several flasks were prepared to propagate the

virus at the same time. Once all the flasks showed the proper percentages of CPE, the virus was isolated from all the flasks and combined into one large

population, and a stock concentration was rendered, averaging a 4.3 × 10  tissue culture infectious dose of 50% (TCID ) per ml. Infectious pH1N1

was quantified as TCID , which refers to the number of pH1N1 that produced CPE in 50% of the cells inoculated.

(ii) Test matrices. Viral medium, 2% FBS, and mucin (5 mg/ml) were used as the test matrices. Viral medium (detailed above) was used as a control

matrix, while 2% FBS and mucin were proxies for sputum and mucus-like material generated during sneezing and coughing. The stock matrices of 4%

FBS and mucin (10 mg/ml) were prepared and stored at −20°C, which were later combined during the experiment with equal volumes of virus

suspension to achieve the desired 2% FBS and 5-mg/ml mucin concentrations. Viral medium was stored at 4°C until the experiment and also was

combined with equal volumes of the virus suspension for the experiments.

(iii) N95 respirator coupons. The 3M model no. 8210 N95 was chosen for evaluation because that respirator was listed in the Strategic National Stockpile

(CDC, Atlanta, GA), approved for infection control in health care settings, and readily available. Additional details regarding the respirator can be

found in a report by Fisher et al. (23). Circular coupons (3.8 to 4.2 cm ) were punched from N95 respirators using a grommet and hammer, placed in

six-well plates with the exterior of the mask facing upwards for the outer shell to be exposed (Costar, Corning, NY), and UV sterilized for ≥15 min

prior to the experiment.

(iv) Absolute humidity. AH was defined by Shaman and Kohn as the “actual water vapor content of air irrespective of temperature” (24). This parameter

reflects the relationship between percent relative humidity (% RH) and temperature, both of which are documented to influence the survival of

influenza virus (24). Absolute humidity (AH) was calculated from measured temperature (°C) and % RH conditions. The vapor pressure (VP) of water

used in the measurement for AH was VPw = % RH × ([SVP/100]%), where VPw is the vapor pressure of water vapor, % RH is percent relative

humidity, and SVP is the saturated vapor pressure (in mPa), defined as SVP = (6.11 × 10  mPa) × e , where T is the temperature in degrees

Celsius. The three AH conditions as measured via vapor pressure (VP), 4.1 × 10  mPa (18°C and 20% RH), 6.5 × 10  mPa (25°C and 20% RH), and

14.6 × 10  mPa (21°C and 58.5% RH), were maintained within an environmental chamber (model no. 6030; Caron, Marietta, OH) that was monitored

with a temperature- and % RH-traceable sensor (Control Company, Friendswood, TX). The temperature (°C) and % RH were checked at least twice a

day during the experimental time periods to ensure that the correct predetermined AH was attained within the environmental chamber.
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(v) Time points. Previous research on the survival of influenza A virus when suspended in viral medium on porous surfaces showed compelling

reductions in viable viruses within approximately 24 to 48 h (16, 20). We studied additional time points within this 24- to 48-h period (4, 12, and 24 h)

and also extended testing to 72 h. In our initial experiments, 72 h was the final time point at which we measured survival, similar to the procedure

followed by Bean et al. (16). However, testing at 144 h (6 days) was added after the first two experiments at 4.1 × 10  mPa VP AH to detect if complete

die-off occurred. In summary, triplicate coupons were processed for each VP value, matrix, and time point (0, 4, 12, 24, 48, 72, and 144 h), with the

exception of the 144-h time point for the first two experiments at 4.1 × 10  mPa.

Sample processing. (i) Cell culture. MDCK cells (CCL-3; ATCC, Manassas, VA) were maintained in tissue culture flasks (Corning, Corning, NY) until

passage 90, at which time new cells were started. A modified procedure, as described by Szretter et al., was followed (22). The flasks (150 cm ) were

seeded with 4 × 10  to 2.0 × 10  cells per ml, and cultures were grown to approximately 90 to 95% confluence under a 5% CO  atmosphere at 37°C for

24 to 72 h. The medium for cell growth consisted of DMEM, containing fetal bovine serum (10% for growth and 2% for maintenance) and 2%

penicillin-streptomycin.

(ii) N95 respirator and pH1N1 processing. The UV-sterilized N95 respirator coupons and required sterilized supplies (forceps, cell spreaders, pipettes,

pipette tips, etc.) were placed in a biosafety cabinet, in addition to the H1N1 stock inoculum and sample matrices (viral medium, 2% FBS, and 5 mg/ml

mucin). The virus and sample matrices were prepared in equal parts and mixed. The virus-matrix suspension was inoculated (100 µl) onto individual

respirator coupons in triplicate for each time point (see Fig. 1). The inoculated coupons dried in the biosafety cabinet for 1 h.

Fig 1

Experimental design and photographs of the procedure for inoculating pH1N1 virus onto N95 respirators, where pH1N1 in the sample matrix was

inoculated onto the exterior layer of three N95 coupons (a) and spread evenly for homogenous distribution and to ...

Once the virus dried on the coupon, the inoculated coupon was placed inside a 15-ml conical tube (BD Falcon, Franklin Lakes, NJ) and 5 ml of 2%

BSA–1× PBS (pH 8.5) was added. To separate pH1N1 from cell debris, the sample was vortexed for 20 min and centrifuged for 5 min at 3,000 × g to

pellet the cell debris. To further purify the sample, the supernatant was removed and filtered through a premoistened (2% BSA–1× PBS) 0.22-µm

syringe filter (Fisherbrand, Pittsburgh, PA; Millex-GS, Billerica, MA) into 1.5-ml Safe-Lock tubes (Eppendorf, Hauppauge, NY). The samples were

labeled and stored at −80°C until processing.

(iii) ELISA. MDCK cells at approximately 95% confluence were washed with 1× PBS, separated from the flask using trypsin-EDTA, concentrated by

centrifugation at 500 × g for 10 min, and resuspended in viral medium (as described above). The sample (150 µl) underwent a 1:3 dilution (50 µl) in

96-well plates (Costar, Corning, NY) with 100 µl of viral culture medium (DMEM–1% BSA), for a total of 10 dilutions. MDCK cells (100 µl) were

then pipetted into each well in the 96-well plates with the diluted samples. The plates were incubated under a 5% CO  atmosphere at 37°C overnight.

The range of detection for the experiments was 1.44 × 10  to 3.40 × 10  TCID  per ml.

Using a BioTek ELx405 Select CW plate washer (BioTek Instruments, Winooski, VT), the plates were rinsed with 1× PBS. Manually, 80% acetone–1×

PBS (cold) was added to every well and incubated for 8 min at room temperature. The acetone mixture was removed and the plates dried for 20 min.

The BioTek plate washer was used for the remainder of the wash steps during immunostaining. Mouse anti-influenza A virus monoclonal antibody

(Millipore, Temecula, CA) diluted 1:1,000 in 1× PBS–Tween 20–1% BSA was added (100 µl) to each well, incubated for an hour, and washed three

times with 1× PBS–Tween 20 (200 µl). The secondary antibody, peroxidase-labeled affinity-purified goat anti-mouse IgG (KPL, Gaithersburg, MD),

diluted 1:1,000 in 1× PBS–Tween 20–1% BSA, was then added to each well (100 µl), incubated at room temperature for 1 h, and washed three times

with 1× PBS–Tween 20 (200 µl). A substrate development solution consisting of phosphate-citrate buffer with sodium (Sigma-Aldrich, St. Louis, MO),

o-phenylenediamine dihydrochloride (ODP) tablets (10 mg) (Sigma-Aldrich, St. Louis, MO), and hydrogen peroxide (Sigma-Aldrich, St. Louis, MO)

was added to each well and incubated at room temperature for 10 min, followed by the addition of 33 µl of sulfuric acid (1 N). The samples in the 96-

well plates were read by a Synergy II plate reader (BioTek Instruments) with the Gen5 (v1.11 and 2.00) program set for reading a 96-well full plate at

490 nm absorbance. Data output was transferred to Microsoft Excel v14 (Redmond, WA) and the TCID  for each sample was calculated using the

method of Reed and Muench (25).

(iv) Data analysis. Microsoft Excel v14 (Redmond, WA) was used for data formatting, log  transformation, and averaging, while IBM SPSS v19

(Somers, NY) was used for descriptive statistics (median, mean, minimum, and maximum) and the box plot graphic. The virus concentration for each

coupon was log  transformed. The triplicate coupons for each time point were averaged, and the log  change was calculated by subtracting the log

virus per coupon from the sample's respective time zero log  per coupon. The log  change relative to the zero time point was used for statistical
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analysis.

SAS v9.2 (Cary, NC) was used to create general linear models that assessed the potential relationships between the mean log  change of virus

concentration and the three independent parameters under study: viral medium, absolute humidity, and die-off time. For these analyses, the data points

were used individually and not averaged. Maximum likelihood estimates (MLEs) and standard errors were analyzed to determine the statistical

differences within the levels of each parameter (i.e., sample matrix, absolute humidity, and time points). To account for the correlation of the mean

log  differences due to clustering of replicates over time, the method of generalized estimating equations (GEE) with a compound symmetrical

correlation structure was implemented. GEE parameter estimates and robust empirical standard errors were obtained using a P value of 0.01 as the

significance level for staying in the model.

RESULTS
The average starting inoculum was 4.3 × 10  pH1N1 TCID  per ml (n = 27), or 4.3 × 10  pH1N1 TCID  per coupon (100 µl), and the average

recovery concentration was 1 × 10  pH1N1 TCID  per ml, or 1 × 10  pH1N1 TCID  per coupon, at time zero after 1 h of drying. The loss in recovery

is attributed to desiccation and/or attachment to the N95 coupon. The infectivity of pH1N1 TCID  per coupon is represented by its respective log

concentration in Fig. 2. The overall trend shows a decrease in infectivity over the 6 days for each matrix and AH. For pH1N1 in viral medium, the

recovered median log  per coupon concentration started at 1.80, 2.40, and 1.20 for 4.1 × 10  mPa, 6.5 × 10  mPa, and 14.6 × 10  mPa, respectively,

and decreased to 0.00, 0.94, and 0.16, respectively, at the 144-h endpoint. In FBS (2%), the recovered TCID  log  per coupon concentrations started

at 1.36, 1.49, and 1.35 for 4.1 × 10  mPa, 6.5 × 10  mPa, and 14.6 × 10  mPa, respectively, and decreased to 0.00, 0.77, and 0.42, respectively, at the

144-h endpoint. In mucin (5 mg/ml), the recovered concentrations started at 1.04, 2.12, and 2.28 for 4.1 × 10  mPa, 6.5 × 10  mPa, and 14.6 × 10  mPa,

respectively, and decreased to 0.16, 0.16, and 0.72, respectively, by the 144-h endpoint (except for the 4.1 × 10  mPa condition, where the last time

point included was 72 h).

Fig 2

The pH1N1 virus TCID  log  concentration per coupon over time (6 days) for different matrices and absolute humidity (AH) levels, where the

horizontal line in the middle mark of each bar represents the median, the top and bottom of the bars represent ...

For each time point, the log  change, compared to the zero time point, similarly illustrates a reduction in infectivity over time (Table 1). The range of

the log  change (lowest to highest) for 4.1 × 10  mPa was 0.01 to −1.33, −0.06 to −0.56, and −0.13 to −0.59 for viral medium, FBS, and mucin,

respectively. The range of the log  change for 6.5 × 10  mPa was −0.85 to −1.34, 0.00 to −1.40, and −0.70 to −1.72 for viral medium, FBS, and mucin,

respectively. The range of the log  change for 14.6 × 10  mPa was 0.07 to −0.97, −0.14 to −1.10, and −0.77 to −1.99 for viral medium, FBS, and

mucin, respectively.

Table 1

Mean TCID  log  change per coupon of the infectivity of pH1N1 virus on N95 coupons in relation to time zero for each matrix and absolute

humidity (VP in mPa) over time

The MLE univariate analysis revealed significant differences within each of the parameter groups in regard to the log  change of pH1N1 influenza A

virus (Table 2). The higher VP AHs, 14.6 × 10  mPa (P < 0.01) and 6.5 × 10  mPa (P < 0.0001), resulted in significantly greater pH1N1 log

reductions relative to the reference VP AH of 4.1 × 10  mPa. This translates into an overall model estimate of a −0.69- and −0.75-log  reduction for

14.6 × 10  mPa and 6.5 × 10  mPa, respectively, when AH is evaluated alone regarding pH1N1 survival on N95 (Table 2). pH1N1 had a significantly

larger reduction in viral medium (P < 0.0001), the reference matrix, than in FBS or mucin. However, the log  changes of pH1N1 in FBS (P = 0.08)

and mucin (P = 0.07) were not significantly different from one another. Reductions in pH1N1 infectivity at the tested time points significantly

increased from the reference point of 4 h, with the exception of the 12-h time point (P = 0.31), where the significance levels were as follows: 24 h, P <

0.01; 48 h, P < 0.01; 72 h, P < 0.01; and 144 h, P < 0.0001. This means that there was subsequently greater loss in survival over time, where the log

reductions at 4 h, 48 h, and 144 h (6 days) estimated by the model were −0.35, −0.71, and −0.97, respectively (Table 2, where the intercept was added

with MLE for the individual parameter).
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Table 2

Maximum likelihood estimates univariate analysis of the infectivity of pH1N1 virus on N95 coupons

The GEE multivariate analysis data, shown in Table 3, demonstrated the overall log  change of pH1N1 for each parameter when the data were

simultaneously modeled, taking into account the potential correlations between the triplicate experimental runs. The parameters that had a significant

impact on the TCID  log  change of pH1N1 under the given conditions were the VP AHs of 14.6 × 10  mPa (P < 0.01) and 6.5 × 10  mPa (P < 0.01),

as well as the time periods of 144 h (P < 0.01) and 24 to 72 h (P < 0.01). The GEE model illustrates that the log  reduction of pH1N1 of −0.53 and

−0.47 was attributed to the 6.5 × 10  mPa and 14.6 × 10  mPa VP AH values, respectively, while the log  reduction of −0.74 and −0.52 might be

credited to the 144-h and 24- to 72-h time periods (Table 3, where the intercept was added with GEE for the individual parameter). The matrices (viral

medium, FBS, and mucin) did not have a significant impact on the survival of pH1N1.

Table 3

Generalized estimated equation analysis of the infectivity of pH1N1 on N95 coupons

DISCUSSION
Overall, pH1N1 (A/California/04/2009) remained infectious for 6 days with an approximately 1-log  loss when deposited onto coupons of N95

respirators under the given conditions. While AH impacted survival in our experiments, the GEE multivariate analysis of factors suggested that the

main component affecting survival at 6 days was elapsed time, which contributed to an overall −0.74 TCID  log  reduction. Although the

concentration of influenza virus that is potentially transferred from a respirator to hands and fingers is unknown, understanding that influenza virus

might remain infectious for 6 days on the exterior side of a respirator (i.e., there might be a risk for transmission) is vital for health care personnel,

patients, and visitors. Health care personnel who are in constant contact with confirmed or suspected cases of influenza should dispose of their

respirators prior to leaving a patient's room.

There are three papers that have been published specifically on the persistence of the influenza virus on respirators or porous surfaces. Bean et al.

researched the survival of an A/Brazil/11/78 (H1N1)-like virus on pajamas, tissues, magazines, and handkerchiefs (16). Greatorex et al. examined the

survival of A/Cambridge/AHO4/2009 (H1N1) virus on various household materials, including the porous surfaces of a J Cloth, silver-containing cloth,

and a soft toy (21). Sakaguchi et al. studied the survival of A/PR/8/34 (H1N1) virus on N95 respirators (Hi-Luck 350), surgical masks, and hospital

gowns (20). Bean et al. and Sakaguchi et al. used cell cultures to measure infectivity with an approximate AH of 14.6 × 10  mPa (16, 20), while

Greatorex et al. set AH conditions around 5 × 10  mPa (21). All three studies came to a similar conclusion that influenza A viruses show reductions in

infectivity within 24 to 48 h. An additional study examined the persistence of various influenza A viruses on bank notes and found that influenza virus

A/Moscow/10/99 (H3N2) remained infectious for up to 3 days and had increased survival in respiratory secretions (26).

The results from this study conflict with those of Bean et al. (16) and Sakaguchi et al. (20), which used A/Brazil/11/78 (H1N1)-like and A/PR/8/34

(H1N1) viruses, respectively. The two studies can be compared with our study in terms of influenza virus survival within viral medium at ∼14.6 × 10

mPa (27.8°C to 28.3°C and 35% to 40% RH [16] and 25.2°C and 55% RH [20]). A 3-log  reduction in A/PR/8/34 infectivity was observed after 24 h

on N95 respirators (20), while A/Brazil/11/78 (H1N1)-like was undetectable (∼3-log  loss) within 8 to 12 h on porous surfaces (16). We studied the

pH1N1 A/California/04/2009 virus and found only an overall 0.43-log  reduction at 24 h and a 0.97-log  reduction after 6 days at the 14.6 × 10  mPa

VP AH (Table 1). A main component of persistence and infectivity is the interaction between the viral envelope and AH, as viruses with greater lipid

content persist better under lower humidity conditions (13). Viral mutations and reassortments in the year-to-year strains provide the virus with new

survival capabilities. While all three studies used cell culture infectivity methods and the three strains are all descendants of the 1918 pandemic virus,

the pH1N1 virus is a reassortment of the North American swine (H3N2 and H1N2) and Eurasian H1N1 viruses (27, 28). This reassortment might be

responsible for the greater persistence of pH1N1 virus than the A/Brazil/11/78 (H1N1)-like and A/PR/8/34 (H1N1) viruses under the given conditions.

The unusual constellation of genes from multiple lineages (28) was a factor in its greater persistence due to the new unevaluated structural components.

As discussed previously, AH significantly impacts the survival of aerosolized influenza virus (24, 29). Besides the present study, only one other study

evaluated the survival of H1N1 on respirators (20). As noted previously, Sakaguchi et al. found a marked loss of infectivity at only 24 to 48 h, and

although this might largely reflect differences in the HIN1 strains, the only conditions they studied consisted of a relatively high AH of ∼14.6 × 10
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mPa (25.2°C and 55% RH) (20). We evaluated three different AHs and found that log  reductions were significantly higher under both the 6.5 × 10

mPa (P < 0.01) and 14.6 × 10  mPa (P < 0.0001) conditions than under the lowest condition of 4.1 × 10  mPa (Table 2). The multivariate GEE

analysis, where all parameters are simultaneously evaluated, further confirms the important role of increased AH in overall decreased pH1N1 survival (

Table 3). Humidity is controlled in health care facilities, and the Ventilation Standard for Health Care Facilities lists the recommended humidity levels

for a variety of health care spaces (i.e., trauma room and wound intensive care), ranging from 30 to 60% for relative humidity and 20 to 24°C for

temperature (30). This equates to an absolute humidity as measured by vapor pressure at approximately 7 × 10  mPa to 18.3 × 10  mPa, of which this

study examined two conditions (4.1 × 10  mPa and 6.5 × 10  mPa) at the lower end and one condition (14.6 × 10  mPa) at the higher end of the scale.

Hence, our study approximated AH levels typically present in many health care settings. Extra caution, however, should be taken in U.S. temperate

regions during the wintertime to properly adjust the humidity settings to stay within this approved range.

Because influenza is dispersed via small or large respiratory droplets, mucus and saliva are the most likely matrices by which the virus is deposited on

surfaces. Mucus and saliva mainly consist of water, with mucous glycoproteins, free proteins, and other electrolytes as the remaining constituents (37,

38). The substrates we used to suspend the virus were meant to simulate key constituents of phlegm or saliva and did not appear to have an important

impact on the overall persistence of pH1N1, as determined by the GEE analysis. This suggests that similar precautions for preventing fomite

transmission of influenza virus should be taken regardless of the presence or absence of visible respiratory secretions. The Strategic National Stockpile

contained a variety of National Institute of Occupational Safety and Health (NIOSH)-approved particulate N95 respirators (3M, Moldex, Moldex-

Metrix, Kimberly Clark, and Gerson) that were authorized for release for emergency use during the 2009 H1N1 pandemic (31). The CDC's Interim

Guidance on Infection Control Measures for 2009 H1N1 Influenza in Healthcare Settings, Including Protection of Healthcare Personnel recommended

the use of a fit-tested N95 respirator (NIOSH-approved) for health care personnel who are within 6 feet of a patient or within a small enclosed airspace

with a suspected or confirmed H1N1 patient (2). The 3M N95 respirator meets the 95% efficiency level and N series tests with NaCl, hence the name

N95, and is comprised of three layers. The details of the layers are proprietary; however, the electrostatically charged polypropylene fibers play an

important role in protecting the user from viruses. There are publications citing potential disinfection methods for contaminated respirators (32–35) that

maintain their integrity (36), although decontamination of disposable FFRs for the purpose of reuse has not been recommended by the CDC.

The pH1N1 pandemic stressed the health care and public health infrastructures with challenges, such as how to effectively disseminate vaccines and

respirators in a rapid manner to health care personnel and facilities. Although heroic efforts were put forth in addressing these challenges, it is fortunate

that the 2009 H1N1 strain was a less-virulent strain than was initially anticipated. Particulate respirators (i.e., N95s) were incorporated into the CDC's

Interim Guidance on Infection Control Measures for 2009 H1N1 Influenza in Healthcare Settings, Including Protection of Healthcare Personnel as a

cautionary approach during the pandemic (2). However, as the pandemic progressed and supplies were exhausted, questions about the persistence of

influenza on porous media and respirators were posed due to a desire to increase respirator supply through extended wear and reuse. This research

supports discarding respirators after close contact with a person having a suspected or confirmed influenza infection due to the virus's demonstrated

ability to persist for 6 days on the outer side of the FFR with only an approximate 1-log  loss in infectivity. While this study examined the impact of

AH on pH1N1 on the exterior of FFRs, it is worth noting that a person's respiration and water vapor on the inner side of the respirator might also play a

role in its persistence and infectivity. The starting concentration of influenza on respirators, the transmission rate from fomites to hands, and the human

infectious dose remain unclear. Further research is needed to determine the risk of transmission from influenza-contaminated respirators.
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This study investigated the effect of high flow conditions on
aerosol penetration and the relationship between penetration
at constant and cyclic flow conditions. National Institute
for Occupational Safety and Health (NIOSH)-approved N95
and P100 filtering facepiece respirators and cartridges were
challenged with inert solid and oil aerosols. A combination of
monodisperse aerosol and size-specific aerosol measurement
equipment allowed count-based penetration measurement of
particles with nominal diameters ranging from 0.02 to 2.9µm.
Three constant flow conditions (85, 270, and 360 L/min) were
selected to match the minute, inhalation mean, and inhalation
peak flows of the four cyclic flow conditions (40, 85, 115,
and 135 L/min) tested. As expected, penetration was found to
increase under increased constant and cyclic flow conditions.
The most penetrating particle size (MPPS) generally ranged
from 0.05 to 0.2 µm for P100 filters and was approximately
0.05 µm for N95 filters. Although penetration increased at
the high flow conditions, the MPPS was relatively unaffected
by flow. Of the constant flows tested, the flows equivalent
to cyclic inhalation mean and peak flows best approximated
the penetration measurements of the corresponding cyclic
flows.

Keywords constant flow, cyclic flow, filter, high volumetric flow,
particulate penetration, respirator

Address correspondence to Jonathan P. Eshbaugh, BattelleMemo-
rial Institute, AMSRD-ECB-RT-PR-E5604 5183 Blackhawk Rd.,
Aberdeen Proving Ground, MD 21010-5424; e-mail: eshbaughj@
battelle.org.

INTRODUCTION

Respirators are widely used to provide protection against
particulate respiratory hazards encountered by emer-

gency responders, health care workers, and many others.
The National Institute for Occupational Safety and Health
(NIOSH) certifies respirator filters to ensure they provide a
minimum level of protection against harmful aerosols in the
workplace. The NIOSH performance requirements used to
certify particulate respirator filters are provided by Title 42

Code of Federal Regulations Part 84.(1) Particulate hazards
exist in many different sizes and shapes with different physical
and chemical properties. The certification requirements are
designed to provide a measure of filter performance during
a worst-case or severe condition. In a less severe environment,
such as the workplace, filters are expected to perform at or
better than their certification level.
Particle penetration is dependent on several parameters,

including face velocity (based on flow rate and available
surface area); aerosol particle size; and several filter parameters
including thickness, fiber diameter, and fiber packing density.
Because individual filter parameters are not evaluated in
certification tests, flow and particle size are important variables
to consider. Previous studies have shown that an increase in
flow or face velocity leads to an increase in penetration.(2–6)
The most important particle size in a worst-case test condition
is the most penetrating particle size (MPPS). The MPPS
generally occurs between 0.05 and 0.5 µm depending on the
filter properties and face velocity.(7)
NIOSH particulate filter certification tests use photometers

to measure light scattering of the challenge aerosol. The light
scatter provides an indication of the aerosol mass penetration
in order to verify the filtration efficiency. N-series filters are
challenged with a sodium chloride (NaCl) aerosol, whereas
R- and P-series filters are challenged with a dioctyl phthalate
(DOP) aerosol. Both NaCl and DOP aerosols are charge
neutralized and have a count median diameter (CMD) of
0.075 ± 0.02 µm and 0.185 ± 0.02 µm, respectively. The
filters are challenged at a constant flow rate of 85 L/min, or
half that (42.5 L/min) if the respirator uses a pair of filters.
Also, filters are loaded with a minimum 200 mg of aerosol.(1)
The capability of the constant 85 L/min airflow NIOSH

test condition to replicate extreme real world conditions has
been the center of much debate. In a study by Blackie et al.,(8)
ventilation rates at work intensities ranging from moderate
to exhaustive were measured. Average exhaustive (maximum)
ventilation rates as high as 114 L/min were recorded. Other
studies measured similar high ventilation rates.(9–11) Measure-
ments of physiological parameters of workers have shown

52 Journal of Occupational and Environmental Hygiene January 2009

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ity

 o
f T

en
ne

ss
ee

 A
t M

ar
tin

] a
t 0

5:
16

 0
7 

O
ct

ob
er

 2
01

4 



instantaneous peak flow rates in the 300 to 400 L/min range for
certain activities that demand high work loads.(12) Fortunately,
high ventilation rates and, thus, high peak flows are likely
only for a short duration at exhaustive workloads and are
unlikely during normal workplace activities.(12) Nonetheless,
the studies exemplify upper ventilation limits and peak flows
that are above the current constant 85 L/min test flow.
The relationship between filtration performance at cyclic

and constant flows has been assessed only in a limited number
of studies. The most relevant, Stafford et al.,(13) measured
the penetration of monodisperse polystyrene latex spheres
(PSL) (0.176 to 2.02 µm) and DOP (0.3 µm) aerosols through
Dust Mist (DM) and Dust Mist Fume (DMF) respirator filter
cartridges at three cyclic flows with mean flow rates of 30, 35,
and 53 L/min. These flowswere selected to correspond towork
rates of 415, 622, and 830 kg-m/min, respectively. Tests were
also conducted at a constant flow rate of 16 L/min (equivalent
to 32 L/min through a pair of cartridges). Results showed
that the maximum penetration was considerably higher than
corresponding steady-flow values based on minute volume,
suggesting that tests conducted under steady-flow conditions
may not accurately indicate performance under comparable
cyclic-flow conditions.
Brosseau et al.(14) compared the collection of silica and

asbestos aerosols by DM respirators under breathing and
constant flows. The cyclic flow was sinusoidal with a minute
flow of 37 L/min, a mean flow of 76 L/min, a peak flow
of 100 L/min, and represented a work rate of 622 kg-
m/min. The constant flow rate was 32 L/min. In general,
the silica penetration under cyclic flow conditions was about
one and a half times as great as that measured under steady-
flow conditions. The asbestos results were inconclusive as
exhalation valve leakage confounded the results. However, a
straightforward relationship between constant and cyclic flow
was not demonstrated in either study.
The inhalation breathing rate at rest resembles a sinusoidal

flow curve.(15) As the breathing rate is increased during
moderate to heavy work, the inhalation flow resembles a
more trapezoidal flow curve.(15) For the sake of simplicity,
in this study a sinusoidal flow curve was used to simulate all
cyclic breathing rates. A sinusoidal flow curve can be simply
described by the minute, mean, or peak flow. The minute
volume (Minute) flow is the total air inhaled over a minute.
During that minute, breaths are inhaled and exhaled.
Since in a sinusoidal flow curve inhalation and exhalation

take equal time, inhalation only occurs half the time. The
average flow rate during the inhalation portion or mean
inhalation flow (MIF) is approximately twice the Minute flow
rate. At an 85 L/min Minute flow rate the MIF is about 175
L/min. The inhalation cycle also has a peak flow rate or peak
inhalation flow (PIF). In a breathing rate approximated with
a sinusoidal curve, the PIF is π times the minute volume
flow rate or approximately 270 L/min for an 85 L/min minute
volume flow rate. The Minute, MIF, and PIF offer a simple
description of a cyclic sinusoidal flow in terms of constant
flow.

Many studies(2−6) have assessed the effect of flow rate
and particle size on the measured aerosol penetration through
particulate respirator filters. However, no studies have assessed
the effect of high volumetric flow rates thatmay be encountered
during heavy work. Only a few studies assessed filtration
performance above 85 L/min and none above 100 L/min
constant flow. Furthermore, few studies assessed aerosol
filtration performance under cyclic flow conditions and none
under high cyclic flow conditions.
The goal of this study was to evaluate the effect of high

volumetric flow conditions on the filtration efficiency of select
NIOSH-approved N95 and P100 particulate respirators. The
effect of flow on the MPPS was evaluated at the high flow
conditions. Furthermore, the relationship between the constant
and cyclic flow performance was investigated. The constant
flow (equivalent to the cyclic Minute, MIF, or PIF flow)
penetration that best approximated the cyclic flow penetration
was determined. This study was completed as part of a
larger investigation into filtration efficiency against biological
aerosols.(16)

METHODS AND MATERIALS

Test Materials and Conditions
The filters, summarized in Table I, included two N95

filtering facepieces, two P100 filtering facepieces, two N95
cartridges, and two P100 cartridges. The two P100 filtering
facepieces used in the study had exhalation valves. The
valves were not sealed during testing. The filters were not
preconditioned prior to testing (i.e., tested as-received). The
environmental conditions during testing were maintained
at ambient temperature (25 ± 3◦C) and relative humidity
(40 ± 10%).
Eight particle sizes were tested with nominal diameters

of 0.02, 0.05, 0.1, 0.2, 0.3, 0.7, 1.3, and 2.9 µm. Solid
aerosols (i.e, NaCl and PSL) were used with the N95 filters
and oil aerosols (i.e., Emery 3004 and DOP) were used
with the P100 filters. Challenge concentration varied greatly

TABLE I. Cartridges and Filtering Facepieces

Filter
Type Rating Model Manufacturer

Cartridge N95 Flexi-Filter MSA (Pittsburgh, PA)
N95 7506 North Safety Products

(Cranston, RI)
P100 HE-T SEA (Branford, CT)
P100 1050 Survivair (Santa Ana, CA)

Facepiece N95 1730 Louis M. Gerson, Co., Inc.
(Middleboro, MA)

N95 Affinity Plus MSA (Pittsburgh, PA)
P100 8293 3M (St. Paul, MN)
P100 2360 Moldex-Metric, Inc.

(Culver City, CA)
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TABLE II. Cyclic Flows Used for Testing with the
Aerosol Challenges

Breathing Tidal Minute
Rate Volume Volume PIFA MIFB
(breaths/min) (L) (L/min) (L/min) (L/min)

25 1.6 40 130 85C
37 2.3 85 270C 175
42 2.7 115 360C 230
44 3.1 135 430 270C

APeak inspiratory flow rate assuming ideal sinusoidal waveform.
BMean inspiratory flow rate assuming ideal sinusoidal waveform.
CSelected for constant flow testing.

between particle sizes and generally ranged from 102 to
104 particles/cm3. Although the larger particles commonly
had lower concentrations, the sample times were adjusted to
ensure the measurement sensitivity was adequate to measure
efficiencies of at least 99.97%.
Tests were performed at four constant and three cyclic flow

conditions. The cyclic flow conditions with corresponding
Minute, MIF, and PIF are summarized in Table II. The
flows were chosen to represent a moderate ventilation rate
(40 L/min), minute volume equivalent to the NIOSH standard
(85 L/min), an exhaustive ventilation rate (115 L/min), and
one standard deviation above the exhaustive ventilation rate
(135 L/min). These cyclic flow ventilation choices are dis-
cussed in more detail by Caretti et al.(12) The selected constant
flows (85, 270, and 360 L/min) match aspects of the cyclic
flows. For example, the 85 L/min constant flow matches the
minute volume and MIF of the 37 breaths/min—2.3 L tidal
volume and 25 breaths/min—1.6 L tidal volume cyclic flow
rates, respectively.
All cartridges, except the SEA P100, were obtained from

dual-cartridge respirators and thus tested at half of the tidal
volume or constant flow rate stated. The SEA P100 cartridge
was tested at half the flow rate stated to maintain the same
test flow condition for all cartridges. Tests were not performed
with the filtering facepieces at the highest cyclic flow condition
for submicrometer particles because the test apparatus was
not able to generate a stable challenge concentration high
enough to accurately measure penetrations at the 5 or 0.03%
NIOSHcriterion level forN95 andP100particulate respirators,
respectively.

Test Apparatus
The large range of particles tested required the use of

two test systems. A modified model 3160 Automated Filter
Tester (TSI, Shoreview,Minn.)was used for the submicrometer
aerosols (<0.5 µm). A separate custom test system was
used for the micrometer aerosols (>0.5 µm). A complete
description of both test apparatus can be found in Richardson
et al.(16)

Submicrometer Test Apparatus
The model 3160 is a commercially available filter tester

capable of challenging filters with a monodisperse (geometric
standard deviation (GSD) <1.3) DOP or NaCl challenge
aerosol to measure filtration efficiency. The main components
of the 3160 are an electrostatic classifier and two condensation
particle counters. Several modifications were made to the
3160 to permit efficiency measurements over the entire range
of cyclic and high flow conditions. Additional high-efficiency
particulate air (HEPA) filters were added to the dilution air
inlet. A 1.5 hp vacuum pump (Gast Manufacturing Inc.,
Benton, Mich.) was added for testing at constant flows in
excess of 150 L/min.
For cyclic flow testing, a breathing machine (FENZY,

Villers-Cotterets, France) was connected with a check valve
such that the exhaled air was exhausted into the room after
being filtered. Test filters were housed in a Lucite chamber
measuring 22 × 18 × 10 cm sealed between the model
3160 filter chucks. The challenge aerosol entered the chamber
through a 7.5-cm hole on top. The filtering facepieces were
placed over a similar sized hole in the bottom of the chamber
and sealed using an adhesive. Threaded fittings weremachined
to mate with the cartridges.

Micrometer Test Apparatus
The micrometer test system (Figure 1) was custom built

in-house and consisted of an exposure chamber, breathing
machine (or vacuum pump), aerosol generator, and aerosol
sampling/classification system. The chamber was a sealed
Lucite enclosure approximately 75 × 75 × 60 cm. A filter
holder was mounted on the bottom of the chamber. The design
of the filter holder was specific to the filter being tested. For the
filtering facepieces, the holder consisted of a cone with a flat
plate at the top. The filtering facepiece was sealed to the flat
plate using rope caulk adhesive. For the cartridges, threaded
fittings were machined. The filter holder was mounted to a 2.5-
cmODstainless steel bulkhead fitting (Swagelok, Solon,Ohio)
that passed through the bottomof the chamber and connected to
the breathing machine (or vacuum pump) with large diameter
(∼2.5 cm OD) flexible tubing.
The breathing apparatus, either a breathing machine (same

as used in the submicrometer apparatus) or vacuum pump
(vacuum blower manufactured in-house), allowed for the
adjustment of the tidal volume, breathing rate, and flow rate.
The test system was also set up such that the test filter (i.e.,
cartridge or filtering facepiece) was bypassed during system
startup to minimize aerosol loading.
The micrometer aerosol generator was challenge specific

and consisted of either a 6- or 24-jet Collison nebulizer (BGI
Inc., Waltham, Mass.). The challenges were PSL particles
(Duke ScientificCorp., PaloAlto, Calif.) suspended in distilled
water and a poly-alpha olefin oil aerosol (Emery 3004). PSL
was used for N95 filters in lieu of NaCl because of ease of
use, and Emery 3004 was used for P100 filters instead of DOP
for safety reasons. A 24-jet Collison was used to aerosolize the
2.9µmPSL, and a 6-jet Collisonwas used to aerosolize the 0.7
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FIGURE 1. Micrometer test system schematic

and1.3µmPSLaswell as 0.7–2.9µmEmery3004oil.Aerosol
exiting the nebulizer was mixed with filtered house air before
passing through a neutralizer (model 3012; TSI). Additional
make-up air, needed for higher filter test flow rates, was pulled
through two HEPA filters located on top of the chamber.
The chamber contained mixing fans to ensure a well-

mixed challenge atmosphere. Chamber pressure wasmeasured
using a magnehelic pressure gauge (Dwyer Instruments Inc.,
Michigan City, Ind.). Excess challenge was vented through
HEPA filters and exhausted into the room. An aerodynamic
particle sizer (APS, model 3321; TSI) and diluter (model
3302A, TSI) were used to measure the size-specific challenge
and downstream aerosol concentrations.

Test Procedure
Submicrometer Procedure
Prior to testing, the dilution ratio on the upstream conden-

sation particle counter (CPC) in the model 3160 was verified
at a specific particle size and flow condition. This was done
without a test filter to ensure no sampling bias between the up-
and downstream samples (i.e.,measured penetrationwas 100%
indicating agreement between the up- and downstream CPCs).
With the dilution ratio set, the cartridge or filtering facepiece
was mounted in the Lucite chamber and the chamber sealed to
the model 3160. The vacuum pump or breathing machine was
connected to the test system and set to the proper conditions.
The model 3160 was programmed to measure efficiencies
sequentially at the submicrometer particle sizes from small to
large. The model 3160 was started and automatically stepped
through the particle sizes and measured the efficiencies. When
complete, the vacuum pump or breathingmachinewas stopped
and the filter removed from the test system and discarded.

Micrometer Procedure
The filter was mounted to the test fixture. The test chamber

was sealed and the breathing or vacuum pump, as appropriate,
was started. The challenge generation system was started

and permitted to operate for 10 to 20 min depending on
the flow condition to allow the aerosol to reach a steady-
state concentration. During this time, the cartridge or filtering
facepiece was bypassed to minimize filter loading. When
steady-state was reached, the valves were adjusted such that
flowwaspulled through the test filter.A sample of the challenge
aerosol was collected with the APS for 2 min.
Next, the sampling linewas switched to sample downstream

of the filter, and adequate time was given for the instrument
to stabilize. The downstream sample duration was varied to
provide adequate time to permit efficiency measurements of
at least 99.97% based on the challenge concentration. For the
N95 filters, the sample duration was 5 min when testing 0.7
and 1.3 µm particles and 15 min when testing with the 2.9
µm particles. The longer sample duration was needed with
the 2.9 µm PSL particles because the challenge concentration
was lower. The P100 filters required 15 min of downstream
sampling when testing with the 0.7, 1.3, and 2.9 µm oil
challenge particles.
After sampling downstream was complete, the sample line

was switched to the upstream and a second 2-min sample of
the challenge concentration was collected. If the two challenge
samples (i.e., before and after downstream sampling) were
not within 20% of each other, the test was repeated, as
the challenge aerosolwasnot stable.After the challenge sample
was collected, the aerosol generation system was stopped and
the chamber flushed with clean air. The filter was removed
from the test system and discarded.

Calculation of Aerosol Penetration
The percent aerosol penetration (P) was defined as the

ratio of the downstream aerosol concentration (CDown) to the
challenge aerosol concentration (CChal):

P(%) = CDown
CChal

× 100 (1)
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Alternatively, the filtration efficiency (η) was defined as:

η(%) = 100− P =
!
1− CDown

CChal

"
× 100 (2)

The concentrations were the average number concentrations
measured by the aerosol sensing instrument (i.e., APS orCPC).
On the custom system, the challenge concentration was the
average of the challenge measurements made before and after
the downstream sample period.

Statistical Analyses
Statistical analyseswere performed to assess the correlation

of penetration, particle size, and flow. Because the filters
were extremely efficient against the largest particle size tested
(2.9 µm), resulting in many penetration measurements below
the detection limit, the 2.9 µm data were not included in the
analysis of variance (ANOVA).Also, because somefilterswere
not tested at all cyclic flows, only constant flow was used in
the ANOVA. All percent penetration data were converted to
fractional penetration, inverted, and log transformed (base 10)
for the ANOVA. A full, three-factor ANOVA model was used
to determine the effect of high constant flow, particle size, and
filter on penetration.
The three ANOVA factors were (1) constant flow, (2)

particle size, (3) filter, and their interactions. An F-test was
performed to test the hypothesis that the penetrationsmeasured
at all conditions were equal. Tukey’s multiple comparison
procedure was used to determine which penetration conditions
differed using a 5% overall error rate. For all analyses,
statistical significance was accepted at the p < 0.05 level.
Simple regression plotswere prepared to compare the cyclic

flow penetration with the constant flow penetration equivalent
to the cyclicMinute,MIF, andPIF. The regression plots contain
all appropriate untransformed data regardless of particle size
and filter type. No regression line was calculated, since no
variable (constant or cyclic) was considered dependent or
independent and free of error. Perfect agreement between the
constant and cyclic flows is indicated by a one-to-one line.
In addition to regression plots, Bland Altman (B-A)

plots(17,18) were created to compare constant and cyclic pene-
tration measurements. Two particle sizes were selected for the
comparison (0.05 and 1.3 µm). All filter data (N95 and P100)
for the two particle sizes were used in the comparison. The
0.05 µm data were selected as a representative of the MPPS,
and the 1.3 µm data were selected as the largest particle size
tested with most penetration data within the detection limit.
All percent penetration data were converted to fractional

penetration, inverted, and log transformed (base 10) for the B-
A analysis. The analysis was set up to compare the penetration
measurements at a cyclic flow to penetration measurements
at a constant flow equivalent to the cyclic Minute, MIF, or
PIF flow. At least one data pair of a cyclic penetration and the
penetration of aMinute,MIF, and PIF equivalent constant flow
existed for each filter. The difference between the constant and
cyclic penetration means along with the average of the means
was calculated for each constant-cyclic pair.

The difference of the means and the averages were plotted
on the y-axis and x-axis, respectively. The overall mean of
the differences was indicated by a blue line in the plots. As the
differences between constant and cyclic penetration decreased,
the blue line approached zero. A blue line at zero would signify
perfect agreement between constant and cyclic penetration.
The B-A analysis method included the calculation of the upper
limit of agreement (ULOA) and a lower limit of agreement
(LLOA) (consistent with a 95% confidence interval of the
measurement differences), which were included as red lines
in the plots.

RESULTS

The particle size with the highest mean penetration for
each filter/flow condition was selected as the MPPS. The

N95 and P100 MPPS and the MPPS mean penetration are
summarized in Tables III and IV, respectively. Because only a
discrete number of particle sizes were tested, the actual MPPS
may be slightly above or below the particle size selected. As
seen in the tables, the MPPS penetration increased with flow.
The full, three-factor ANOVA revealed all factors (constant

flow, particle size, and filter), and all factor interactions
significantly affected penetration. It should be noted that the
penetration data were not normal, even though it was log
transformed. A normality plot illustrated that the deviation
occurred at the extreme upper and lower penetrations. This was
expected since the penetration measurements have an upper
and lower (100 and 0.0001%) measurement limit. Tukey’s
multiple comparison procedure confirmed all three constant
flows were significantly different, most filters were signif-
icantly different, and most particle sizes were significantly
different. Only two sets of filters and two sets of particle
penetrations were not found to be significantly different
(MSA N95 Facepiece/Gerson N95 Facepiece and Gerson
N95 Facepiece/North N95 Cartridge, 0.02 µm / 0.3 µm and
0.1 µm/0.05 µm).
Two filters were selected as examples to show penetration

as a function of size at 85 L/min constant flow and 85
L/min minute volume cyclic flow. The Gerson N95 filtering
facepiece and the Survivair P100 cartridge are displayed in
Figures 2A and 2B, respectively. The percent penetration,
standard deviation, and a line connecting the data points (for
illustrative purposes) are displayed in each figure. Both figures
provide a visual example of the filtration performance. Each
penetration curve contains amaximumpointwhere penetration
decreases when particle size is increased or decreased. Also,
note that the penetration of the 85 L/min minute volume cyclic
flow is greater than the penetration of the 85 L/min constant
flow.
Regression plots for the Minute, MIF, and PIF comparisons

are shown in Figures 3A, 3B, and 3C, respectively. As an
example, the penetrations measured at the 37 breaths/min –
2.3 L tidal volume cyclic flow and the 85 L/min constant flow
are plotted in the Minute comparison plot. Keeping with the
example, the penetration of a 0.05µmparticle (MPPSas shown
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TABLE III. N95 MPPS Percent Penetration

Test Condition

Constant Flow (L/min) Cyclic Flow (L/min)

Filter 85 270 360 40 85 115 135

NorthA
MPPS (µm) 0.05 0.05 0.05 0.05 0.05 0.05 0.05
x 8.8 17.1 20.8 7.0 12.2 17.3 18.8
σ 0.3 2.0 1.2 1.3 2.6 0.9 2.9

MSA Flexi-FilterA
MPPS (µm) 0.05 0.05 0.05 0.05 0.05 0.05 0.05
x 0.7 4.6 6.0 1.0 3.3 7.5 8.1
σ 0.2 1.2 2.8 0.2 1.2 2.6 2.4

MSA AffinityB
MPPS (µm) 0.05 0.05 0.05 0.05 0.05 0.05 —C

x 2.8 7.6 8.6 3.1 8.7 13.4 —
σ 0.5 2.2 1.9 0.3 1.7 0.7 —

GersonB
MPPS (µm) 0.05 0.05 0.1 0.05 0.05 0.05 —
x 4.2 9.7 8.6 7.9 14.4 16.4 —
σ 0.2 1.3 0.8 0.8 1.3 2.0 —

ACartridge filter. Filter tested at half the flow rate stated.
BFiltering facepiece. No outlet valve.
CTest not performed.

TABLE IV. P100 MPPS Percent Penetration

Test Condition

Constant Flow (L/min) Cyclic Flow (L/min)

Filter 85 270 360 40 85 115 135

SEA HE-TA
MPPS (µm) 0.2 0.2 0.1 0.2 0.2 0.2 0.2
x 0.0004 0.0120 0.0290 0.0003 0.0060 0.0080 0.0120
σ 0.0001 0.0009 0.0010 0.0000 0.0030 0.0040 0.0050

SurvivairA
MPPS (µm) 0.2 0.1 0.1 0.1 0.1 0.1 0.1
x 0.0080 0.0980 0.1600 0.0110 0.0480 0.0800 0.1200
σ 0.0010 0.0050 0.0970 0.0040 0.0010 0.0160 0.0180

3MB

MPPS (µm) 0.05 0.02 0.02 0.05 0.05 0.05 —C

x 0.010 0.220 0.540 0.028 0.300 0.470 —
σ 0.003 0.047 0.098 0.003 — 0.045 —

MoldexB
MPPS (µm) 0.05 0.05 0.05 0.05 0.05 — —
x 0.048 0.940 1.200 0.096 0.730 — —
σ 0.019 0.350 1.000 0.013 0.057 — —

ACartridge filter. Filter tested at half the stated flow rate.
BFiltering facepiece. Respirator tested with exhalation valve as-received.
CTest not performed.
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FIGURE 2. Penetration curves of (A) Gerson N95, and (B) Survivair P100 filters

in Table III) through a North filter cartridge (North Safety,
Cranston, R.I.) is represented by a point located at 12.2 on the
x-axis (cyclic flow) and 8.8 (constant flow) on the y-axis in
this plot. The regression plots illustrate a correlation between

FIGURE 3. Regression plots comparing cyclic and equivalent constant (A) minute, (B) MIF, and (C) PIF flows

the two flow types (as cyclic penetration increases equivalent
constant penetration increases). Also, for equivalent Minute
and MIF comparisons, most points are below the one-to-one
line, and for the equivalent PIF comparison, most points are
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FIGURE 4. 0.05 µm Bland Altman plots for (A) minute, (B) MIF, and (C) PIF measurement comparisons

on or above the one-to-one line. Thus, penetration tends to
be somewhat less at the MIF and slightly higher at the PIF
compared with the corresponding cyclic flow condition.
The 0.05 and 1.3 µm B-A plots are shown in Figures 4 and

5, respectively. Each figure contains a plot for theMinute,MIF,
and PIF comparison. As mentioned previously, only 0.05 and
1.3 µm data were used in the plots. The 0.05 µmB-A analysis
mean differences for the Minute, MIF, and PIF comparisons
were −0.81, −0.15, and 0.06, respectively. Similarly, the 1.3
µm B-A analysis mean differences for the Minute, MIF, and
PIF comparisons were −0.45, −0.23, and 0.03, respectively.
The mean differences can be uninverted and untransformed
to provide a factor that demonstrates the difference between
penetration measurement at constant and cyclic flows. The
0.05 µm data results in factors of 6.4, 1.4, and 0.9, and the
1.3µm data results in factors of 2.8, 1.7, and 0.9. For example,
the 0.05 µm cyclic penetration measured is approximately
6.4 times the constant penetration measured at the equivalent
minute volume.

DISCUSSION

This study focused on assessing the performance of
NIOSH-approved N95 and P100 filtering facepiece res-

pirators and cartridges against particles within the MPPS

range at high flow rates with an emphasis on comparing
constant and cyclic measured penetrations. Previous studies
had shown that an increase in face velocity at moderate flow
rates (<100 L/min) caused an increase in penetration.(2−6)
Diffusion, interception, and electrostatic attraction that become
less effective at an increased flow are the main filtration
mechanisms within the MPPS range.(7) As seen in the results,
penetration increasedwith increased flow rate. Even at the high
flow rates tested, diffusion, interception, electrostatic attraction
and, thus, penetration are affected by flow.
TheMPPS ranged from 0.02 to 0.2, as seen in Tables III and

IV. Although an increase in filtration face velocity decreases
the MPPS,(7) an actual decrease in MPPS was difficult to
observe at the discrete particle sizes tested.Adecrease inMPPS
was not seen in N95 filters but was observed in three of the
four P100 filters tested. The N95 filters all had an MPPS of
approximately 0.05 µm, consistent with literature,(6,19) at all
flows tested. Alternatively, the P100 cartridges had a larger
MPPS ranging from 0.1 to 0.2 µm. Several observations were
made to help explain the larger MPPS of the P100 cartridges.
The P100 cartridges contained pleated filter media made from
unchargedmechanical filtrationmedia. Pleatedmedia contains
a greater amount of filter surface area than the other filters.
Thus, when all filters are tested at the same flow, the pleated
filters have a much lower face velocity. As discussed in other
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FIGURE 5. 1.3 µm Bland Altman Plots for (A) minute, (B) MIF, and (C) PIF measurement comparisons

texts,(2,7) a decrease in face velocity will increase the diffusion
filtration efficiency, thus increasing filtration efficiency and the
MPPS. Also, the filtration material itself can make a difference
when considering MPPS. All the filter elements tested except
the P100 cartridges contained some type of electret media.
Previous studies have shown that the MPPS of electret filters
is smaller than that of mechanical filters.(2,6)
The B-A analysis treated the two flow conditions (constant

and cyclic) as measurement methods of the same parameter
(penetration) and compared the measurement differences.
The difference between the two methods should have been
close to zero if the two methods were similar. Although
there were only a few data points for each penetration
measurement comparison, the limited data were sufficient to
reveal differences between the measurement methods.(17,18)
For the 0.05 µm data, the PIF penetration measurement
(0.06 mean difference) best approximates the cyclic flow
penetration measurement, followed by the MIF (–0.15 mean
difference) and Minute (−0.81 mean difference) penetration
measurements.
Furthermore, the mean difference positive or negative value

represents a measured penetration greater than or less than that
of a cyclic penetration measurement, respectively. The MIF
and PIF mean difference magnitudes and signs suggest that
a true representation of the cyclic penetration measurement,

assuming a sinusoidal flow, is somewhere between the MIF
and PIF flow. Hence, a penetration measurement at 85 L/min
constant test flow actually simulates penetration measurement
at a cyclic flow with a minute volume between 30 and 40
L/min. This is consistent with previous research that has
shown constant flow equivalent to the MIF or Minute flow
results in a lower penetration than the corresponding cyclic
flow.(13,14)
Although the mean differences were not exactly the same,

the 0.05 and 1.3µmB-A comparisons provided similar results.
The PIF best approximated cyclic penetration, followed by the
MIF and minute flow. Furthermore, the factors by which the
constant and cyclic measured penetration varied were fairly
consistent between the 0.05 and 1.3µmsizes. This is of interest
considering the 0.05 µm particle penetration can be several
orders of magnitude above the 1.3 µm penetration.
It is also interesting because, assuming the flow causes

the penetrations to differ by some similar factor, as the
penetration approaches zero (usually with larger or smaller
particle sizes), the influence of flow has less of an effect on
penetration. For example, a small penetration of 0.001%would
be less affected than a larger penetration of 1% if both were
multiplied by the same factor (the difference in penetration
before and after the multiplication would be greater for the
larger penetration). Thus, when considering the difference in
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penetration between constant and cyclic flow or any flow, it
is best to look at the MPPS. The MPPS allows an easily
observable difference in penetration, while another particle
size with a smaller penetration will require more sensitive
measurement equipment.
The observations of the 0.05 and 1.3 µm results should

not be applied to all particle sizes. The constant-cyclic flow
relationship most likely holds true only with particles sized
within the MPPS range. Larger particles are filtered with
different mechanisms such as impaction and may not respond
the same to a change in flow type.
All N95 and P100 filters, except for the SEA P100 (Safety

Equipment America, Branford, Conn.), exceeded 5 or 0.03%
penetration on a count basis on at least one of the higher
flow conditions. However, these results should not be used
as an indication of performance during NIOSH certification
tests because different test apparatus and conditions were
used. Notably, NIOSH particulate filter efficiency measure-
ments are based on mass penetration and, thus, cannot be
directly compared to the count penetration performed in this
study.

CONCLUSION

The particle capture mechanisms in the MPPS range are
diffusion, interception, and electrostatic attraction. As

demonstrated in the results, the particle capture efficiency
decreased with an increase in flow rate. A large difference
in the MPPS at increased flows was not observed. However,
only a discrete range of particle sizes were tested. The MPPS
generally ranged from 0.05 to 0.2 µm for P100 filters and was
approximately 0.05 µm for N95 filters.
The MPPS penetration measurements under constant and

cyclic flow conditions were compared. Constant flows equiv-
alent to the cyclic MIF or PIF approximated the cyclic flow
penetration measurement more closely than the Minute flow.
The MIF penetration was slightly lower, whereas the PIF
penetration was slightly higher than the equivalent cyclic
penetration measurement. Although an aerosol penetration
test with a cyclic flow more closely simulates a real-world
breathing condition, a reasonable approximation of the cyclic
flow can be achieved by selecting an equivalent constant flow
rate within the range of the MIF and PIF.
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Commentary Considerations for Recommending Extended Use 
and Limited Reuse of Filtering Facepiece Respirators in Health 
Care Settings

Edward M. Fisher and Ronald E. Shaffer
National Personal Protective Technology Laboratory, National Institute for Occupational Safety 
and Health, Pittsburgh, Pennsylvania

Abstract
Public health organizations, such as the Centers for Disease Control and Prevention (CDC), are 
increasingly recommending the use of N95 filtering facepiece respirators (FFRs) in health care 
settings. For infection control purposes, the usual practice is to discard FFRs after close contact 
with a patient (“single use”). However, in some situations, such as during contact with 
tuberculosis patients, limited FFR reuse (i.e., repeated donning and doffing of the same FFR by 
the same person) is practiced. A related practice, extended use, involves wearing the same FFR for 
multiple patient encounters without doffing. Extended use and limited FFR reuse have been 
recommended during infectious disease outbreaks and pandemics to conserve FFR supplies. This 
commentary examines CDC recommendations related to FFR extended use and limited reuse and 
analyzes available data from the literature to provide a relative estimate of the risks of these 
practices compared to single use.

Analysis of the available data and the use of disease transmission models indicate that decisions 
regarding whether FFR extended use or reuse should be recommended should continue to be 
pathogen- and event-specific. Factors to be included in developing the recommendations are the 
potential for the pathogen to spread via contact transmission, the potential that the event could 
result in or is currently causing a FFR shortage, the protection provided by FFR use, human 
factors, potential for self-inoculation, the potential for secondary exposures, and government 
policies and regulations. While recent findings largely support the previous recommendations for 
extended use and limited reuse in certain situations, some new cautions and limitations should be 
considered before issuing recommendations in the future. In general, extended use of FFRs is 
preferred over limited FFR reuse. Limited FFR reuse would allow the user a brief respite from 
extended wear times, but increases the risk of self-inoculation and preliminary data from one study 
suggest that some FFR models may begin to lose effectiveness after multiple donnings.

Background
The Centers for Disease Control and Prevention (CDC)—including the National Institute for 
Occupational Safety and Health (NIOSH), as well as the Occupational Safety and Health 
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Administration (OSHA) and the Food and Drug Administration (FDA)—develop 
regulations and/or recommendations for the use of respiratory protection in health care 
settings, and each agency plays a different role which impacts the use of them in health care. 
CDC develops recommendations for the use of respirators to reduce the spread of disease in 
health care settings. NIOSH certifies respirators and develops recommendations on the use 
of respiratory protection in health care workplaces to protect workers. OSHA develops and 
enforces workplace regulations on respiratory protection. FDA clears the sale of certain 
types of respirators as medical devices.

The most commonly used type of respirator in health care settings are NIOSH certified N95 
filtering facepiece respirators (FFRs). These devices are disposable, tight-fitting air-
purifying respirators that have a filter efficiency of 95% or greater for a standard test 
aerosol.(1) FFRs are also used by workers in many industries to reduce the amount of 
harmful dusts and aerosols they inhale. Workers are expected to wear their FFR during all 
periods of exposure. However, there are times of non-exposure when workers need to 
remove their FFR (e.g., take a drink of water, use the restroom, or go on a rest break) or 
situations during use when their FFR must be replaced.

Employers have several options for FFR usage to handle these situations. During “single 
use,” users put on (“don”) a new FFR each time they need one and discard their used FFR 
each time they take it off (“doff”). Another option is commonly referred to as “FFR reuse.” 
Reuse involves donning and doffing the same FFR more than once until the FFR is 
discarded. Employers benefit from FFR reuse compared to single use by extending the 
lifetime of the FFR so that fewer need to be purchased. There is no specific restriction on the 
number of uses or donnings. Rather, historical guidance is focused on the length of time the 
FFR can be used and identifying situations when the FFR should be discarded. In general, 
NIOSH(2) specifies that the service life of all filters on NIOSH-approved respirators is 
limited by considerations of hygiene, damage, and breathing resistance and that any filter 
should be replaced if it becomes soiled, damaged, or causes noticeably increased breathing 
resistance. In workplaces that could produce high cumulative particulate filter loading (i.e., 
>200 mg), the service time for N95 FFRs should only be extended beyond 8 hr of use
(continuous or intermittent) by performing an evaluation that demonstrates that continued
use will not reduce the filter efficiency.

FFR Use in Health care
FFRs have been used in industrial settings such as construction, manufacturing, and mining 
since the 1970s. Starting in the 1990s, these devices found new applications in health care 
settings.(3) Initially, FFRs were recommended as the minimum level of protection to reduce 
exposure to infectious aerosols from patients with tuberculosis(4–7) Later, similar 
recommendations(8) were made for outbreaks and pandemics involving pathogens with 
potential for aerosol transmission.

FFR use in health care settings has unique challenges and risks. Unlike industrial settings, 
some models of NIOSH-certified FFRs (commonly called “surgical N95 respirators”) are 
also cleared for sale by the FDA as medical devices.(9) According to the FDA's 510(k) 
Premarket Notification Database, (10) the first clearance for a surgical N95 respirator 
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(product code = MSH) occurred in 1996, after FFRs were first recommended by CDC as the 
minimum level of protection for health care workers (HCWs) treating patients with 
tuberculosis(4) and NIOSH updated its certification requirements to create the N95 class of 
filters.(1) Most (22/31 = 71%) of the surgical N95 respirator models in the FDA database 
were cleared after 2005, which coincides with a period of increased interest in these types of 
products due to concerns about an infectious disease pandemic.

Because of the concerns that previously used FFRs may be contaminated with infectious 
material (i.e., act as a fomite), the factors that a health care employer considers in 
formulating FFR use policies (e.g., single vs. reuse) for its employees are also different from 
employers in industrial settings. Despite this concern, FFRs are reused under certain 
conditions in health care.(11) In the health care context, reuse is defined as a HCW donning 
the same FFR for a series of close patient contacts and doffing it at the end of each of the 
close patient contacts before it is discarded. Even when FFR reuse is practiced or 
recommended (discussed in the next section), restrictions are in place (e.g., discard when 
FFR is contaminated or damaged, becomes difficult to breathe through, and so on) which 
limits the number of times the same FFR is reused. Thus, FFR reuse is sometimes referred to 
as “limited FFR reuse.” Options for limited FFR reuse were provided when FFRs were first 
introduced as the minimum level of respiratory protection for HCWs in close contact with 
patients with tuberculosis.(4–6)

Another related FFR use practice, termed “extended use,” involves donning a FFR and 
wearing it for multiple patient encounters without doffing and redonning between patient 
visits. Thus, the same FFR is worn continuously (for up to several hours) across multiple 
patient encounters before it is doffed. This practice is only practical when bundled with the 
practice of cohorting, which involves locating patients with a common diagnosis in the same 
unit, ward, or zone. Extended use can be implemented separately from reuse (i.e., like single 
use, discard the FFR once it is doffed) or combined with reuse. Compared to single use and 
reuse, recommendations for extended use in health care are fairly recent. The first time 
extended use of FFRs was identified as an option was during the 2009 H1N1 pandemic.(12)

Both extended use and limited reuse of FFRs allow the employer to reduce its consumption 
of FFRs, prolonging existing supplies during a pandemic or respiratory pathogen outbreak or 
to save money and reduce waste during day-to-day operations (e.g., close contact with 
tuberculosis patients) by using fewer FFRs,(13) similar to the benefits found for industrial 
settings. This commentary examines recommendations related to extended use and limited 
reuse of FFRs in health care. Key scientific and policy issues are highlighted along with 
considerations for policy makers to weigh when making decisions on whether to recommend 
extended use and/or limited reuse of FFRs during routine health care situations and for 
public health emergencies involving respiratory pathogens that have the potential for aerosol 
transmission. Finally, key knowledge gaps are discussed to identify additional data needs 
that could enhance understanding of the risks for transmission of diseases associated with 
FFR extended use and limited reuse.
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Current and Past FFR Extended Use and Limited Reuse Recommendations
Table I summarizes past and current recommendations for extended use and limited reuse of 
FFRs. CDC recommendations were selected for this analysis because of their widespread 
recognition in health care. In 2007, CDC published general infection control guidance for 
isolation precautions, which included a list of all pathogens and medical procedures in 
which respiratory protection was recommended.(14) For certain pathogens affecting defined 
populations (e.g., TB) or infectious agents of special interest to health care (e.g., 
epidemiologically important organisms such as severe acute respiratory syndrome (SARS)] 
and influenza), CDC publishes detailed specialized infection control guidance. For this 
analysis, we selected all of the respiratory pathogens in which specialized infection control 
guidance was published as either interim or final recommendations and included the use of 
respiratory protection (N95 FFR or higher). This strategy provided a diversity of respiratory 
pathogens for analysis. These situations include two recent outbreaks/pandemics (2004 
SARS and 2009 H1N1 flu), two routine situations (TB and seasonal influenza), and two 
pathogens of concern (Avian Influenza A (H5N1) and Avian Influenza A (H7N9)).

Cost can be a consideration for adopting extended use and limited reuse practices as it was 
in adopting the recommendation to allow limited reuse of FFRs when working in close 
contact with TB patients. However, the CDC recommendations on limited reuse and 
extended use have primarily considered the specific pathogens involved and the specific 
characteristics of the event. The first key factor is whether contact transmission is possible 
for the pathogen. Contact transmission of pathogens occurs through direct or indirect contact 
with the patient or the patient's environment via blood or body fluids (e.g., respiratory 
secretions). For pathogens in which contact transmission (e.g., fomites) is not a concern, 
limited reuse of FFRs has been determined to be a viable option. For TB, the CDC maintains 
that “a respirator classified as disposable can be reused by the same HCW as long as it 
remains functional and is used in accordance with local infection control procedures.” (15)

Infection control guidelines for TB (14) recommend only airborne precautions; contact 
isolation precautions are only needed if extrapulmonary lesions are draining, which occurs 
rarely. Contact transmission of TB is thought to be highly unlikely.(16)

This contrasts with the recommendations for seasonal influenza where contact with 
contaminated surfaces and objects is considered a possible mode of transmission.(17) In 
situations where airborne precautions are recommended, and contact precautions are 
recommended or contact transmission is possible, the second key factor in the CDC 
recommendations is the likelihood of a localized shortage of the FFRs needed to protect 
HCWs during high-risk procedures. The use of FFRs for protection of HCWs during routine 
infectious disease procedures generally does not result in a FFR shortage, as evidenced by 
CDC's guidance to wear a FFR during aerosol generating procedures (AGPs) on patients 
diagnosed with seasonal influenza; this does not include an option for FFR extended use or 
reuse.(17)

CDC recommendations for Avian Influenza A (H7N9)(18) indicate that FFRs should be 
discarded after leaving the patient room or patient care area (i.e., “single use”). CDC 
recommendations for Avian Influenza A (H5N1)(19) do not specifically mention single use, 
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extended use, or limited reuse, but instead refer back to the general CDC infection control 
guidance(14) which specifies single use. These recommendations are consistent with the 
other four recommendations in Table I based on the potential for contact transmission of 
these pathogens and that FFR shortages are unlikely in the near-term.

However, during periods of high usage (e.g., public health emergencies such as an influenza 
pandemic(20) or widespread respiratory pathogen outbreak), supplies of FFRs can quickly 
become depleted because most hospitals maintain only a small inventory of FFRs. Not 
surprisingly, shortages were reported at the hospital level during both the 2004 SARS 
outbreak and the 2009 H1N1 influenza pandemic.(21–23) In a recent evaluation of respiratory 
protection programs in California hospitals, it was reported that half of the hospital 
managers interviewed (n = 48) reported shortages of FFRs during the 2009 H1N1 outbreak 
due to increased demand and supplier lag time in filling orders.(11) During the 2004 SARS 
and 2009 H1N1 events, recommendations were made allowing the option for extended use 
and limited reuse, although both recommendations acknowledged situations in which these 
strategies would not be appropriate.

For SARS, CDC stated in its interim guidance that “health care facilities may consider reuse 
as long as the device has not been obviously soiled or damaged (e.g., creased or torn)” and 
“if a sufficient supply of respirators is not available.”(24) The recommendation recognized 
the importance of preventing contamination through contact with infectious material on the 
outside of the respirator. CDC also addressed concerns about a shortage of FFRs during the 
2009 H1N1 flu pandemic with supply-conserving strategies for hospitals that included the 
possibility of extended use and limited reuse of FFRs, with extended use preferred over 
limited reuse.(12,25) Reuse of FFRs was reported to occur quite often in California hospitals 
during 2009 H1N1 as either a response to shortages or as standard practice; 81% of survey 
respondents indicated that their hospital had a plan to implement reuse, while only 12.5% 
indicated plans to apply extended use.(11)

Scientific Evidence On FFR Extended Use and Limited Reuse
As shown in Table I and discussed above, prior and current CDC recommendations made 
for FFR extended use and reuse were largely based on the type of infection control 
precautions or transmission mode(s) associated with that pathogen and whether shortages of 
FFRs were observed or anticipated. Those recommendations were based upon the data 
available at that time, which often lacked evidence to answer key questions regarding the 
effectiveness of extended use or limited reuse and the risk of disease transmission from 
handling potentially contaminated FFRs. In 2006, the Institute of Medicine (IOM) 
addressed (26) the reusability of facemasks, and summarized the data available to support 
previous recommendations. The committee agreed with the previous CDC guidance and 
recommended that “avoiding contamination [of FFRs] will allow for limited reuse.” The 
IOM also identified key knowledge gaps that served as a catalyst for increasing awareness 
of the research needs.

Since publication of the IOM report, numerous research groups have attempted to address 
some of these knowledge gaps. In the following sections, we discuss studies published since 
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2006 that address key areas of FFR extended use and reuse, including FFR protection, 
human factors (e.g., physiological/psychological effects), self-inoculation, and secondary 
exposures (e.g., from particle reaerosolization and co-contaminants). Some earlier studies 
(pre-2006) are also discussed to provide context where needed. The purpose of this analysis 
is to improve the scientific basis for future recommendations for employers in health care 
settings to consider when implementing FFR extended use and/or limited reuse. For each of 
the issues below, a qualitative assessment of the risks of extended use and limited reuse 
versus single use is presented (see Table II).

FFR Protection
One possible concern with FFR extended use and reuse is that extending the useful life of a 
FFR could reduce its protective effectiveness (i.e., when worn properly and used in a 
complete respiratory protection program it provides exposure reduction consistent with the 
assigned protection factor for this class of respirator). The protection provided by a properly 
used FFR results primarily from a combination of its ability to filter out (remove) biological 
aerosols from the inhalation air stream of the wearer and seal tightly to the face (i.e., “fit”). 
Each of these concerns has been studied (to some extent) or can be assessed using existing 
data.

Filter Media—Most N95 FFRs contain a polypropylene electret filtering medium within 
the layers of a FFR (Figure 1). The electret filtering medium has been shown to capture and 
retain a majority of airborne biological particles compared to the layers next to the face and 
farthest from the face, although particle size could affect particle deposition location.(27,28)

Electrets and other similar types of nonwoven air filter media are not unique to FFRs.(29)

They are commonly found in various dust collection systems (e.g., vacuum cleaners, clean 
rooms, and home heat ventilation and air conditioning (HVAC) systems). Recommended 
replacement life for electret filters in air cleaning systems is typically 3 months of normal 
use, as the fundamental mechanisms (diffusion, interception, impaction, electrostatic, and so 
on) of these types of filters do not readily degrade over time with normal use.

Only a few studies have been done to verify FFR performance in extended use or reuse type 
scenarios. Moyer and Bergman(30) conducted a laboratory evaluation of the intermittent use 
(short-term use once per week) of N95 filters over several months. Filtration efficiency was 
reduced to below 95% for filters from 2 of the 3 manufacturers after 9 and 13 weeks of 
simulated reuse. Researchers at the Institut de recherché Robert-Sauvé en santé et en 
sécurité du travail (IRSST) validated the long-term filter performance of a single N95 FFR 
model. (31) For inert particles below 200 nm, filter efficiency levels remained above 97.3%, 
even after 5 hr of particle loading (i.e., continuous use). Not surprisingly, another study 
found that samples from 19 of 21 N95 FFR models stored for up to 10 years had expected 
levels of filtration performance.(32)

Fit—Fit is a measurement of the efficacy of the seal between the FFR and the face of the 
wearer. Components of the FFR, such as straps, face seal material, shape, and adjustable 
nose bands influence FFR fit. Several studies have analyzed strap performance and fit for 
multiple donnings of FFRs. Roberge et al. measured the restorative forces of straps for five 
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simulated donnings and reported reduction in the strap load for each successive donning 
with the majority of the reduction occurring after the first donning.(33) However, the FFR 
model with the lowest restorative strap performance load was still able to pass fit-testing. 
Bergman et al. examined the effect of FFR reuse on fit by measuring the fit factors of 6 FFR 
models donned by 10 subjects up to 20 times with wear times of approximately 2 min 
between each donning.(34) FFR fit gradually decreased over multiple consecutive donnings; 
however, good fit was observed for some subjects on some models even after 20 donnings. 
The best levels of fit were observed for the first five donnings, likely because of the 
relatively little wear on FFR components (e.g., head straps and nosepieces) compared with 
later donnings.

It was concluded from that study that five donnings could be performed before fit factors 
started to drop below 100. Catastrophic failure of the FFR (e.g., complete head strap 
breakage, nosepiece becomes damaged, and so on) should have no effect on risk, if users 
diligently perform device inspection procedures required during the FFR donning process. 
Fit of FFRs is also a concern for extended use where the FFR may become wet and 
deformed due to moist exhaled breath and facial perspiration. Hauge et al. measured real-
time fit while HCWs performed three 10-min simulated patient care scenarios. It was 
determined that initial fit was predictive of fit during the tasks as the five subjects with 
initial fit factors greater than 200 registered simulated workplace protection factors greater 
than 400, and the three subjects with initial fit factors less than 200 had simulated workplace 
protection factors ranging from 132 to 326.(35) Although the tasks were only a combined 30 
min, the study design could be considered an extended use scenario covering three patient 
encounters.

Workplace Protection Factors—Few studies in health care settings measure workplace 
protection factors (WPF). WPF is a measure of the protection provided by a properly 
functioning respirator when correctly worn and used in the workplace and is determined as 
the ratio of the particle concentration outside the respirator over the particle concentration 
inside the respirator. Infectious bioaerosols are hard to detect and differentiate from non-
infectious bioaerosols.(36) Furthermore, assuring compliance during all periods of exposure 
in the health care setting is challenging.(37) Several studies in other workplaces have 
assessed protection over extended periods of continuous use by measuring the WPFs: up to 
224 min in a steel foundry(38); 172 min in a concrete factory (39); and 60 min on farms.(40)

All three studies concluded that the N95 FFRs provided levels of protection consistent with 
expectations (i.e., protection factors were ≥ the assigned protection factor of 10), with 
reported geometric mean WPF values ranging from 18 to 223. No evidence of reduced 
protection as a function of time was noted in these studies. The aerosol challenge 
encountered at the farm locations consisted of biological aerosols such as endotoxins and 
fungal spores which are more closely related to the bioaerosols in a hospital than to the dust 
encountered at the foundry and concrete factory.

Summary—Overall, the scientific studies provide evidence that extended use is unlikely to 
reduce the protection afforded by a FFR (see Table II) and support the CDC TB infection 
control guidance which states in the Frequently Asked Questions section, “Disposable 

Fisher and Shaffer Page 7

J Occup Environ Hyg. Author manuscript; available in PMC 2015 October 19.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



respirators can be functional for weeks to months.” However, as noted in Table II, some 
additional cautions may apply for reuse. Reuse involves multiple repeated uses (donnings) 
of the same device, and it is possible that some components (straps, nose clips, and so on) 
could begin to degrade over time and reduce protection. These effects are likely specific to 
each model of FFR, but the only study published(34) to date on this topic suggests that 
limiting FFR reuse to no more than five donnings or reuses would provide an adequate 
safety margin.

Human Factors
One of the consequences of extended use is the need to wear the FFR continuously for up to 
several hours, compared with single use or reuse in which the FFR would only be worn 
during the period of close contact with the patient (typically less than 15–20 min). Thus, 
questions have been raised regarding the safety of long-term FFR use and, if safe, how long 
HCWs can physiologically and psychologically tolerate extended use.

NIOSH researchers found that FFR use caused no or minimal increases in heart rate, 
respiratory rate, and transcutaneous carbon dioxide as well as no differences in oxygen 
saturation on test subjects during 1 hr of low-moderate treadmill exercise when compared 
with wearing no respirator (control).(41–43) They also reported that 2 hr of continuous FFR 
use at low-moderate work rate did not cause a change in core body temperature,(42) and 
there was no significant increase in FFR deadspace heat or humidity after the first hour.(44)

Taken together, these studies suggest that FFR use for 1–2 hr should cause minimal 
physiological stress to individuals medically cleared to wear FFRs.

A study by researchers affiliated with Department of Veterans Affairs reported how long 27 
HCWs could tolerate multiple bouts of 2-hr-long extended use periods, interspersed with 
15–30 min breaks.(45) Median tolerance times of 6.6 hr and 5.8 hr were reported for the two 
FFR models without exhalation valves. Only 16 and 18 of the 27 subjects using those two 
models were able to complete all four 2-hr use periods of continuous use; the most reported 
reason for stopping use was head and facial discomfort (e.g., heat). In a follow-up analysis 
of the same data, it was concluded that FFR discomfort negatively affects respirator 
tolerance over time, but respirator intolerance is not associated with perceived self-reported 
exertion.(46)

Although the number of participants was small, a recent study reports greater tolerance of 
extended use of FFRs among HCWs.(47) They reported that 9 of 10 study participants 
(nurses) were willing to wear FFRs for the entirety of two full 12-hr shifts, stopping only to 
eat and drink, because it was the end of their shift, or because the FFR was too 
uncomfortable. The nurses tolerated FFR continuous wear for an average of 223 min on day 
1 and 145 min on day 2 and experienced little physiological burden; however, discomfort 
increased with time, and the nurses reported feeling more short of breath the longer they 
wore respiratory protection. Transcutaneous carbon dioxide levels increased over time, but 
were not clinically relevant in that carbon dioxide levels did not reach the requirement for 
clinically defined hypercapnia.
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A study conducted in a teaching hospital in Brazil considered changes in appearance and 
possible physical damage resulting from FFR reuse.(48) A new N95 FFR was distributed to 
each nurse once per month and reused as needed until the next new N95 FFR was provided. 
The researchers found that within 5 days, the majority of the distributed cone-shaped FFRs 
exhibited visible “wear and tear,” indicating possible physical damage (caused by folding 
them for storage in a pocket) and visible stains/dirt on the FFR interior and exterior surfaces. 
Although the performance of the respirators was not assessed, the data suggest that some 
models may be more suitable for reuse (e.g., those that fold easily) or that hospitals should 
enforce some restrictions on reuse (e.g., replace every 5 days, rather than every 30 days).

Overall, the available scientific studies provide evidence that HCWs will experience greater 
discomfort during periods of extended continuous wear of FFRs, but this discomfort will 
likely be tolerable for most HCWs. Continuous FFR use over extended periods of time up to 
12 hr is unlikely to harm workers (see Table II) who have been medically cleared for 
respirator use. Furthermore, because HCWs need to take occasional breaks during their 
work shift (e.g., to use the rest room, eat or drink, and so on) FFR extended use of greater 
than 4 consecutive hours is unlikely in most settings.

Self-Inoculation Hazard
One knowledge gap often cited against allowing FFR extended use and limited reuse is 
whether a FFR worn during close contact with an infected patient is likely to serve as a 
fomite. Historically, little data were available to assess the transfer potential of respiratory 
pathogens from the FFR to the hands of the HCW, resulting in the potential for self-
inoculation. Similar to other potential fomites (e.g., surfaces, medical devices, and 
stethoscopes(49)) assessing the level of risk of self-inoculation associated with touching a 
used FFR is complex. It is very difficult to trace a specific hospital-acquired infection to a 
particular object. Thus, while no studies have identified the use of a contaminated FFR as a 
source of infection, the possibility cannot be ruled out.

Nicas and Sun and Nicas and Jones have provided models for transmission of pathogens, 
including influenza, in health care settings.(50,51) Nicas and Sun considered fomite hazards 
of textile and nontextile surfaces and in room air to estimate the expected pathogen dose to a 
HCW's mucous membranes and respiratory tract.(51) Nicas and Jones modeled four 
influenza virus exposure pathways including fomite transmission. A similar approach is 
used below to estimate the potential fomite hazard of used FFRs. Factors that influence the 
risk of self-inoculation directly associated with handling a contaminated FFR include the 
quantity of respiratory pathogens deposited on the FFR surface (i.e., contamination levels), 
viability of the pathogen, transfer efficiency of the pathogen from FFRs to the hands of the 
wearer, and area of hand contact with the contaminated surface.

FFR Contamination Levels—There are no published studies that quantify the amount of 
pathogens on FFRs used in clinical settings. However, simple mathematical models can be 
used to provide some estimates. In one study, influenza aerosol concentration, breathing rate 
of the wearer, time of patient interaction/FFR use, and particle retention efficiency of the 
FFR were used as inputs to a linear model to estimate influenza contamination levels inside 
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and on the surface of the FFR (CFFR).(52) Using this model, an increase in any parameter
results in higher levels of CFFR (i.e., total number of pathogens on the FFR). For a typical 
HCW scenario, using model input values estimated from the peer-reviewed literature, the 
model calculated that CFFR would be approximately 4500 influenza viruses given an 
influenza aerosol concentration of 12,000 viruses m–3, a breathing rate of 1.140 m3hr–1, a 
particle retention efficiency of the FFR of 0.991, and a 20-min patient interaction/FFR use 
time. The values for influenza aerosol concentration and wear time found in the literature 
varied more than other parameters used in the model. Thus, for extended use which involves 
longer wear times, the number of pathogens available for transfer to the hands is increased.

This model illustrates the need to take into account HCW procedures (e.g., AGPs) which can 
increase CFFR by up to 2200% and the potential for administrative controls such as source 
control of patients (e.g. asking patients to wear face-masks) which can reduce CFFR by up to 
71%.(53,54) In addition to administrative controls, the use of engineering controls such as 
local exhaust ventilation might reduce CFFR. Similarly, previous recommendations issued 
during the SARS outbreak suggested the use of a surgical mask or faceshield on top of a 
FFR to reduce CFFR(26); although subsequent work has identified a number of potential
concerns, including regulatory compliance with this approach.(55) While developed for 
influenza, this model could be used to approximate CFFR resulting from any respiratory 
pathogen if estimates of the concentrations of the pathogen near the breathing zone of the 
HCW could be obtained.

Pathogen Survival—Given that FFRs can become contaminated with pathogens when 
used in close contact with infectious patients, the next factor under consideration is how 
long these pathogens can survive (remain infectious) and, for some types of 
microorganisms, grow (propagate) on the FFR surface. Some studies in the early 1990s 
found that under ideal conditions (e.g., humidity >78%), fungi and certain bacteria could 
grow on filters made of cellulose because they are capable of digesting cellulose.(56,57)

However, modern (post-1995) FFRs are made of polypropylene, which cannot serve as a 
nutrient for bacteria.(58)

Studies confirmed that surrogates for TB were not able to grow on polypropylene-based 
filter media, even under incubation conditions.(58–61) Although bacteria were found to 
survive for several days, this was not considered a concern because contact transmission for 
TB is considered unlikely (see Table I). These studies lent support for the FFR reuse 
guidance being drafted at that time.

Respiratory viruses have received more recent attention. While growth is not an issue 
because these pathogens require a host organism to propagate, their persistence or survival 
on surfaces is a concern. In general, the evidence indicates that viruses are more persistent 
on nonporous substrates compared with porous materials such as FFRs. Bean et al. reported 
laboratory-grown influenza A and influenza B survived for 24–48 hr on hard, nonporous 
surfaces but survived for <8-12 hr on porous substrates.(62) Similarly, another study(63)

found that influenza remained viable for 8 hr on FFR samples, but infectivity dropped below 
detection limits at <24hr.
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However, Tiwari et al. examined the persistence of two avian respiratory viruses including 
influenza H13N7 on various substrates and although they found that both viruses survived 
longer on nonporous surfaces than on porous ones, the viruses remained active for up to 6 
days.(64) In one laboratory study, pH1N1 was detected on FFRs for up to 6 days with an 
average of 90% reduction (1 log) in viability during this time period.(65) Similar findings 
were found using MS2 phage as a surrogate for respiratory viruses.(66) A surrogate for 
SARS coronavirus, transmissible gastroenteritis virus, was shown to remain viable for 24 hr 
on FFR samples with an estimated 99% (>2 log) reduction in titer.(67))

Another study found that inactivation of Φ6 bacteriophage spiked on a N95 FFR surface was 
highly sensitive to environmental conditions, with a ∼1 log reduction over 24 hr at 40% 
relative humidity versus ∼4 log reduction over 24 hr at 60% relative humidity.(68) Although 
it is difficult to generalize from these conflicting findings, it is clear that for reuse during a 
work shift with short storage times (< 1 hr) most of the trapped pathogen will remain viable. 
Some reduction in viability might occur for overnight (>12 hr) or weekend (>24 hr) storage 
depending upon storage conditions (temperature, humidity, light, and so on) and pathogen 
type and strain.

In many cases where pathogens remain persistent and pose a contact threat, cleaning and 
disinfection regimens are routinely used. For example, countertops, exam tables, and other 
surfaces of patient rooms are often cleaned when a patient is discharged. Research has been 
conducted on cleaning and disinfecting procedures for FFRs for possible reuse by the same 
HCW. Although the results appear to be promising, the practice is not currently 
recommended(69-72) and thus is not a viable solution at this time to reduce the fomite 
potential of a reused FFR.

Recent improvements in antimicrobial chemistries have allowed some manufacturers to 
begin incorporating these technologies into FFRs. There are now a few surgical N95 FFRs 
incorporating antimicrobial technologies (product code = ONT) that have been cleared by 
the FDA as medical devices.(9) Interestingly, one device has been cleared by the FDA with 
claims of 8 hr of continuous use. Unfortunately, none of these devices has been evaluated in 
the peer-reviewed literature for claims regarding their ability to reduce fomite potential. 
However, several studies(73–77) have looked at the ability of prototypes or devices, not 
cleared by FDA, that incorporate some type of antimicrobial chemistry in them to render 
trapped pathogens inactive over time (i.e., storage time between uses). These studies suggest 
that efficacy of antimicrobial FFRs for this application is dependent on the pathogen, 
antimicrobial agent, storage conditions, and specific test method used which makes 
generalization of findings difficult.(73,78–81) Although promising, the lack of conclusive 
evidence suggests that additional work is needed before FFRs incorporating antimicrobial 
technologies can be factored into FFR reuse recommendations.

Transfer Efficiency—Because FFRs can become contaminated with pathogens likely to 
remain infectious during typical extended use and reuse scenarios, the next factor to assess is 
the likelihood of pathogens transferring from the FFR to the hands of HCWs. Unfortunately, 
no studies exist that quantify the percentage of pathogen transferred from the FFR to the 
hands of HCWs. However, similar to estimating contamination levels, models can be used 
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where estimates of the key input parameters are available. A simple model for estimating the 
amount of pathogen transferred to the hands (Chand) of HCWs from contaminated FFRs uses 
CFFR (the number of pathogens on the FFR as discussed above), transfer efficiency of the 
pathogen (Et), and contact area of the hands (Ah) and the FFR (AFFR).

Unfortunately, no peer-reviewed sources are available on the transfer efficiency of relevant 
pathogens from a FFR to skin and others surfaces. However, an unpublished conference 
presentation reports the transfer efficiency of a bacterium, Bacillus atrophaeus, from FFRs 
to synthetic skin as 0.005% and 0.05% for touching and rubbing, respectively.(82) Other 
microbial transfer studies for porous surfaces have shown similar results. For example, 
Rusin et al. reported transfer efficiencies for a bacterium, Micrococcus luteus, of 0.13% 
from a 100% cotton substrate and 0.06% from a 50:50 cotton/polyester substrate. Even 
lower transfer efficiencies (<0.01%) from those surfaces were reported for bacteriophage 
PRD-1.(83) Another recent study compared the transfer efficiency of bacteria and viruses 
from several porous and nonporous surfaces to the fingers. (84) In general, the lowest 
transfer efficiencies were found for porous surfaces under low relative humidity. Isoelectric 
point and hydrophobicity of the surface were also important factors.

As discussed previously, CFFR can be estimated. For simplicity, we use the influenza values 
reported above from Fisher et al. as a surrogate for all respiratory pathogens.(52) The contact 
area of the hands depends upon the action of the HCW (Table III). For extended use, it is 
likely that only the finger tips are used to touch the FFR surface (e.g., to reposition the FFR). 
The total surface area of the volar portion of the fingertips has been estimated to be 7.34 
cm2.(85) However, when implementing FFR reuse, the proper donning process requires a 
user seal check step, which requires the user to cover the entire FFR surface by cupping both 
hands around the filter surface. In this situation, Ah would be very similar to AFFR, which 
has been estimated to be approximately 175 cm2, but varies among the various FFR models. 
Assuming uniform deposition of the pathogen over the surface of the FFR, applying input 
values of 4,500 FFR–1 for CFFR and 0.1% as an approximation for Et to the equation results
in an estimated 4.5 pathogens being transferred to the hands of the HCW during the user seal 
check step and <1 pathogen for each touch involving a fingertip.

Summary—While the model above indicates that some pathogens from a contaminated 
FFR could transfer to the hands, other factors also affect the risk of infection. Steps in the 
fomite pathway such as the transfer of viable pathogens from hands to respiratory tract ports 
of entry, transport of viable pathogens to the site of infection, and the infectious dose of the 
pathogen are not unique to extended use and reuse of FFRs, but are common to any potential 
fomite. A full assessment that takes into account these steps is beyond the scope of this 
commentary. However, the model developed by Nicas and Sun indicates that each 
successive step in the fomite pathway further reduces the number of infectious pathogens 
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reaching the site where infection can occur, reducing the risk of self-inoculation from 
practicing FFR extended use and/or limited reuse.(51)

In theory, extended use should not present a significant self-inoculation hazard, as ideally, 
the HCW's hands should never come in contact with the contaminated filtering surface when 
proper doffing protocols are followed.(86) However, the Rebmann study(47) reported that 
HCWs touched or adjusted their FFR on average 10–20 times per 12 hr. shift. Even with this 
amount of contact, our analysis, based on the data and the models discussed above, suggests 
that very few pathogens are likely to make it to the site of infection each time the hand or 
fingertip comes in contact with the FFR. Thus, extended use is considered minimal risk for 
typical patient interactions (Table II) when coupled with training and education to reinforce 
proper use (e.g., don't touch the FFR surface) and adherence to hand hygiene 
recommendations.

Reusing FFRs provides multiple opportunities for the hands of HCWs to come in contact 
with any infectious microbes on the respirator surface and thus involves a higher level of 
risk compared to extended use (Table II). HCWs' hands would presumably contact the 
contaminated FFR surface when placing the FFR onto the face, adjusting the position of the 
FFR and flexible strap across the nasal bridge (if applicable), and when performing the user 
seal check, a requirement after donning a respirator and after each adjustment to the 
respirator. Similar to extended use, fomite risks from FFR reuse can be mitigated through 
training and education to reduce unnecessary touching of the FFR and rigorous adherence to 
hand hygiene. Steps to limit FFR contamination (e.g., masking patients, use of engineering 
controls, face shields, and so on) can also limit fomite risks, as Chand is proportional to 
CFFR.

Risk to Others (secondary exposures)
Concerns have been raised that extended use of FFRs could result in additional opportunities 
for pathogen transmission to co-workers and patients due to reaerosolization of trapped 
pathogens to the environment from a sneeze, cough, or through rough handling. Several 
studies have addressed this issue. Most recently, Fisher et al. examined virus 
reaerosolization from FFRs and concluded that the risk of virus transfer to the environment 
from the FFR was negligible, a finding key to extended use and reuse.(87) FFRs were 
challenged with virus-containing droplet nuclei with a size range of 0.65 to 7.0 µm (with the 
majority <1.1 µm) and challenged with reversed airflow to simulate a sneeze or cough. The 
highest reaerosolization of 0.21% occurred with a droplet nuclei challenge while a droplet 
challenge led to reaerosolization of less than 0.0001%. These findings are consistent with 
earlier studies that examined reaerosolization of bacteria and inert particles. Qian et al. and 
Willeke and Qian reported the reaerosolization of less than 0.2% for bacteria deposited on 
N95 FFRs as aerosols and challenged with a reverse airflow consistent with a violent sneeze 
or cough.(88,89) Kennedy and Hines found that less than 0.3% of polystyrene latex 
microspheres reaerosolized from FFRs when dropped from a height of 3 feet(90) while 
Birkner et al reported the average release of 0.006% polystyrene latex microspheres were 
released from FFRs dropped from heights up to 1.37 m.(91)
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Overall, these data provide evidence that the risks of secondary exposure due to 
reaerosolization or rough handling associated with FFR extended use or limited reuse can be 
considered negligible (Table II). Similar to the fomite concerns discussed above, secondary 
exposure risks could increase as CFFR, the number of pathogens on the FFR, increases (i.e., 
higher CFFR = higher levels of reaerosolized pathogen), so steps taken to limit FFR 
contamination (e.g., masking patients, faceshields, local exhaust ventilation systems) should 
be implemented where possible.

In situations where patients are under contact precautions, such as those co-infected with 
common health care pathogens with the ability for prolonged environmental survival (e.g., 
Vancomycin-resistant enterococci, Clostridium difficile, and norovirus), it may be prudent to 
have HCWs discard FFRs after close contact because these pathogens could be transferred 
to other patients via the unclean hands of the HCW.

Sharing FFRs among HCWs could also result in a secondary risk if at least one of the users 
is infectious (symptomatic or asymptomatic). For example, a specialized face mask 
containing electret filter media (similar to those found in N95 FFRs) was worn in one 
study (92) to successfully collect infectious virus from the exhaled breath of symptomatic test 
subjects. Because of respirators' ability to trap respiratory pathogens, sharing a contaminated 
FFR could result in disease transmission. However, proper labeling, training, and education 
can be effective at limiting any inadvertent sharing of FFRs during reuse.

Other Regulatory and Policy Considerations
We also conducted an Internet search and reviewed FFR extended use and reuse 
recommendations issued by other United States agencies (e.g., FDA and OSHA) and 
professional organizations (e.g., Association for Professionals Infection Control and 
Epidemiology).(93,94) In terms of FFR extended use and limited reuse, we identified no 
major discrepancies among the recommendations from the Association for Professionals in 
Infection Control and Epidemiology (APIC), OSHA, and the CDC recommendations in 
(Table I). For example, OSHA TB guidance(7,95) indicates that disposable respirators (i.e., 
FFRs) can be reused by the same HCW, as long as the functional and structural integrity of 
the respirator is maintained and the outside of the filter is inspected before each use for signs 
of physical damage or soiling, and discarded if signs are present.

While OSHA is responsible for regulating employers to provide a safe workplace for their 
employees and CDC makes public health recommendations that are often adopted by 
hospitals, FDA has a different role in health care settings. The FDA regulates the 
manufacture and labeling of medical devices.(96) Medical devices are cleared by the FDA 
under the Food, Drug, and Cosmetic Act based upon data submitted by the manufacturer to 
support the claimed intended use of the product. Under 21 CFR 878.4040, FDA classifies 
surgical N95 respirators as a type of surgical apparel, intended to be worn by operating room 
personnel during surgical procedures to protect both the surgical patient and the operating 
room personnel from transfer of microorganisms, body fluids, and particulate material. As 
part of the labeling requirement, FDA recommends that manufacturers state whether a 
device is intended to be a reusable device or a single-use disposable device.(9)
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Some surgical N95 respirator models are cleared by the FDA with claims of being a single-
use device, while other manufacturers do not make such claims.(10) For surgical N95 
respirators labeled as “single use only,” extended use or limited reuse could be considered as 
an “off label” use of these products. FDA has specific requirements for reuse 
(“reprocessing”) of single-use medical devices.(97) Unfortunately, as discussed earlier in this 
manuscript, some hospital use practices for these types of medical devices such as limited 
FFR reuse were first recommended(4–7) and put into practice prior to FDA's involvement. 
There is also a general lack of awareness among infection control professionals and safety/
employee health administrators in understanding FDA's role in regulating surgical N95 
respirators.(98) These factors contribute to the prevalence of “industrial N95 FFRs” used in 
health care settings. These industrial N95 FFRs are NIOSH-certified FFRs, but have not 
been cleared by the FDA as medical devices. Several of these industrial N95 FFRs were 
stockpiled by the CDC in the Strategic National Stockpile.(99)

In the future the different regulatory and policy perspectives will need to be factored into 
FFR extended use and limited reuse recommendations. For example, recommendations for 
operating rooms, where soiling and potential contamination from blood borne pathogens 
will likely occur, might be different. In those situations, limited reuse should only be 
considered after consultation with the surgical N95 respirator manufacturer and local 
hospital infection professionals.

Knowledge Gaps
While significant progress has been made since 2006, some knowledge gaps remain to be 
filled further enhancing an understanding of the risks involved with FFR extended use and 
limited reuse. Various models related to fomite transfer were presented where little 
experimental data are available for use as inputs. In particular, data on actual FFR 
contamination levels from various health care situations and transfer efficiency of pathogens 
from FFRs to the hands are limited. While several papers have been published on 
survivability of various respiratory pathogens on FFRs and the effectiveness of antimicrobial 
technologies, it is not known how generalizable the results are, which makes it difficult to 
fully assess risk. Well-designed and carefully controlled studies carried out using consistent 
test methods appropriate to FFR reuse might reduce some of these uncertainties.

Moreover, the infectious dose of various pathogens for the various transmission routes is not 
well understood, an issue further complicated by newly emerging pathogens and strains. 
Research and development efforts such as Project BREATHE (Better Respiratory 
Equipment using Advanced Technology for Health care Employees)(3) that promote the 
development of better respirators for health care workers are needed to identify novel 
technologies and designs (e.g., launderabilty, a “no touch” user seal check, and so on) to 
address some of the additional concerns posed by extended use and reuse. The paucity of 
data on many of the practical aspects of FFR extended use and reuse also suggests that 
additional studies are needed to validate preliminary findings regarding the acceptable 
number of donnings and to develop best practices for storage, labeling, and education/
training. Surveillance data on FFR usage, including extended use and reuse, during routine 
operations and public health emergencies are needed to better understand the possible 
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benefits (e.g., cost savings, ability to extend existing supplies, reducing the “burn rate,” and 
so on) of FFR extended use and limited reuse.

Limitations
The primary purpose of this article is to assess recent scientific findings to assist policy 
makers when making decisions on whether to recommend that employers in health care 
settings permit FFR extended use and/or limited reuse during routine operations and for 
future public health emergencies. The authors acknowledge that the evidence discussed 
above is not always as sufficient as desired to develop evidence-based policy decisions. 
However, decisions on how to protect exposed workers must be made in the present and 
cannot wait until additional evidence is available. In the interim the available evidence can 
be useful for policy-based and pragmatic public health decision ideologies.(100) As discussed 
by Rosella and coauthors, (100) emerging public health situations require a balance between 
various factors. Both evidential and policy considerations are important. Policy makers need 
to use the best evidence available to them, even when it has substantial limitations, 
acknowledge the uncertainties, and account for them in as practical a way as possible.

Conclusion
For recommending FFR extended use and/or limited reuse for routine events, policy makers 
should weigh the increased risks for disease transmission from FFR extended use and 
limited reuse against the inconvenience, cost, and waste of single use. In public health 
emergencies, policies on FFR extended use and limited reuse should weigh the risks for 
disease transmission against the risk of disease transmission associated with sacrificing 
because of FFR shortages (e.g., foregoing respiratory protection or using surgical masks for 
pathogens or activities where N95 FFRs are recommended). Decisions regarding whether 
FFR extended use or limited reuse should be recommended need to continue to be pathogen-
and event-specific. The two most important factors driving this decision should be whether 
the pathogen is likely to spread (in part) via contact transmission and whether the event 
could result in or is currently causing a FFR shortage.

This analysis of recent research (post-2006) generally supports CDC guidance issued since 
2004 for FFR extended use and limited reuse for routine events such as TB and seasonal 
influenza (during AGP) as well as the public health emergencies such as the 2004 SARS and 
2009 H1N1 flu pandemics. While recent findings largely support these CDC 
recommendations, some new cautions and limitations should be considered in 
recommendations issued in the future as discussed subsequently.

Extended use offers a lower risk of self-inoculation compared to limited reuse given that the 
HCWs hands should ideally rarely contact the contaminated FFR surface. Training and 
education should be stressed to reinforce the need for strict adherence to guidance to 
minimize unnecessary contact with the FFR surface and strict adherence to hand hygiene 
practices. Extended use poses no additional health risk to a medically cleared respirator user 
and despite the additional discomfort should be tolerable for most HCWs. For these reasons, 
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extended use should be preferred over limited reuse, even though FFR reuse requires the 
least change to current practices.

Limited FFR reuse would allow the HCW to doff the FFR to provide a brief respite from the 
psychological and physiological factors that decrease FFR comfort, but increases the 
potential for contact transfer when donning the used FFR and performing the user seal 
check. However, fomite transfer models indicate that the potential for transfer of pathogens 
from FFRs to the hands of the wearer is small suggesting that limited FFR reuse can be 
employed with minimal additional risk in most cases. An exception is reuse of FFRs after 
AGPs, where higher FFR contamination levels are likely to occur. Education and training 
should be emphasized to reinforce the need for proper hand hygiene when redonning the 
FFR, including inspection of the device for physical damage and performing a user seal 
check. Strict adherence to these steps should further reduce the potential to transfer virus 
from the hands to the points of entry of infection.

While limited FFR reuse remains a viable option for reducing usage rates and for situations 
involving a pathogen that does not spread via contact transmission, data suggest that FFR 
protection can begin to be reduced for some models after multiple donnings or uses. 
Guidance should emphasize the need for the employer to consult with the respirator 
manufacturer regarding the maximum number of donnings or uses suggested for the FFR 
models used in that location or to presumptively limit the number of reuses to no more than 
five to ensure an adequate safety margin, in the absence of new information to the contrary.
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Figure 1. 
Photograph of a NIOSH certified N95 FFR cut open to show the different layers. A, 
polypropylene material (outermost layer); B, electret filtering medium (typically made from 
melt-blown or electrospun polypropylene); and C, polypropylene material (innermost layer).
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Table I
Current and Past CDC Recommendations for Limited Reuse and Extended Use of FFRs 
in Health Care for Select Respiratory Pathogens

Respiratory pathogen Contact precautions Possibility of contact 
transmissionA

Possibility of an FFR 
shortage

Extended use/Limited 
reuse recommended

TB No No No Yes

SARS Yes Yes Yes Yes

Avian Influenza A (H5N1) Yes Yes No No

2009 H1N1 Flu No Yes Yes Yes

Seasonal Influenza (AGP Only) No Yes No No

Avian Influenza A(H7N9) Yes Yes No NoB

AThe scientific community continues to debate the primary mode(s) of transmission for many respiratory viruses. However, most experts 

acknowledge that contact transmission cannot be ruled out.(101)

BInterim recommendation, subject to change
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Table II
Qualitative Assessment of Increased Risks of FFR Extended Use and Limited Reuse 
Compared with Single Use

Issue FFR Extended Use Limited FFR Reuse

FFR Protection • Negligible risk of decreased protection • Minimal risk of decreased protection, but can be 
mitigated through limiting the number of reuses.

Human Factors • Increased discomfort, but no additional 
health risk to a medically cleared respirator 
user

• No additional health risk to a medically cleared 
respirator user

Self-inoculation • Minimal risk for typical patient 
interactions, but can be mitigated through 
training and education

• Risks can increase during/after AGP but 
can be reduced by limiting contamination

• Moderate risk for typical patient interactions but 
can be mitigated through training and education 
and limiting the number of reuses

• Risks can increase during/after AGP but can be 
reduced by limiting contamination

Secondary Exposures • Negligible for typical patient interactions

• Minimal following AGP but can be 
reduced by limiting contamination

• Negligible for typical patient interactions

• Minimal following AGP but can be reduced by 
limiting contamination
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Table III
Steps in the Donning and Doffing Process Involving Potential Contact with FFR Surface

Strategy Donning User Seal Check Doffing

FFR Reuse Yes Yes NoA

FFR Extended Use No No NoA

AHCWs hands should not contact the surface if proper doffing technique is used.
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Abstract
OBJECTIVE—Specification of appropriate personal protective equipment for respiratory 
protection against influenza is somewhat controversial. In a clinical environment, N95 filtering 
facepiece respirators (FFRs) are often recommended for respiratory protection against infectious 
aerosols. This study evaluates the ability of N95 FFRs to capture viable H1N1 influenza aerosols.

METHODS—Five N95 FFR models were challenged with aerosolized viable H1N1 influenza and 
inert polystyrene latex particles at continuous flow rates of 85 and 170 liters per minute. Virus was 
assayed using Madin-Darby canine kidney cells to determine the median tissue culture infective 
dose (TCID50). Aerosols were generated using a Collison nebulizer containing H1N1 influenza 
virus at 1 × 108 TCID50/mL. To determine filtration efficiency, viable sampling was performed
upstream and downstream of the FFR.

RESULTS—N95 FFRs filtered 0.8-µm particles of both H1N1 influenza and inert origins with 
more than 95% efficiency. With the exception of 1 model, no statistically significant difference in 
filtration performance was observed between influenza and inert particles of similar size. 
Although statistically significant differences were observed for 2 models when comparing the 2 
flow rates, the differences have no significance to protection.

CONCLUSIONS—This study empirically demonstrates that a National Institute for Occupational 
Safety and Health–approved N95 FFR captures viable H1N1 influenza aerosols as well as or 
better than its N95 rating, suggesting that a properly fitted FFR reduces inhalation exposure to 
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airborne influenza virus. This study also provides evidence that filtration efficiency is based 
primarily on particle size rather than the nature of the particle’s origin.

Pandemic influenza poses a significant health threat to the international community as novel 
strains emerge that vary widely in virulence and infectivity.1,2 Which of the primary modes 
of human transmission of influenza3–6—direct contact, inspiration, inhalation, and direct 
spray—are responsible for spreading influenza is a subject of active debate. As a 
consequence, specification of the appropriate personal protective equipment (PPE) for 
respiratory protection against influenza is likewise controversial. For direct-spray 
transmission, a surgical mask may be appropriate for reducing the risk of infection, but it is 
not recommended for protection against aerosol transmission via inhalation or inspiration. In 
accordance with guidance provided by the Centers for Disease Control and Prevention, the 
Occupational Safety and Health Administration (OSHA) mandates that healthcare workers 
wear PPE at least as protective as a properly fitted National Institute for Occupational Safety 
and Health (NIOSH)–certified N95 filtering facepiece respirator (FFR) when exposed to 
some inhalable or inspirable infectious aerosols (eg, severe acute respiratory syndrome, 
tuberculosis, and 2009 H1N1 pandemic influenza).7,8 For use in clinical settings, N95 FFRs 
are sometimes also cleared for sale by the Food and Drug Administration as a medical 
device having fluid-resistant properties and certified by NIOSH. Devices carrying a NIOSH 
certification have shown the ability to remove 95% or more of particles of the conventional 
most-penetrating particle size (MPPS), 0.3 µm (with larger or smaller particles being 
removed more efficiently).9 However, the MPPS for FFRs employing electret media (media 
possessing an electrical charge) is smaller.10

The mechanisms used by FFRs to remove particles from the air are well understood.11 It is 
also well accepted that the composition of particles of similar density does not affect particle 
capture efficiency. Thus, viable and inert particles of equivalent size and mass should be 
removed with the same filtration efficiency. Many studies have been performed to evaluate 
the filtration efficiency of viable microorganisms.12–16 Without exception, they all show that 
viable microorganisms are removed at similar or slightly greater rates than inert particles of 
the same size, supporting the idea that FFR effectiveness against aerosol transmission does 
not need to be reevaluated for every new disease-causing agent. However, even with this 
consistent knowledge base, end users of FFRs still want confirmation that the device is 
capable of removing actual infective agents of interest. We found limited studies evaluating 
FFR performance when challenged with viable influenza aerosols. Zuo et al17 challenged 
N95 FFRs with viable aerosols of human adenovirus serotype 1 and swine influenza H3N2 
but were able to obtain viable data for the adenovirus only upstream of the FFR. Borkow et 
al18 evaluated the antimicrobial efficacy of copper-impregnated N95 FFRs by challenging 
with viable H1N1 aerosols. Their results showed greater than 99% viable filtration 
efficiency (VFE), but they did not correlate their data to inert particles. Our study challenged 
5 FFR models (Table 1) with viable H1N1 influenza aerosols representative of human 
respiratory secretions and compares the VFE to the inert particle filtration efficiency (PFE) 
at 2 flow rates.
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METHODS
H1N1 Virus

Influenza A/PR/8/34 VR-1469 (ATCC VR-95) was propagated in embryonic chicken eggs 
by means of standard World Health Organization protocols.19 Virus titers were determined 
by a median tissue culture infectious dose (TCID50) assay using Madin-Darby canine kidney 
cells (ATCC CCL-34) and cell culture techniques approved by the World Health 
Organization.19 For aerosolization studies, the H1N1 influenza virus was diluted to a 
concentration of 1 × 108 TCID50/mL in an artificial saliva buffer.20 The count median 
diameter (CMD) of the particle size distribution (PSD) of the influenza aerosol in the 
artificial saliva buffer was 0.83 µm, as previously determined using an Aerodynamic Particle 
Sizer (APS) 3321 (TSI).21

Filtration Studies
Five models of NIOSH-approved N95 FFRs, of which 2 models contained antimicrobial 
components (GlaxoSmithKline [GSK] Actiprotect and SafeLife T5000), were used for this 
study (Table 1). The 3 nonantimicrobial models were chosen for their common use in the 
healthcare workplace. The 2 antimicrobial models were selected because they were the only 
2 such models that were commercially available and NIOSH approved. All models were 
tested in triplicate under 2 conditions: (1) an aerosol challenge at the NIOSH-specified 
standard flow rate of 85 liters per minute (LPM) and (2) a morestrenuous aerosol challenge 
of 170 LPM to evaluate FFR performance under extreme conditions. A laboratory-scale 
aerosol tunnel (LSAT; Figure 1) was used to challenge the FFRs with viable influenza and 
inert beads. A complete description of the LSAT has been reported elsewhere.20–22 Prior to 
each test, the LSAT was flushed with purified air for 30 minutes at a flow rate of 50 LPM. 
For each independent test (1 FFR at 1 condition), a FFR was glue-sealed into a 6-
inchdiameter sample holder as described elsewhere21 and then secured into the LSAT via 
stainless steel sanitary fittings. Each FFR was first challenged with 0.8-µm polystyrene latex 
beads (Thermo Scientific). The beads were suspended in sterile water and then placed in a 6-
jet Collison nebulizer (BGI), operating at 20 psi to generate the aerosol. Following a 10-
minute equilibration period, 3 alternating upstream and downstream samples were collected 
using the APS. The air flow was then redirected to a high-efficiency particulate air (HEPA) 
filter, while the Collison nebulizer was replaced with another Collison nebulizer containing 
30 mL of H1N1 influenza diluted to a concentration of 1 × 108 TCID50/mL in artificial 
saliva.

Following a 10-minute equilibration period, alternating viable samples were collected 
through the upstream and downstream ports. All-glass impingers (AGI-30; Ace Glass) 
containing 20 mL of serum-free Eagle’s minimum essential medium (Hyclone Laboratories) 
supplemented with 1% 100× penicillin-streptomycin and 1% 200 mM L-glutamine (Sigma-
Aldrich) were used for collection. To minimize particle loss, the AGI-30s were directly 
attached to the isokinetic sampling ports on the LSAT. Sampling was initiated by opening 
the valve on the port and then applying a vacuum source to the AGI-30, which sampled at 
approximately 12.5 LPM. After 5 minutes, the sampling port was closed, the vacuum was 
turned off, and the AGI-30 was placed on ice until viable plating was performed. A total of 6 
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samples (3 upstream and 3 downstream, alternately sampled) were collected for each FFR. 
Following each run, the FFR was removed and HEPA filters were connected to the sampling 
ports. The LSAT was subsequently flushed with purified air at 60 ± 10 LPM for 3 hours. A 
manometer was used to monitor the pressure drop across the filter during each run.

Data Analysis
Upstream and downstream measurements for the 0.8-µm bead study were collected using 
data from the 0.723–0.925-µm size bins of the APS. The concentration of viable virus (log 
TCID50 per milliliter of extract) collected in the upstream and downstream AGI-30s was 
determined using the Spearman-Kärber formula.23 Equation (1) was used to determine the 
total amount of virus recovered from each sample (20-mL impinger volume). For samples 
with no detectable downstream viable data, half the detection limit (2.5 TCID50 infectious 
dose units) of the viable assay was used to calculate the reduction.24 The VFE of the FFRs 
was determined using equation (2), and the PFE was determined using equation (3). A 2-
tailed paired t test was used to compare the inert (0.8-µm bead) and viable (H1N1 influenza) 
filtration data for each N95 FFR model. The average PFE and VFE values for the 2 flow 
rates were compared using a 2-tailed unpaired t test. A 1-way analysis of variance 
(ANOVA) test with a Bonferroni posttest was used to compare data obtained from the 
antimicrobial and nonantimicrobial FFR models.

Equation (1) is as follows:

(1)

where L is viable H1N1 expressed in units of log10 TCID50 per milliliter and V is sample 
volume. If no viable viruses are present (L = −∞), then LS will be half the detection limit. 
Equation (2) is

(2)

where DLS is downstream log10 TCID50, ULS is upstream log10 TCID50, and n is the 
number of determinations, and equation (3) is

(3)

where U is the upstream particle concentration and D is the downstream particle 
concentration.

RESULTS
The average upstream challenge for all FFR replicates was 1.8 × 103 TCID50per liter of air. 
Under standard flow (85 LPM) parameters, the mean PFE for all FFR models ranged from 
99.72% to 99.999%, and the mean VFE ranged from 98.93% to 99.996% (Table 2). A 
statistical comparison of the 2 data sets demonstrated that there is a significant difference (P 
< .05) between inert and viable particle filtration for only the Kimberly-Clark model (P = .
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02). The SafeLife T5000 provided 1–2 orders of magnitude higher filtration performance, 
exceeding the NIOSH standard for an N100 FFR. Four of the 6 SafeLife T5000 replicates 
produced no detectable virus downstream.

Under high flow (170 LPM) parameters, the mean PFE for all FFR models ranged from 
98.37% to 99.994%, and the mean VFE ranged from 96.29% to 99.995% (Table 3). The 
SafeLife T5000 again provided 1–2 orders of magnitude higher filtration performance. A 
statistical comparison of the 2 data sets demonstrated a significant difference between inert 
and viable particle filtration for only the Kimberly-Clark FFR (P = .02).

A comparison of performances at 85 and 170 LPM was conducted. The Kimberly-Clark 
model demonstrated statistically significant different filtration efficiencies for both inert and 
viable aerosol challenges (P = .003 and .002, respectively). The GSK Actiprotect model was 
found to demonstrate a significant difference only for the inert particles (P = .0006). A 1-
way ANOVA test demonstrated a statistically significant difference between the 
nonantimicrobial FFR models and both the Safelife T5000 and GSK Actiprotect for VFE at 
the 170-LPM condition (P = .0001 and .05, respectively). A significant difference was also 
observed for PFE (P = .0002 and .0003, respectively). No significant difference was found 
between the nonantimicrobial and antimicrobial FFRs at the 85-LPM condition.

DISCUSSION
Previous experimental studies, supported by filtration theory, demonstrate that PFE 
increases with particle size above the MPPS. While it is possible in a laboratory setting to 
artificially generate an influenza aerosol near the MPPS of most FFRs, particles in this size 
range (approximately 0.1 µm) are relatively unstable and are unlikely to exist in practice. In 
actual workplace settings, influenza expelled from humans via respiratory sections is 
typically much larger (approximately 0.8 µm) than the bare virus. We acknowledge the 
existence of divergent reports pertaining to the assessment of particles/droplets derived from 
human respiratory secretions,25–28 but we maintain that use of a 0.8-µm particle is justified 
on the basis of the literature.20

Each N95 FFR model tested as part of this study yielded equivalent VFE and PFE values 
that exceeded 95% (Tables 2 and 3). As NIOSH certification is based on removal of 0.3-µm 
particles, these higher removals are to be expected for the larger particles studied here. 
Although determined to be statistically significant, the differences between PFE and VFE at 
85 LPM for the Kimberly-Clark model (less than 2.6%) are not considered to be meaningful 
because the 95% NIOSH benchmark was met and actual protection is driven more by 
differences in fit (leakage) than filtration performance. Thus, the statistical analysis in this 
case is not instructive and indicates only that the low variability among replicate 
measurements obtained by the particle sizer allows discrimination of the slightly higher 
filtration efficiencies of inert particles from the generally greater variability associated with 
capturing and assaying viable biological particles.

A possible bias introduced in this study is that the methods of analysis for inert and viable 
challenges are different, which may influence the comparison of the VFE and PFE. The PFE 
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is determined using the APS and accounts only for particles whose aerodynamic particle size 
ranges from 0.723 to 0.925 µm. In contrast, the VFE accounts for all particles in the PSD. 
Another bias may be present in the sampling procedure because AGI-30 impingers collect 
larger particles more efficiently,29 as do FFRs. The particles most likely to penetrate the 
FFR fall into a smaller size range, in which capture efficiency by the impinger is lower. 
Another factor that must be considered is the distribution of viable particles within the 
overall PSD, which is not known and may introduce another bias that cannot be accounted 
for. Our data are consistent with values reported by Borkow et al,18 who demonstrated more 
than 95% reduction of VFE in an aerosol (approximately 3.0-µm CMD) containing viable 
influenza, although they sampled by means of impaction rather than impingers and 
performed their testing at a lower flow rate, 28 LPM. Zuo et al17 also provided data showing 
that viable influenza can be removed from the airstream but provided particle-count data 
derived only from a viable challenge of much smaller particles (CMD of less than 0.1 µm), 
which behave much differently.20

The effect of flow rate on N95 FFR performance was assessed by incorporating 2 flow 
conditions into the experimental design. According to 42 CFR 84 subpart K, section 84.181, 
the 85-LPM flow rate is the condition specified by NIOSH for evaluating the performance 
of FFRs. This flow rate was selected to represent a worker’s inhalation at a high work rate. 
However, peak inhalation flow during breathing may be greater than 85 LPM for brief 
periods of time30 and exacerbated further as work intensity is increased. For these reasons, 
we also tested at 170 LPM to provide an extreme challenge to the filter. The overall 
filtration numbers were slightly lower in the higher flow rate (Tables 2 and 3), as would be 
expected for particles smaller than 1 µm. Critical inspection of the data shows that the actual 
difference in filtration performance between the 85- and 170-LPM conditions for the particle 
size studied is negligible (1%–2%). Although statistically significant, these differences are 
merely an indicator of low variability in the data sets and not a physically meaningful 
distinction.

Although the antimicrobial FFR models (SafeLife T5000 and GSK Actiprotect) 
demonstrated considerably higher filtration efficiencies than the nonantimicrobial models, 
they did not provide a significantly greater reduction in viable penetration compared with 
inert particles, and we attribute the increased filtration efficiency to physical means rather 
than antimicrobial properties. These results are in line with what was observed by Borkow et 
al,18 who found no improvement in VFE for FFRs impregnated with copper oxide. The 
SafeLife T5000’s filtration performance actually exceeds the rating for a N100, observed for 
both the inert and the viable H1N1 particles. For the GSK FFR, the lack of reduction in VFE 
due to the antimicrobial was expected, as the manufacturer claims only that the 
antimicrobial is a surface decontaminant. It is of interest to note that the GSK FFR had the 
highest variability for VFE (σ = ±2.5%) among all FFRs tested (Tables 2 and 3). The reason 
for this is unclear; it is possible that the citric acid present on the FFR interferes with the 
viable assay, but as the VFE is lower than the PFE, it might suggest that citrate is protective, 
acting to shield the virus downstream of the FFR. Additional research is necessary to isolate 
the mechanism causing the variability.
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The significance of these findings to healthcare workers is that the data provide a basis to 
estimate the level of protection that a healthcare worker can expect from a respirator during 
exposure to infectious aerosols. Inhalation exposures received by a respirator wearer come 
from a combination of leakage around the face seal, direct penetration through the filter, and 
leakage through other apertures (eg, holes in filters from staples used to secure FFR straps). 
Numerous workplace studies have shown that a properly fitted NIOSH-certified N95 FFR 
will reduce toxic inhalation exposures by a factor of 10 or more.31,32 Controlled leak studies 
conducted using manikin headforms have shown that leak size is the dominant factor 
affecting respirator inward leakage.33 In the workplace, an OSHA-mandated fit test is 
required to ensure that the respirator is capable of fitting the healthcare worker (ie, seals 
tightly to the face to minimize leakage in the face seal area). Because the FFR was sealed 
(ie, a perfect fit) in our experiments, capture efficiencies for viable H1N1 influenza 
exceeding 98.9% at the lowest flow rate represent a best-case scenario in terms of fit. 
However, when some inward leakage during routine respirator wear is factored in, these 
data, combined with the workplace studies cited above, suggest that an N95 FFR is capable 
of reducing inhalational exposure to H1N1 influenza or other infectious aerosols by a factor 
of 10 or greater if properly fitted and used as expected, similar to the attenuation of other 
workplace aerosols.

In conclusion, this study empirically demonstrates that a NIOSH-approved N95 FFR 
captures viable H1N1 influenza aerosols with an efficiency equal to or greater than its N95 
rating, suggesting that a properly fitted FFR reduces inhalation exposure to airborne 
influenza virus. Only 5 FFR models were tested as part of this study, but the findings have 
broad applicability to all properly fitted NIOSH-approved N95 FFRs. This study also 
demonstrates that the N95 FFR models tested remove particles from the airstream, 
indiscriminate of viability. Particles that contain H1N1 influenza are equally affected by 
filtration mechanisms as inert particles of the same size. Although the antimicrobial FFRs 
demonstrated significantly higher VFE, they also showed significantly higher PFE; thus, 
their enhanced performance must be attributed to physical means rather than antimicrobial 
activity.
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FIGURE 1. 
Laboratory-scale aerosol tunnel. FFR, filtering facepiece respirator; HEPA, high-efficiency 
particulate air.
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TABLE 1

Filtering Facepiece Respirators (FFRs) Used in This Study

Manufacturer Model Rating FFR shape Antimicrobial

3M 1860S N95 Cup None

3M 1870 N95 Flat fold None

Kimberly-Clark PFR95 N95 Duck bill None

SafeLife T5000 N95 Cup Triosyn (iodine)

GlaxoSmithKline Actiprotect N95 Cup Virucoat (citric acid)
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TABLE 2

Average Removal Efficiencies of 0.8-µm Particles at 85 Liters per Minute

FFR model Inert, % H1N1 influenza, % P

3M 1860S 99.85 ± 0.10 99.27 ± 0.38 .08

3M 1870 99.90 ± 0.09 99.13 ± 1.36 .45

Kimberly-Clark PFR95 99.72 ± 0.16 98.93 ± 0.36 .02

SafeLife T5000 99.999 ± 0.001 99.996 ± 0.002a .09

GlaxoSmithKline Actiprotect 99.94 ± 0.06 99.23 ± 1.00 .19

aThe data for 1 filtering facepiece respirator (FFR) replicate were below the detection limit.
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TABLE 3

Average Removal Efficiencies of 0.8-µm Particles at 170 Liters per Minute

FFR model Inert, % H1N1 influenza, % P

3M 1860S 99.37 ± 0.39 98.56 ± 0.87 .13

3M 1870 99.96 ± 0.03 99.59 ± 0.27 .14

Kimberly-Clark PFR95 98.37 ± 0.32 96.29 ± 0.56 .02

SafeLife T5000 99.994 ± 0.009 99.995 ± 0.002a .90

GlaxoSmithKline Actiprotect 99.23 ± 0.15 96.29 ± 2.49 .09

aThe data for all 3 filtering facepiece respirator (FFR) replicates were below the detection limit.
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Background: A major concern among health care experts is a projected shortage of N95 filtering facepiece respirators (FFRs) during
an influenza pandemic. One option for mitigating an FFR shortage is to decontaminate and reuse the devices. Many parameters,
including biocidal efficacy, filtration performance, pressure drop, fit, and residual toxicity, must be evaluated to verify the effec-
tiveness of this strategy. The focus of this research effort was on evaluating the ability of microwave-generated steam, warm moist
heat, and ultraviolet germicidal irradiation at 254 nm to decontaminate H1N1 influenza virus.
Methods: Six commercially available FFR models were contaminated with H1N1 influenza virus as aerosols or droplets that are
representative of human respiratory secretions. A subset of the FFRs was treated with the aforementioned decontamination tech-
nologies, whereas the remaining FFRs were used to evaluate the H1N1 challenge applied to the devices.
Results: All 3 decontamination technologies provided.4-log reduction of viable H1N1 virus. In 93% of our experiments, the virus
was reduced to levels below the limit of detection of the method used.
Conclusions: These data are encouraging and may contribute to the evolution of effective strategies for the decontamination and
reuse of FFRs.
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Pandemic influenza outbreaks historically occur ev-
ery 40-50 years and have caused millions of deaths
worldwide.1,2 After the Hong Kong flu pandemic of
1968, experts predicted that another pandemic was im-
minent. Their fears were realized in the spring of 2009
with the onset of the H1N1 influenza pandemic.3,4 On
June 11, 2009, the World Health Organization (WHO)
raised the pandemic alert level to Phase 6, announcing
that a pandemic was underway and declaring the need

for a global response and mitigation. In their August
2010 update, the WHO reported H1N1 infections in
more than 214 countries and attributed more than
18,449 deaths to H1N1 infection.5 Although this out-
break proved to be less severe than earlier pandemics,
it was sufficiently similar to previous pandemics to
merit concern. Although it is not certain that the cur-
rent H1N1 strainwill mutate into amore virulent strain,
health care workers (HCWs) are taking the possibility
very seriously.

A primary respiratory barrier used to protect HCWs
from airborne infections is the National Institute for Oc-
cupational Safety and Health (NIOSH)-approved filtering
facepiece respirator (FFR). Althoughmany types of these
devices are available, the present study focuses on N95
FFRs. The N95 FFR is rated to capture$95% of airborne
particles ;0.3 mm in diameter and has been demon-
strated to effectively remove infectious microorganisms
from the air.6,7 Particles larger and smaller than 0.3 mm
are captured at higher efficiencies. Themodes of human
transmission of influenza are amatter of active debate,8,9

but data exist supporting aerosol transmission.9 This
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information led the Occupational Safety and Health Ad-
ministration (OSHA) and the Centers for Disease Control
and Prevention (CDC) to recommend that HCWs wear a
properly fitted NIOSH-approved FFR when treating pa-
tients with influenza symptoms.10,11 The CDC estimates
that during a pandemic lasting 42 days, HCWs will re-
quiremore than 90million FFRs.12 These projections in-
dicate a likely shortage of FFRs, leaving HCWs exposed
and possibly aggravating the severity of the pandemic.
A proposed solution to alleviate this shortage is the de-
contamination and reuse of FFRs.12

FFRs are designated as ‘‘single-use’’ devices and have
not been approved for reuse. Consequently, little data
are available on the performance of FFRs after decon-
tamination. Many properties need to be evaluated
before FFR decontamination and reuse can be recom-
mended, including biocidal efficacy, filtration effi-
ciency, pressure drop, fit, residual toxicity, and overall
durability. Previous NIOSH studies have found that
some decontamination technologies do not degrade
the performance of FFRs, but that others (eg, autoclav-
ing) make FFRs unusable.13,14 To expand the database
on FFR decontamination, the Air Force Research Labo-
ratory (AFRL) led a study examining the treatment of 6
commonly distributed FFRs with a diverse range of de-
contaminants. As part of this effort, Salter et al15 per-
formed chemical offgas analysis of FFRs after
treatment with chemical agents or ultraviolet germici-
dal irradiation (UVGI). The only toxic by-product de-
tected was 2-hydroxyethyl acetate, found on the FFRs’
rubber straps after treatment with ethylene oxide.
NIOSH also has performed particle performance and
fit tests for the same 6 models using 3 energetic
methods: microwave-generated steam (MGS), warm
moist heat (WMH), and UVGI, and their data regarding
particle penetration were consistent with their earlier
findings of no significant effect.13,14,16 Fit test data are
currently being evaluated, and early findings indicate
that fit is not significantly affected (R.E. Shaffer,
personal communication, November 16, 2009).

Enveloped viruses, such as H1N1, are less environ-
mentally stable than othermicroorganisms.17 Benedictis
et al,18 in a review of the disinfection of avian influenza
viruses, noted that many technologies can effectively in-
activate viruses. However, we could find no report on the
decontamination of enveloped viruses in the presence of
an FFR carrier. Carriers can impair the performance of
decontamination technologies, and test methods have
been developed to account for carrier-induced interfer-
ence.19-23 Moreover, many technologies are unsuitable
for decontaminating FFRs due to the device’s fragility
and operational use. The ideal FFR decontamination
technology will preserve performance and fit, leave no
residual toxicity, and be fast-acting, inexpensive, and
readily available. Applying these criteria to a panel of

10 technologies, we identified 3 energetic methods to
evaluate as candidate decontaminants against H1N1 on
FFRs: WMH, UVGI, and MGS (Table 1). Our objective in
the present study was to evaluate the decontamination
of NIOSH-certified FFRs contaminated with H1N1 aero-
sols or droplets using these 3 energetic methods.

The biocidal activity of microwave energy has been
well documented; however, moisture is a key factor,
given thatmicrowaves are consideredby some to benon-
biocidal.24,25 Accordingly, the FFR was positioned above
an improvised water reservoir during decontamination
(Fig 1A). Steam produced from microwave heating of
the water is the primary means of biocidal activity.
Warm temperatures are not commonly used for decon-
tamination; most applications call for high-temperature
methods. However, temperatures .1008C have been
shown to destroy the performance of FFRs13,14 and can-
not be used. Because viruses are relatively fragile micro-
organisms, lower-temperature applications are typically
effective. Avian influenza virus was shown to be com-
pletely inactivated after a 5-minute treatment at 628C,26

but dried sample preparations displayed resistance.27

Tomaximize the likelihood of success, a sealed chamber
containing water (Fig 1B) was used to produce high hu-
midity, based on the knowledge that moist heat is more
biocidal thandryheat.UVGIhasbeen shownto inactivate
influenza viruses28-31 and is endorsed by the CDC as an
acceptable method for destroying microorganisms on
surfaces.32 Figure 1C illustrates the treatment of FFRs
using UVGI.

The process used to deposit viruses on surfaces may
influence the effectiveness of the decontaminant.33

Solution-based studies are easy to perform, but they
do not mimic the airborne contamination of FFRs and
are impractical for FFRswith a hydrophobic outer layer.
For these reasons, we developed two aerosol-based test
methods to applyH1N1 influenza virus to FFRs. The two
methods mimic human respiratory secretions (aerosol
and droplet), and both were approved as standards by
the American Society for Testing and Materials Interna-
tional.22,23 Because these methods will be discussed in
detail in a future report, we provide only brief descrip-
tions here. The key parameters of each deposition
method are droplet/particle size and composition,
which profoundly influence the extent to which exter-
nal factors (eg, proteins, salts, lipids) act to shield the
H1N1 virus from the decontaminant and provide

Table 1. Decontamination methods used in this study

Method Intensity/concentration
Treatment

time

MGS (with a water reservoir) 1250 W 2 min
UVGI (254 nm) 1.6-2.0 mW/cm2 15 min
WMH 658C 6 58C/85% 6 5% RH 30 min

e2 Heimbuch et al. American Journal of Infection Control
February 2011



conditions that allow the virus to survive in the environ-
ment.34 The aerosolization medium is a mucin-based
solution that simulates human saliva.35 Mucin, a com-
mon component of saliva, is known to provide environ-
mental protection to viruses.36 The count median
diameter (CMD) particle size was 0.8 mm for the aerosol
method and 15 mm for the droplet method. The smaller
particle sizewas verified using an Aerodynamic Particle
Sizer spectrometer (TSI, Shoreview, MN), and droplet
size was verified with a Spraytec particle sizer (Malvern
Instruments, Westborough, MA).

MATERIALS AND METHODS

Preparation of H1N1 virus

Influenza A/PR/8/34 VR-1469 (ATCC VR-95H1N1)
was propagated in embryonic chicken eggs following

standard protocols.37 Virus titers were determined us-
ing a tissue culture infectious dose assay (TCID50) in
Madin–Darby canine kidney cells (MDCK; ATCC CCL-
34) with WHO-approved cell culture techniques.37

Aerosol application of H1N1 to FFRs

The laboratory-scale aerosol tunnel (LSAT; Fig 2) was
used to apply H1N1 aerosols to the 6 FFRmodels (3 par-
ticulate, designated P1-P3, and 3 surgical, designated
S1-S3). The LSATwas designed to determine the viable
filtration efficiency of filtration media or energetic de-
vices,38 but it is also capable of applying viruses to
FFRs. For each independent experiment, 6 replicates
of a single FFR model were glue-sealed into 6 separate
15-cm-diameter sample holders. A single FFR was
loaded into the LSAT and sealed using compression
seal clamps. H1N1 virus was diluted in 30 mL of mucin
buffer [0.04 g ofMgCl2$7H2O, 0.13 g of CaCl2$H2O, 0.42
g of NaHCO3, 7.70mLof 0.2MKH2PO4, 12.3mLof 0.2M
K2HPO4, 0.11g of NH4Cl, 0.19 g of KSCN, 0.12 g of
(NH2)2CO, 0.88 g of NaCl, 1.04 g of KCl, and 3.00 g of
mucin (M1778; Sigma-Aldrich, St Louis,MO) in 1 Lof de-
ionized water (pH 7)] to a concentration of ;8 log10
TCID50/mL. The virus solution was added to a
6-jet Collison nebulizer (BGI,Waltham,MA) and attached
to the LSATusing compressionfittings. The LSATwascon-
figured to direct the aerosol to the overflow. Compressed
air (30 psi) was applied to the nebulizer, and the system
was operated for 10 minutes to bring the nebulizer to
steady state. The LSAT overflow valves were readjusted
to direct the aerosol to the FFR for 10 minutes. After ex-
posure, the LSAToverflow valveswere reconfigured to di-
vert the aerosol back to overflow. The exposed FFR was
removed from the LSAT and replaced with a new FFR.
The foregoing stepswere repeated to expose 5 additional
FFRs. The average flow rate in the LSATwas 18-20 L/min.
The average RH and temperature conditions for all tests
were 75%6 5% and 228C6 28C.

Droplet application of H1N1 to FFRs

The droplet loader (Fig 3) was used to simulta-
neously load 6 samples of a given FFR model. The de-
sign of the droplet loader is based on a device capable
of loading large droplet nuclei onto surfaces.39 Six
FFRs, each 5 cm from the edge and spaced equally rel-
ative to the others, were arranged on the rotating table
of the droplet loader. The door to the droplet loader was
sealed, and the rotating table was adjusted to a speed of
3 rpm. H1N1 influenza was prepared as described
above and loaded into a reservoir that contained a si-
phon tube. The tube was connected to the air-
atomizing nozzle (model SA 2000; Paasche, Chicago,
IL), and compressed air (3 psi) was delivered to siphon
the virus into the nozzle. Liquid flow to the nozzle

Fig 1. Devices for decontaminating FFRs. (A) MGS
device for decontamination of individual FFRs.

(B) Chamber for applying WMH to FFRs.
(C) Decontamination of FFRs using UVGI.
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was adjusted to deliver 2-3 mL/min of virus. The FFRs
were loaded with virus as the table revolved under the
droplet stream delivered by the air-atomizing nozzle.
After loading was complete, the compressed air was
disconnected, and the chamber was evacuated (1.5
ft3/min) for 15 minutes to remove suspended aerosols.

Decontamination

Decontamination studies were performed on 3 of
the H1N1-contaminated FFRs, with the other 3 FFRs
serving as positive controls. Alternately loaded FFRs
were used for decontamination studies, to reduce pos-
sible effects due to uneven loading. To minimize the
loss of H1N1 viability due to normal environmental
decay, decontamination studies were performed im-
mediately after the loading of each FFR. The control
FFRs were incubated at room temperature for the
same duration as the FFRs treated by the decontamina-
tion technologies.

For MGS (Fig 1A), two plastic reservoirs (4.5 cm h 3
12 cm w 3 8 cm l) with perforated tops (192 holes of
6 mm diameter, spaced uniformly over the entire sur-
face) were filled with 50 mL of tap water at 228C-258C.
The reservoirs were placed together, and the H1N1-
contaminated FFRwas set atop the center of the assem-
bly, with the exterior of the FFR resting on the surface
of the reservoir. The reservoir assembly and FFR were
loaded into the center of a 1250-watt microwave oven
and irradiated at full power for 2 minutes. After treat-
ment, the reservoir was replenished with fresh tap
water (228C-258C), and the next FFR was processed.

For WMH (Fig 1B), a 6-L sealable container (17 cm
h3 19 cmw3 19 cm l) was filled with 1 L of tap water.
A plastic support rack was placed in the water to isolate
the FFR from the liquid. Before the test, the container

was warmed in an oven to 658C 6 58C for a minimum
of 3 hours. The container was removed from the oven,
and an H1N1-contaminated FFR was placed on the
rack. The containers were sealed and returned to the
oven for 30 minutes.

For UVGI (Fig 1C), a 120-cm, 80-W UV-C (254 nm)
lamp (Ultraviolet Products, Upland, CA) was adjusted
to a height of 25 cm. Output from the lamp was mea-
sured using a radiometer (Ultraviolet Products). The
range of UV irradiation to which the FFR was
exposed varied from 1.6 mW/cm2 to 2.2 mW/cm2.
The exterior surface of H1N1-contaminated FFRs was
irradiated for 15 minutes, which provided an average
dose of 18 kJ/m2. The exposure varied over each FFR
due to the curved shape of the device.

Virus extraction and enumeration

Four circular coupons, 38 mm in diameter, were cut
from each FFR using a sterile metal punch. The cou-
pons were placed in a 50-mL conical tube containing
sfEMEM-p/s-g medium, comprised of 15 mL of
serum-free Eagle’s minimum essential medium (Hy-
clone Laboratories, Logan, UT) supplemented with
1% pen/strep (Sigma Aldrich, St. Louis, MO) and 1%
L-glutamine (Lonza BioWhittaker, Walkersville, MD).
The samples were mixed for 20 minutes at maximum
speed using a multitube vortex mixer (VWR Scientific,
West Chester, PA). Viable H1N1 in the extracts were
quantified using a TCID50 assay in MDCK cells as de-
scribed above. To maximize sensitivity of the assay
the entire extract for each decontaminated sample
was analyzed. The extract for the control FFRs was se-
rially diluted (1/10) in the sf-EMEM-p/s-g medium, and
all dilutions were delivered in quadruplicate into the
24-well plates. The plates were incubated for 4 days

Fig 2. The LSAT device used to apply aerosols to the FFRs. The LSAT is fabricated with 10-cm-diameter stainless steel
sanitary fittings and a 15-cm filter holder to accommodate the FFR. The biological aerosol is generated by a 6-jet

Collison nebulizer. Dilution air, conditioned by passing the air through a humidifier, is added through the porous tube
diluter, and charges created on particles are neutralized by passage through a Kr-85 sealed-source charge neutralizer.

The biological aerosol travels through the overflow valves and expands in the test duct before reaching the FFR.
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at 5% CO2/378C before cytopathic effects were
analyzed.

Data analysis

The Spearman-Karber formula40 was used to deter-
mine the concentration of viable virus per mL of
extract (L, expressed in units of log10TCID50/mL). The
following equation was used to determine the total
amount of virus recovered from each sample (45.6
cm2):

virus concentration=sample5Ls5L1log10ðVÞ;

where V is sample volume. Log reductions were calcu-
lated by subtracting the average LS for the decontami-
nated FFRs from the average LS for the control FFRs.
For decontaminated samples that yielded no detectable
viable virus, we assumed the average number of live vi-
rus in the samples followed a Poisson distribution and
calculated the upper 95% confidence interval.41 Be-
cause the entire extract of the treated sample was as-
sayed, the minimum detection limit (MDL) was
1 TCID50 infectious dose unit. The upper 95% CI, as-
suming a mean of ,1 live viruses in each sample,
was 3.47 (log10 5 0.55) TCID50 infectious dose units;
this value was used as the MDL. Based on a US Environ-
mental Protection Agency guideline,42 half of the MDL
was used to calculate log reductions for treated

samples that had no detectable virus. The 95% CIs of
the log reductions were calculated using standard
equations.41

RESULTS

The average concentration of H1N1 virus recovered
from the untreated FFRs for each test ranged from 4.1
to 6.1 log10 TCID50 per sample (Table 1). The variability
is a result of day-to-day deviation in testing and does
not reflect the overall consistency of the method. The
average SD for the triplicate untreated samples for all
36 tests was 0.27 log10TCID50, similar to that reported
by others.43 All 3 energetic methods provided an aver-
age .4-log reduction of viable H1N1 influenza virus
against both the droplet and aerosol challenges for all
6 FFRs, with the exception of the WMH treatment on
the P1 FFR (Table 3). Use of a less conservative ap-
proach for calculating log reductions would have
yielded higher values. In all but 8 FFRs (7.4%), the virus
was reduced to levels below the detection limit.
Data are not shown for individual FFRs; Tables 2 and
3 provide average values for 3 FFRs per test.

Gross physical observation of the FFRs after the
WMH and UV treatments revealed no obvious signs of
deterioration or deformation. MGS treatment of FFR
S2 caused a slight separation of the foam nose cushion,
which was also reported by Viscusi et al.14 No other

Fig 3. The droplet loader device used to apply droplets to the FFRs. The device is composed of a stainless steel shell
(60 cm l 3 60 cm w 3 90 cm h). Droplets are created by applying compressed air to an air-atomizing nozzle that

produces a droplet at the source with a CMD of;40 mm. Uniform dispersion of the droplets onto the test specimens
is achieved by rotating the samples on the turntable at 3 rpm.
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FFRs showed noticeable deterioration or deformation,
and no arcing in the microwave was observed during
treatment.

DISCUSSION

A unique feature of the present study is the con-
trolled contamination of FFRs with H1N1 influenza us-
ing aerosol methods, which provide a radically
different challenge from solution-based tests, which re-
quire dilution of the virus in a large volume of water. As
droplets form during aerosolization, they begin to dry
and form droplet nuclei. As evaporation proceeds,
viruses are coated with protective components from
the aerosolization medium; these components can pro-
tect the virus from some decontamination technolo-
gies. In the droplet challenge, the droplets do not dry
completely, but land on surfaces as small droplets

that dry eventually. Solution-based assays are per-
formed by simply dosing a substrate with a given vol-
ume of suspended virus. These tests are easier to
perform on hydrophilic surfaces, and we have not at-
tempted to demonstrate that decontamination results
will vary between liquid and aerosol deposition
methods. However, given the scrutiny surrounding
the overall goal of the present study, we considered aer-
osol and droplet contamination methods to be
necessary.

No detectable viruses survived the WMH treatment
in the droplet nuclei and droplet tests (Table 2). In con-
trast, sporadic viable viruses were detected after the
UVGI and MGS treatments (Table 2). The reason for
this discrepancy likely can be traced to the technolo-
gies’ modes of action. The WMH technology provides
a stable environment that is homogeneously distrib-
uted to the entire surface of the FFR. The MGS method

Table 3. Effectiveness of the decontamination methods in inactivating viable H1N1 virus on FFRs (log reduction)

Respirator*

UVGI MGS WMH

Mean 95% CI Mean 95% CI Mean 95% CI

Droplet application of H1N1
S1 4.08 3.36-4.80 5.94 5.61-6.27 5.50 5.15-5.85
S2 5.41 5.41-5.41 5.37 5.37-5.37 6.58 6.22-6.94
S3 5.75 5.03-6.46 5.25 4.30-6.20 4.91 4.29-5.54
P1 4.79 4.08-5.51 4.23 3.29-5.18 3.32 2.96-3.68
P2 4.48 3.76-5.19 4.67 3.72-5.62 4.67 3.72-5.62
P3 5.00 4.64-5.36 5.67 5.05-6.29 4.91 4.29-5.54

Aerosol application of H1N1
S1 5.08 4.72-5.44 4.25 3.53-4.96 5.08 4.72-5.44
S2 4.33 2.43-6.22 5.41 5.41-5.41 4.66 4.04-5.29
S3 4.29 2.70-5.88 4.81 4.19-5.43 4.66 3.42-5.91
P1 4.66 4.04-5.28 4.83 4.47-5.19 4.58 4.22-4.94
P2 5.00 4.05-5.95 5.25 4.53-5.96 4.50 4.14-4.86
P3 4.83 3.54-6.12 5.08 4.13-6.03 5.33 4.97-5.69

*S, NIOSH- and FDA-approved N95 surgical FFR; P, NIOSH-approved N95 particulate FFR.

Table 2. Recovery of viable H1N1 virus from untreated and decontaminated FFRs (log10 TCID50 per sample)

Respirator* UVGI Untreated MGS Untreated WMH Untreated

Droplet application of H1N1
S1 BDL 4.35 6 0.29 0.39 6 0.68 6.33 6 0.13 BDL 5.77 6 0.14
S2 BDL .5.68 0.31 6 0.53 .5.68 BDL 6.85 6 0.14
S3 BDL 6.01 6 0.29 BDL 5.51 6 0.38 BDL 5.18 6 0.25
P1 0.55 6 0.48 5.35 6 0.29 BDL 5.01 6 0.38 BDL 4.10 6 0.14
P2 1.37 6 0.05 5.85 6 0.29 BDL 6.10 6 0.38 BDL 6.10 6 0.38
P3 BDL 5.26 6 0.14 0.26 6 0.44 5.93 6 0.25 BDL 5.18 6 0.25

Aerosol application of H1N1
S1 BDL 5.35 6 0.14 BDL 4.51 6 0.29 BDL 5.35 6 0.14
S2 BDL 4.60 6 0.76 BDL 4.68 6 0.00 BDL 4.93 6 0.25
S3 BDL 4.56 6 0.18 0.62 6 0.56 5.43 6 0.25 BDL 4.93 6 0.50
P1 BDL 4.93 6 0.25 BDL 5.10 6 0.14 BDL 4.85 6 0.14
P2 BDL 5.26 6 0.38 BDL 5.51 6 0.29 BDL 4.76 6 0.14
P3 BDL 5.10 6 0.52 BDL 5.35 6 0.38 BDL 5.60 6 0.14

BDL, below detection limit (1 TCID50 infectious dose unit).
*S, NIOSH- and FDA-approved N95 surgical FFR; P, NIOSH-approved N95 particulate FFR.
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delivers steam to the FFRs from beneath, likely provid-
ing a nonuniform distribution. Moreover, the distribu-
tion of microwave energy in the oven was not
mapped. Zhang et al44 reported inconsistent disinfec-
tion of microwave-treated surfaces. Optimization and
rotation of the water reservoir holder likely will mini-
mize or eliminate this concern. Increasing steam pro-
duction also might be helpful. In the present study,
20% of the water was transformed into steam. Increas-
ing the treatment time or decreasing the amount of wa-
ter in the reservoirs might increase steam production.

The UVGI treatment effectively inactivated the H1N1
virus applied to FFRs as either droplets or aerosol par-
ticles (Tables 2 and 3). Vo et al31 reported similar results
using MS2 coliphage, finding inactivation of this coli-
phage on internal FFR layers. For the aerosol challenge,
the average log reduction was 4.69, and the virus was
reduced to values below the detection limit for all
6 FFRmodels. The average log reduction for the droplet
challenge was 4.92. The larger measured log reduction
is an artifact of the higher loading concentration. The
two instances in which viable virus was recovered
can possibly be attributed to shielding, but the method
tested was not optimized, and the small viable popula-
tions found should not disqualify UVGI as an effective
method for decontaminating FFRs.

Two of the 3 decontamination methods tested left
trace amounts of virus on the FFRs. Optimization of
treatment likely would decrease these levels, but even
the possibility of trace virus may pose a risk to the
wearer. For evaluation in a given situation, this risk
must be factored into the operations in which the de-
contamination and reuse of FFRs will be implemented.
The use of these methods should be considered only in
the dire circumstancewhennoother respiratoryprotec-
tive device is available; that is, either wear a decontami-
nated FFR or wear no FFR. Another factor to consider
when assessing risk is that the actual amount of agent
contaminating an FFR in a pandemic setting generally
will be much less than applied in these tests. We
performed these decontamination tests at extreme
challenge levels to ensure that we could measure the
target 4-log reduction.

All 3 energetic decontamination methods evaluated
in this study provide practical solutions that can be
implemented in many settings. WMH is the most
time-intensive method and may be useful only for
home use or use by small organizations. MGS is the
least time-intensive method and requires only a simple
FFR holder/water reservoir. The simplicity of the tech-
nique and the ready availability of microwave ovens fa-
vor this technology for use in the home and by small
organizations. The dimensions of the reservoir matter;
greater volumes of water take more time to produce
steam. End users also must be cognizant of the power

delivered by the microwave oven. Although UVGI is
the least invasive of the 3 methods and is readily scal-
able to meet the needs of larger organizations, it relies
on a hazardous light source, which might be prohibited
for home use. However, the cost of the device could be
easily absorbed by most organizations even if multiple
UVGI sources are needed to meet their demand. Many
types of UVGI systems are currently used in hospitals
for air purification, biological safety cabinets, and sur-
face sterilization. Adapting such systems for decontam-
ination and reuse of FFRs could be a low-cost option
for hospitals, and organizations purchasing UVGI sys-
tems for other applications might want to select de-
signs that can be used for decontamination of FFRs
as well.

All 3 decontamination technologies effectively de-
contaminated the H1N1 virus deposited on FFRs as
either aerosols or droplets. The aerosols and droplets
were designed to mimic human respiratory secre-
tions, but it is important to note that significant
data gaps exist in terms of the characteristics of drop-
let/particle size and composition of fluids excreted by
symptomatic individuals. An increase in mucus con-
centration and the addition of other components
due to secondary infections might increase shielding
and reduce the effectiveness of some decontami-
nants. More data are needed on respiratory secretions
produced during various states of infection. Other
modes of FFR contamination, including direct contact
and contamination with infectious bodily fluids, merit
study as well.

Notwithstanding the findings of this H1N1 decon-
tamination study, other factors must be considered
before FFR decontamination and reuse can be recom-
mended. Salter et al15 reported that chemical offgass-
ing is not a concern for the 3 energetic methods that
we studied, and other studies have found that none
of the 3 methods significantly affects the particle fil-
tration efficiency of the 6 FFR models that we used in
this study.13,14,16 Fit factor is another concern. All 3
decontamination methods provided acceptable fit
factors after decontamination of all 6 FFR models
(R.E. Shaffer, personal communication, November
16, 2009).

The principal limitation of this study is that we eval-
uated only 6 out of the hundreds of FFR models avail-
able. We acknowledge this limitation and recommend
evaluating additional FFRs. In addition, although this
study has produced a large body of replicated data, reg-
ulatory bodies typically require many more replicate
measurements to build confidence in the methods.
Nonetheless, we are optimistic that our evaluation of
these energetic methods may help lead to solutions to
mitigate a shortage of FFRs caused by pandemic
influenza.
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The Use of Respirators to Reduce Inhalation of Airborne Biological Agents

Larry Janssen, Harry Ettinger, [...], and Ziqing Zhuang

OVERVIEW
The use of respiratory devices to protect against potentially hazardous biological aerosols that are transmittable via inhalation has increased in recent

years. When in an environment containing this potential hazard, both surgical masks (SM) and N95 filtering facepiece respirators (FFR) have been

used by the general public as well as health care workers. While the superior filtration and fit characteristics of N95 FFR over surgical masks have been

demonstrated in laboratory and workplace studies with inert (non-biological) particles, their superiority in reducing disease transmission in

clinical/field settings is still questioned by some members of the health care/infection control industry. Attempts to study the relative efficacy of the two

devices in the field using clinical outcomes have yielded inconclusive results because of limitations in experimental design and implementation.

This commentary examines the differences between the two devices and identifies considerations necessary to study their performance properly. No

study to date has been conducted in a manner that would allow the performance of the two types of devices to be differentiated. In particular, study

subjects failing to wear the assigned device during all times of potential exposure, along with a lack of continuous observation of subjects’ use,

compromise the superior protection the N95 FFR can provide. Additionally, the lack of formalized, complete respiratory protection programs negates

the superior filtration and fit characteristics of the N95 FFR. As has been shown in industrial workplaces, one may reasonably expect that N95 FFR

will effectively reduce health care workers’ inhalation exposures to airborne biological agents when complete, effective respiratory programs are in

place. Because voluntary users and the general public will not likely use respirators under the guidance of a formal program, the benefit of respirator

use alone is likely to be minimal.

INTRODUCTION
Respiratory protection devices are an important element of an overall contagion control strategy when infectious biological aerosols are potentially

present in an occupational environment. In health care facilities, N95 class FFR certified by the National Institute for Occupational Safety and Health

(NIOSH) are typically the minimum class of respiratory protection recommended.  In contrast, studies exist that suggest that surgical masks

normally used in health care settings may be equally effective in reducing disease transmission.  The “respirator versus surgical mask” debate

continues in both health care and non-health care settings.

This article describes and evaluates the findings of recent studies examining the role of respirators and surgical masks in reducing disease transmission.

Established principles of evaluating respiratory protective device performance are used to explain inconclusive results. This article also makes

recommendations to maximize respiratory protection from biological aerosols.

RESPIRATORS AND SURGICAL MASKS
While similar in appearance, N95 FFR and SM are designed to serve different purposes. Stated briefly, surgical masks (SM) are intended to prevent

bacteria and other particles exhaled by the wearer from contaminating a sterile field (e.g., patient’s wound). This device also serves as a barrier to

prevent the wearer from touching his/her oronasal region with contaminated hands or gloves as well as to protect that region from direct sprays and

splashes. SM are regulated by the Food and Drug Administration (FDA). Particle filtration performance evaluation is recommended, but no minimum

level of filtration efficiency is required.  SM are not mandated to form a seal against the user’s face; any leakage provides a route for biological

particles to enter the wearer’s breathing zone.

FFRs also serve as a barrier to touching of the oronasal region, and some of them also act as a barrier to direct sprays and splashes. However, FFRs’

primary function is to reduce the wearer’s exposure to particles with aerodynamic diameters in the inhalable (≤100 µm) size fraction, including those in

the respirable size range (≤10 µm).  Numerous studies have demonstrated that biological and non-biological particles are filtered in the same manner,

with equivalent efficiency.  Filtration efficiency criteria for N95 FFR are set by NIOSH and are measured under rigorous test conditions.  Any

certified particulate respirator must be at least 95% efficient when tested according to NIOSH criteria. In addition, FFR must be capable of forming a

seal to the user’s face in order to be worn in an occupational setting. The Occupational Safety and Health Administration (OSHA) has specific test

criteria for demonstrating acceptable respirator fit on each individual user.  OSHA also regulates FFR selection, use, and care in workplaces,

including health care facilities.

The filtration and fit characteristics of SM were evaluated by Oberg and Brosseau.  Nine surgical masks, six of which met all FDA performance

criteria, were subjected to the NIOSH filtration efficiency test and OSHA-mandated fit tests. The filters ranged from approximately 10% to 96%

efficiency under the NIOSH test conditions; only one SM met the NIOSH minimum requirement for filter efficiency. This finding was consistent with
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research done by NIOSH, which also found a wide range of filtration performance for SM tested at the NIOSH filtration test conditions.

Furthermore, quantitative fit tests conducted by Oberg and Brosseau resulted in only two acceptable fits out of 40 trials. Consequently, small particles

are likely to enter the wearer’s breathing zone via both the SM itself (poor filtration) and the gaps between the SM and the skin of the face (poor fit). As

such, SM cannot be expected to significantly reduce the inhalation of infectious aerosols.

ASSESSMENT OF FFR AND SM EFFECTS ON DISEASE TRANSMISSION
Recent studies have attempted to measure the ability of FFR, SM, or both in a variety of occupational and community settings.  To understand

the results of these studies, it is important to identify several factors that confound the assessment of how well either type of device performs.

Multiple Routes of Exposure

Aerosol transmission of biological particles is only one of several routes of exposure for some diseases for which respiratory protection may be used.

Recent field studies  suggested that long-range transmission of influenza is possible via aerosols in the respirable size range. Additionally,

investigations of disease outbreaks  suggest proximity to the index (first) case as a major factor in respiratory disease transmission. This may

indicate increased inhalation exposure to small particles, and/or transmission of a virus (e.g., influenza) by particles >100 µm (droplets, sprays)

produced when an infected person coughs or sneezes. It is traditionally believed that droplet spray transmission occurs only within a radius of

approximately ~3 feet from the infected person, although recent recommendations have suggested that 6 to 10 feet may be prudent for emerging or

highly virulent pathogens.  Transmission of some viruses may occur by touching contaminated surfaces or objects with the hands and subsequently

touching the eyes, nose, or mouth. Exposure of unprotected eyes to airborne viruses may also contribute to infection.  Importantly, the relative

contribution of each mode of transmission is not clear for many diseases.

By limiting droplet spray and hand contact with the nose and mouth, both FFR and SM may limit disease transmission by these routes. Because only

FFR are designed and tested to filter small aerosols and effectively seal to the user’s face (demonstrated by individual fit testing), they are expected to

be more effective than SM in controlling transmission of disease via particle inhalation. It is also critical that gloves, gowns, and eye protection be used

in conjunction with hand washing to control the non-inhalation exposure routes if the efficacy of either FFR or SM is to be assessed. This “bundling” of

interventions can, in itself, confound the evaluation of FFR or SM performance.

Lack of Airborne Exposure Limits

Human dose-response curves for some respiratory pathogens, including influenza, have been developed  and used to estimate the infectious dose of

influenza A in humans.  In these studies, both the likelihood of infection and the severity of symptoms increased with an increasing inhalation dose

of influenza virus. These findings are consistent with the pattern seen with other hazardous aerosols, and the same industrial hygiene principles of

control apply to both inert (i.e., non-biological) and biological aerosols.

Nonetheless, while quantitative airborne exposure limits do exist for the inert particulate hazards (dusts, fumes, and so on) for which FFR are

commonly worn, these limits have not been established for biological hazards. Accordingly, no field study of FFR or SM performance against

pathogens such as influenza has attempted to measure airborne biological particles either outside (C ) or inside (C ) the device during periods of

exposure. This means there is no assurance that the device under evaluation was tested with a sufficient concentration of airborne infectious agents, or

how much the device was able to reduce the inhaled exposure. In contrast, workplace studies of FFR performance against inert hazards use C  and C

measurements to define the device’s efficacy: the calculated C :C  ratio represents performance, i.e., how much the FFR reduces exposure and is called

the workplace protection factor (WPF).  For contaminants with exposure limits, FFR performance is adequate when C  measurements are below

that limit. While C :C  ratios for biological contaminants may not be convenient (or even feasible) to measure at this time, they would provide

reasonable estimates of the actual exposure reduction provided by the devices in use.

Multiple Exposure Venues

Infectious agents can be present in health care facilities and other workplaces, in the homes of infected individuals, and in general community

environments such as schools, theaters, and mass transit vehicles. Because the end point of FFR or SM performance studies is typically infection (or a

marker of infection), it is critical that participants are not potentially exposed to the infectious agent in any venue outside that in which the device is

being tested. Clearly, infections that are acquired outside the environment in which the FFR or SM is used cannot be attributed to poor performance of

the device.

Non-Compliance and Lack of Subject Observation

Respiratory protection for airborne biological or chemical hazards can be effective only when properly worn during all times of exposure. Overall
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protection is rapidly reduced when the FFR is not worn during even short periods of exposure. The term Effective Protection Factor (EPF) describes the

amount by which the challenge atmosphere is reduced by FFR, taking into account periods of non-wear time in the contaminated atmosphere.  It is

calculated as follows:

T  = Shift or exposure duration

T  = Time the respirator is worn

T  = Time the respirator is not worn

WPF = Workplace protection factor

Figure 1 illustrates the dramatic decrease in protection with increasing periods of non-wear time. The EPF of 10 is equivalent to the minimum level of

protection normally expected when a properly fitted and used FFR is worn, i.e., a 10-fold reduction in exposure. As shown, even FFR with the potential

to reduce exposures 100- to 500-fold are unable to provide the expected level of protection when non-wear time exceeds 10%. As non-wear time

increases to approximately 50%, the EPF for the three respirators shown is 2, or little better than no protection at all.

FIGURE 1

Effective Protection Factor.

Respiratory Protection Program Status

OSHA regulation 29 CFR 1910.134 requires employers to develop and implement a written program to maximize the effectiveness of all respiratory

protective devices.  The program must include work site-specific procedures governing all aspects of respirator use, and be overseen by a suitably

trained program administrator. The program must include the following provisions, as applicable to the devices in use: (1) selection procedures; (2)

medical evaluations of employees required to use respirators; (3) fit testing procedures for tight-fitting respirators; (4) procedures for proper use of

respirators in routine and reasonably foreseeable emergency situations; (5) procedures and schedules for cleaning, disinfecting, storing, inspecting,

repairing, discarding, and otherwise maintaining respirators; (6) procedures to ensure adequate breathing air quality, quantity, and flow (for

atmosphere-supplying respirators); (7) employee training on the respiratory hazards to which they are potentially exposed during routine and

emergency situations; (8) training of employees in the proper use of respirators, including putting on and removing them, and any limitations on their

use and their maintenance; and (9) procedures for regularly evaluating the effectiveness of the program.

FFR and other certified half-facepiece respirators can reliably reduce particle exposures at least 10-fold when used in the context of a proper respiratory

protection program.  This pattern holds true for non-infectious bioaerosols. Cho et al.  determined that geometric mean exposures to endotoxins,

fungal spores, and (1→3)-β-D-glucan were all reduced by a factor of 18 or more using half-facepiece respirators. Conversely, when one or more

program elements are missing, protection can be significantly compromised.

PERFORMANCE STUDIES
Controlled laboratory studies with human test subjects wearing different types of protective devices have measured higher C :C  ratios for FFR

compared to SM.  These studies used an inert particle challenge. Similar data are necessary to demonstrate that FFR are providing protection from

inhaled infectious aerosols superior to that provided by SM.

However, none of the clinical and field studies attempting to estimate the effects of SM and FFR on disease transmission have measured C :C  ratios

and have, instead, used widely disparate methods.  Most are epidemiological studies that use FFR or SM as an intervention, alone, or in

combination with other interventions. Performance of the respiratory device is evaluated based on changes in clinical outcomes (e.g., infection rate of

the group using the device). No study to date has adequately taken into account the five confounding factors listed above. Until this is done, definitive

conclusions about the ability of either FFR or SM to reduce disease transmission cannot be drawn.

The reliance on subjects’ self-reporting and/or inconsistent monitoring of the compliance of subjects’ use of the device under evaluation are the

deficiencies common to nearly every study to date addressing the effects of FFR or SM use on disease transmission. Estimated compliance rates in the

range of 50–75% are commonly reported.  However, it is important to note that self-reported compliance is not a reliable indicator of actual
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compliance. For example, one study on hand hygiene compliance among health care workers (HCW) reported low correlation between self-reported

adherence and observed adherence, with statistically higher levels of self-reported compliance compared to observed compliance.  For FFR/SM, no

study was found to report 100% wear time during all exposure periods, verified by continuous, direct observation of test subjects. As shown in Figure 1

, non-wear during exposure rapidly reduces the superior respiratory protection expected of FFR as compared to SM.

Studies in which compliance is optional are evaluating the impact of subject behavior rather than the capability of the FFR or SM to reduce inhalation

of infectious aerosols. Several recent studies illustrate this and other deficiencies that make it impossible to judge the performance of a properly used

respiratory device:

Loeb et al.  found no statistically significant difference in influenza infection rates of HCW wearing either a fit tested N95 FFR or an SM.

Subject compliance (wear) rates were not known, as only periodic audits of device usage were done. In addition, use of gloves, gowns, and

hand washing were not monitored, and the possibility of community exposure to influenza was acknowledged.

Another study of the efficacy of SM and N95 FFR (both fit tested and not fit tested) in HCW found respiratory illness/influenza infection rates

in workers in either FFR group were roughly half the rate of those wearing SM.  Interestingly, both groups of FFR performed equivalently,

i.e., fit testing showed no beneficial effect. While laboratory studies show that FFR are expected to provide more protection from inhaled

aerosols than SM, it is not certain that they were actually responsible for the lower infection rates in the two groups who wore them. First, the

authors defined compliance as wearing the device as ≥80% of the work shift, and 68–76% of subjects were said to comply (Figure 1).

Compliance was determined by head nurses’ observations and subjects’ self-reporting. Additionally, the devices were evaluated in different

groups of hospitals, and no air samples were taken to ensure exposures were equivalent for all the groups. Again, it is plausible that exposures

and behaviors (including non-compliance) at individual sites were dissimilar and could account for the differences in infection rates.

Studies of health care facilities that used both N95 FFR and SM for workers potentially exposed to H1N1 influenza or severe acute respiratory

syndrome (SARS) have been reported by Seto et al.  and Ang et al.,  respectively. The Seto study also included unspecified “paper masks.”

The two investigations suggested that both FFR and SM controlled infection, but the “paper masks” in the Seto et al. study did not. However,

both studies were retrospective and relied on participants’ self-reporting on the use of the devices, other PPE, and hand washing. As such, no

valid conclusions regarding the performance of a properly used FFR or SM can be drawn.

Community studies using SM and N95 FFR (or a European P2 FFR) on influenza patients and/or household members have also been

conducted.  In some cases, hand washing was used as an additional intervention. Because these studies typically describe subject-

reported compliance rates of ~50%, they are of essentially no value for assessing respiratory device performance.

Several literature reviews  identify these and additional deficiencies of studies conducted to date. These authors described most studies as

underpowered, too small, and/or poorly designed. In concert with the discussion above, bin-Reza et al.  call for objective exposure data and objective

monitoring of compliance and examination of other confounders to determine if FFR or SM have any beneficial effect on disease transmission. In spite

of limited data on the benefit of any specific intervention, bin-Reza et al. suggest “masks” would best be used in combination with other interventions,

especially hand washing in both health care and home settings. Few studies or literature reviews acknowledge the need for a comprehensive respiratory

protection program to manage the use of FFR or SM.

DISCUSSION AND CONCLUSIONS
The “respirators versus surgical mask” debate is complex and remains hotly debated.  Advocates of SM note the accessibility and lower costs of

these devices and the lack of a need for fit testing.  Thus, some have argued for the need for comparative effectiveness in clinical trials to better

address performance. Although many laboratory studies in controlled environments using manikins and human subjects exist, there have been no

properly designed field studies to assess the ability of FFR and SM to reduce disease transmission rates. The difficulty of conducting such studies is

compounded by lack of exposure limits, knowledge of an inhaled infectious dose, multiple exposure venues, and the interactions of several

interventions used simultaneously. Current studies  may properly address these difficulties, but it is unlikely a true FFR or SM clinical efficacy study

will be completed in the near future. Thus, their role in reducing disease transmission must be based on inference and laboratory studies for the time

being.

Because biological particles have repeatedly been shown to be filtered in the same manner as other particles,  the same level of FFR

performance can be expected when they are used against biological aerosols: that is, if properly fitted and worn during all periods of exposure to an

infectious aerosol of concern, inhalation of that aerosol will be reduced 10-fold. Because there are no requirements for small particle filtration

efficiency or fit for SM, they should not be expected to provide respiratory protection.

A similar finding was provided in a 2009 report by an Institute of Medicine (IOM) committee tasked with providing recommendations on respiratory
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protection for HCW in the workplace during the novel H1N1 influenza pandemic.  That committee concluded that HCW in close contact with

individuals with novel H1N1 influenza or influenza-like illnesses should use fit tested N95 FFR in accordance with OSHA respiratory protection

standards and not SM. Similar to this article, the IOM committee based its findings on the evidence of possible airborne transmission of novel H1N1

influenza and the superior filtering and fit characteristics of FFR compared to SM.

As discussed previously, noncompliance with FFR use is a major detriment to effective respiratory protection. A recent study by Nichol et al.

concluded that adherence to the use of FFR in a health care setting could be improved with the ready availability of equipment, training and fit testing,

organizational support for worker health and safety, and good communication practices. These recommendations are consistent with the elements of an

effective respiratory protection program described by 1910.134. It is likely that facilities that implement these practices will achieve FFR performance

equivalent to that shown in industrial studies. If particle inhalation is a significant route of exposure for that aerosol, FFR are far more likely to reduce

infection via this route than are SM.

Furthermore, no evidence suggests that significant respiratory protection from biological aerosols can be achieved in any exposure venue without

addressing respirator program elements. Unlike health care workplaces, members of the general public or casual (voluntary) workplace users will not

have identified where and when exposures to infectious aerosols might occur; it is therefore likely that FFR would not be in use when an exposure does

occur. Secondly, the benefits of individual fit testing have been well documented,  and general public FFR users generally do not make the

effort to be fit tested properly. Thus, these users may or may not achieve meaningful inhalation exposure reduction, even if the FFR is properly donned

during an exposure episode. These limitations hold for all FFR, including those cleared by the FDA as N95/surgical masks or for general public use.

As is the case with any respiratory hazard, the industrial hygiene hierarchy of controls should be applied to control infectious aerosols; the hazard

should be reduced through engineering and administrative methods to the extent possible. Infection control practices and the use of other personal

protective equipment as described Siegel et al.  should also be implemented.
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Filtering facepiece respirators (FFRs) are recommended for use as precautions against air-
borne pathogenic microorganisms; however, during pandemics demand for FFRs may far ex-
ceed availability. Reuse of FFRs following decontamination has been proposed but few
reported studies have addressed the feasibility. Concerns regarding biocidal efficacy, respira-
tor performance post decontamination, decontamination cost, and user safety have impeded
adoption of reuse measures. This study examined the effectiveness of three energetic decon-
tamination methods [ultraviolet germicidal irradiation (UVGI), microwave-generated steam,
and moist heat] on two National Institute for Occupational Safety and Health-certified N95
FFRs (3M models 1860s and 1870) contaminated with H5N1. An aerosol settling chamber
was used to apply virus-laden droplets to FFRs in a method designed to simulate respiratory
deposition of droplets onto surfaces. When FFRs were examined post decontamination by vi-
ral culture, all three decontamination methods were effective, reducing virus load by >4 log
median tissue culture infective dose. Analysis of treated FFRs using a quantitative molecular
amplification assay (quantitative real-time polymerase chain reaction) indicated that UVGI
decontamination resulted in lower levels of detectable viral RNA than the other two methods.
Filter performance was evaluated before and after decontamination using a 1% NaCl aerosol.
As all FFRs displayed <5% penetration by 300-nm particles, no profound reduction in filtration
performance was caused in the FFRs tested by exposure to virus and subsequent decontamina-
tion by the methods used. These findings indicate that, when properly implemented, these meth-
ods effectively decontaminate H5N1 on the two FFR models tested and do not drastically affect
their filtering function; however, other considerations may influence decisions to reuse FFRs.

Keywords: bioaerosol; decontamination; healthcare workers; influenza virus; N95 respirator; respirator reuse

INTRODUCTION

The recent emergence of novel strains of influenza
virus has renewed public health interest in the trans-
mission and control of infectious agents. Significant
attention has been placed on the avian influenza

virus H5N1 and 2009 H1N1 (California) influenza
virus type A. The communicable nature of these
pathogens has created demand for inexpensive and
efficient respiratory protection. Disposable filtering
facepiece respirators (FFRs) are commonly used to
reduce the exposure to airborne particles. FFRs have
been recommended for use as part of a comprehen-
sive infection control strategy by the Centers for Dis-
ease Control and Prevention (CDC). Manufacturers
of respirators [those that are both approved by the

*Author to whom correspondence should be addressed.
Tel: þ1-402-559-9415; fax: þ1-402-559-7799;
e-mail: mlore@unmc.edu
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National Institute for Occupational Safety and
Health (NIOSH) as respirators and approved by the
Food and Drug Administration (FDA) for medical
uses] recommend that they be discarded if soiled
or contaminated. However, the epidemic potential
of influenza raises concerns that the manufacturing
supply of FFRs would be unable to meet a sudden
surge in demand. The Institute of Medicine (IOM)
estimated that the healthcare sector would require
90 million FFRs for a 6-week influenza pandemic
outbreak (Bailar et al., 2006). This estimate, com-
bined with the Occupational Safety and Health Ad-
ministration’s (OSHA) prediction that an influenza
pandemic would last 24 weeks (OSHA, 2009), sug-
gests that an outbreak could require as many as
360 million FFRs. The likelihood of widespread
FFR shortages has prompted the consideration of re-
use of FFRs during pandemics, when supply is short
and the device has not been visibly soiled or dam-
aged (Bailar et al., 2006; Siegel et al., 2007; APIC,
2009; OSHA, 2009; CDC, 2010). Although reuse
may increase the potential for cross-contamination,
FFR shortages may impose a far greater burden on
the ability to control an outbreak. Therefore, a need
exists for objective experimental information upon
which decisions about the safety and practicality of
decontamination for reuse of FFRs can be based.
FFRs remove pathogenic microorganisms from

aerosols generated by infected individuals and are thus
potentially fomites.Viability of influenzavirus on inan-
imate surfaces is well-recognized even though it may
be highly variable (Bean et al., 1982; Brady et al.,
1990; Tiwari et al., 2006; Boone and Gerba, 2007;
Weber and Stilianakis, 2008). Since previously worn
FFRs may serve as a reservoir for the spread of virus,
the reuse of filters exposed to microorganisms requires
careful consideration. If respirator shortages are to be
mitigated through reuse, rapid, low-cost, and efficient
decontamination methods must be established.
This study evaluated thevirucidal capability of three

energetic decontaminationmethods: ultraviolet germi-
cidal irradiation (UVGI), microwave-generated steam
(MGS), and moist heat (MH). These methods were
utilized to two models of commercially available
NIOSH-approved N95 FFRs, on which standardized
quantities of influenza (A/H5N1) virus were applied
as aerosolized droplets.

METHODS

Experimental design

FFRmodels 1860s and 1870 (3MCompany, St Paul,
MN, USA) were selected for study and exposed to in-

fluenza virus-containing aerosol using an aerosol test
system. Influenza virus typeA of the low-pathogenicity
H5N1 strain was selected for use. Table 1 shows the
study design, whereby a total of 108 FFRs were ex-
posed and studied. ‘Exposure’ refers to the application
of virus and ‘treatment’ refers to application of any one
of the three decontamination procedures. The treated
respirators were subjected to one of three decontamina-
tion methods while the non-treated respirators served
as controls and were exposed to virus but received
no disinfection treatment. All untreated FFRs were
incubated for the same duration of time and at the
same environmental conditions (temperature and hu-
midity) as the treated respirators.
Treatment and extraction times were held constant

between FFRs exposed to virus and the controls. Virus
was applied using the dropletmethod described below.
Respirator descriptions. Two models of N95

FFRs common in healthcare settings were chosen
for this study: 3M models 1860s (small size)—a
ridged, cup-shaped design—and 1870, a flat-fold/
three-panel design. Both designs are multi-layered
and use a filtration medium of electrostatically
charged, polypropylene microfibers. These FFRs
are commercially available and carry a NIOSH
N95 filter efficiency rating (NIOSH Federal Respira-
tory Regulations 42 CFR Part 84). The N95 designa-
tion certifies that respirators are "95% efficient at
capturing oil-free airborne particles and aerosols
with an aerodynamic mass median diameter of 300
nm when evaluated at the NIOSH-specified test con-
ditions. These respirators have also been approved
by FDA as medical devices.
Virus stock. Influenza A/H5N1 (VNH5N1) was

acquired from the CDC and transferred with authori-
zation to a commercial laboratory for production in
eggs. Virus was produced and recovered from allan-
toic fluid and quantified. After receipt, the virus
stock was re-titered in house. The viral titer was
#5.5 log10 median tissue culture infective dose assay
(TCID-50) ml-150 ml$1.
Droplet chamber. The aerosol test system (Fig. 1)

used in this study was designed to mimic respiratory
droplet transmission of viruses onto surfaces
(ASTM: E2721-10, ASTM, 2010). The chamber
was composed of a stainless steel box measuring

Table 1. FFR sample sets exposed to H5N1 virus.

FFR models Control UVGI Control MGS Control MH # Tests

3M 1860s 9 9 9 9 9 9 54

3M 1870 9 9 9 9 9 9 54

Total 108

FFR decontamination methods effective for influenza 93



61 % 61 % 76 cm with an approximate volume of 283
l. A pneumatic atomizing nozzle mounted vertically in
the top of the chamber generated large, virus-laden
droplets as described below. Airflow inside the cham-
ber was designed to allow direct settling onto the FFRs.
FFRs were rotated slowly on a turntable inside the
chamber to achieve uniform deposition. Air containing
excess aerosol flowed out of the chamber through
a high efficiency particulate air (HEPA) filter at the bot-
tom. Relative humidity (RH) and temperature within
the test chamber were measured andmaintained at con-
stant levels throughout the testing. The aerosol test
chamber was operated within a BSL3 laboratory facil-
ity and housed inside a Purair 20 ductless fume hood
(Air Science LLC, Fort Myers, FL, USA).
Droplet size characterization. Droplet size distri-

bution of the nozzle was characterized using a Spray-
tec droplet analyzer (Malvern, Worcestershire, UK)
using standard conditions specified by the manufac-
turer. The Spraytec could not be directly linked with
the chamber so the nozzle was analyzed external to
the chamber, which may have produced smaller
droplets due to an overall reduction in RH. The noz-
zle was operated at the same conditions used in this
study (see below) and droplets were analyzed at five
locations downstream of the nozzle (5, 15, 30, 45,
and 60 cm).

Viral droplet loading protocol. Respirators were
arranged in two equally spaced, concentric circles
on the rotating platform inside the aerosol chamber.
The door was sealed and rotation of the platform was
adjusted to three revolutions per minute. As the table
revolved, the pneumatic atomizing nozzle (model
2000VL; Paasche, Chicago, IL, USA) delivered 25
ml of influenza A/H5N1 virus suspension at a con-
centration of 5.5 log10 TCID50 ml$1.
A flowmeter (Cole–Parmer, Vernon Hills, IL, USA)

regulated delivery of #4 l min$1 of HEPA-filtered
air to the nebulizer, which atomized#5ml of viral sus-
pension perminute until the reservoirwas depleted. The
average time of exposure ranged between 5 and 8 min.
After exposure, the airflow was shut off and aerosol
remaining within the chamber was allowed to settle
for 3 min before the respirators were removed. Treated
filterswere exposed to one of the three decontamination
methods while the non-treated filters were used as
controls. All aerosol tests were conducted using an un-
diluted virus concentration of 5.5 log10 TCID50 ml$1.
Under test conditions, the RH within the chamber
was.60% and the temperature range was 22 – 2"C.
Virus extraction efficiency. To determine the ex-

traction efficiency from the test material, a single cir-
cular coupon was cut from each of the four quadrants
of the FFRs using a 3.8-cm diameter (11.3 cm2) arch

Fig. 1. Schematic of the aerosol test system.
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punch (C.S. Osborne & Co., Harrison, NJ, USA).
A volume of 250 ll of virus stock (1 ml total per
set) was pipetted onto each coupon and allowed to
dry for 20 min inside the biosafety cabinet. The cou-
pons (four total) were placed in a 50-ml conical tube
containing 15 ml of serum-free Eagle’s minimum es-
sential medium (sf-EMEM) supplemented with 1%
penicillin–streptomycin and 10% L-glutamine. Con-
ical tubes were mixed for 20 min to liberate virus
particles from the coupons using a multi-tube vortex
mixer (VWR Scientific, West Chester, PA, USA) at
maximum speed. The supernatants were then re-
moved from the tubes and aliquots assayed for viable
virus particles through log serial dilutions in sf-
EMEM. Results were expressed as virus titers in
units of log10 TCID50 ml$1. Quantitative real-time
polymerase chain reaction (qRT-PCR) was per-
formed on the recovered supernatant and mean cycle
threshold (Ct) values were compared to the stock
concentration. Each experiment was performed in
triplicate.
Virus culture quantification. Virus was quantified

using Diagnostic HYBRIDS FreshCells# cell cul-
tures (Athens, OH, USA). The Madin–Darby canine
kidney cells were maintained using standard meth-
ods, plates were incubated, and wells were moni-
tored daily for presence or absence of cytopathic
effect (CPE) by observation with an inverted light
microscope. On day five, adherent cells were fixed
with 400 ll of a 0.07% (w/v) crystal violet and
10% (v/v) glutaraldehyde solution for 1 h. Plate-well
monolayers were scored for CPE and virus titers

quantified according to the Spearman–Karber formula
(Finney, 1978). The cell culture limit of detection was
empirically set at.0.5 log10 TCID50. Therefore, any
data resulting in values below the detection limit
(BDL) were expressed as zero in log reduction cal-
culations (Tables 2 and 3).
Decontamination procedures. Virus-laden respi-

rators were subjected to one of three decontamina-
tion procedures as described below. The orientation
of the filter was convex panel facing the droplet or
treatment source. Controls were subjected to the
same decontamination procedures as the treated
FFRs but were not exposed to virus.
Ultraviolet germicidal irradiation. A 126- (L) %

15.2- (W) % 10.8-cm (H), dual-bulb, 15-W UV-C
(254-nm wavelength) lamp (Ultraviolet Products,
Upland, CA, USA) was placed in a Labgard class
II, type A2, laminar flow cabinet (NuAire, Inc., Ply-
mouth, MN, USA) set to a height 25 cm above the
cabinet’s working surface. Measured by a UVX dig-
ital radiometer (UVP Inc., Upland, CA, USA), the
lamp’s UV-C wavelength irradiance ranged between
1.6 mW cm$2 and 2.2 mW cm$2. Virus-laden respi-
rators were placed inside the cabinet, directly under
the ultraviolet lamp with the convex panel facing the
treatment, and exposed for a total of 15 min at a UV-
C wavelength dose of 18 kJ m$2.
Microwave-generated steam. A 1250-W (2450

MHz) commercially available microwave oven
(Panasonic Corp., Secaucus, NJ, USA) with a rotat-
ing glass plate was used to irradiate a single respira-
tor per treatment. Samples were placed above

Table 2. Mean log10 TCID50 virus concentrations recovered from 3M 1860s FFRs.

3M 1860s UVGI MGS MH

Non-treated Treated Non-treated Treated Non-treated Treated

Replicate 1 4.51 BDLa 4.76 BDLa 4.68 BDLa

Replicate 2 4.68 BDLa 4.84 BDLa 4.68 BDLa

Replicate 3 4.43 BDLa 4.84 BDLa 4.51 BDLa

DLog10 TCID50 .4.54 .4.81 .4.62

Non-treated, No decontamination procedure was performed (control group).
aBDL , 0.5 log10 TCID50.

Table 3. Mean log10 TCID50 virus concentrations recovered from 3M 1870 FFRs.

3M 1870 UVGI MGS MH

Non-treated Treated Non-treated Treated Non-treated Treated

Replicate 1 4.93 BDLa 4.76 BDLa 4.68 BDLa

Replicate 2 4.68 BDLa 4.76 BDLa 4.68 BDLa

Replicate 3 4.34 BDLa 4.84 BDLa 4.59 BDLa

DLog10 TCID50 .4.65 .4.79 .4.65

aBDL , 0.5 log10 TCID50.
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a plastic box filled with 50 ml of room temperature
tap water. The top of the box was perforated with
96 holes (7 mm diameter) evenly distributed over
the entire surface to allow MGS to vent through
the respirator. The virus-contaminated respirator
was placed with the convex surface pointed toward
the steam source and the FFR was then irradiated
for 2 min at full power.
Moist heat. A 6-l sealable container (19% 19% 17

cm) was filled with 1 l of tap water, placed in an oven
(Thermo Fisher Scientific Inc., Marietta, OH, USA),
and heated to 65 – 5"C for 3 h. This allowed the liquid
to reach the desired temperature prior to any decontam-
ination tests. For testing, the container was removed
from the oven and a single virus-contaminated respira-
tor was placed on the rack. For each decontamination
procedure, the container was opened and the FFR
placed onto the rackwith the convex surface pointed to-
ward thewater layer. The container was then sealed and
returned to the oven for the 20-min treatment.
Physical penetration measurements. To determine

whether the decontaminationmethods had any effect on
the filter performance, each of the three decontamina-
tion methods described above was applied to five sepa-
rate samples of each model of FFR listed in Table 1.
Physical penetration measurements were then con-
ducted with a 1% NaCl aerosol challenge as described
in Lore et al. (2010). Filter testing was performed at
a flow rate of 85 l min$1, the flow rate specified by
NIOSH for FFR certification testing.

Data analysis

Determination of viable virus concentrations.
Viable virus particles were quantified by median
TCID50 using the Spearman–Karber formula (Finney,
1978). This widely used methodology utilizes dilu-
tions of pathogenic agents to demonstrate absolute
thresholds of infectivity (0 or 100%). Infectivity is
defined as the concentration capable of producing
an observable CPE in the cell culture monolayer.
Sample inocula were performed over a range of geo-
metric series dilutions that bracketed the infectivity
threshold. This allowed for positive identification of
infectivity and proper application of the Spearman–
Karber formula. The Dlog10 TCID50 between the
control samples and the treated samples was calcu-
lated as Dlog10 TCID50 5 log10 TCID50 (control) $
log10 TCID50 (test). Results were expressed as virus
titers in units of log10 TCID50 ml$1.
Virus quantification by qRT-PCR. Viral RNA

(vRNA) was extracted using a QIAamp vRNA ex-
traction kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. The vRNA was

recovered in 15 ll (final volume) of elution buffer
and quantitated spectrophotometrically (in triplicate)
using NanoDrop ND-1000 (Saveen Werner, Lim-
hamn, Sweden). vRNA amplification of the hemag-
glutinin viral protein target (H5a) was carried out
according to the CDC protocol using Invitrogen’s
SuperScript III Platinum One-Step qRT-PCR System
(cat no. 11732-088), which combines the reverse
transcription and amplification steps.
Assay conditions for quantification of extracted

vRNA were optimized in a Roche LightCycler 480
Real-Time PCR System (Roche Diagnostics). The
Superscript III Platinum mastermix reaction compo-
nents were prepared to the indicated end concentra-
tion: 5.5 ll nuclease-free water, 0.5 ll H5a-F
forward primer (SO3307; CDC), 0.5 ll H5a-R reverse
primer (SO3308; CDC), 0.5 ll H5a-P probe
(SO3294; CDC), SuperScript III RT/Platinum Taq
mix (Invitrogen), and 12.5 ll %2 PCR master mix.
For each sample, 20 ll of the complete LightCycler
mastermix and 5 ll of extracted vRNA (25 ll total)
were loaded into each well of a 96-well plate. The
plate was then loaded into the LightCycler. Samples
were run in triplicate for each dilution and presented
as the Ct value.
The qRT-PCR thermocycling parameters were as

follows: initial complementary DNA synthesis at
50"C for 30 min and then denaturation at 95"C for
2 min, followed by 45 cycles of 15 s of denaturing
at 95"C, 30 s of annealing at 55"C, and 30 s of exten-
sion at 72"Cwith a final holding step at 4"C. Total run
timewas#2 h. The cut-off for determining a negative
sample was 37 Ct units.
A standard curve was generated from a dilution se-

ries constructed from an extracted stock virus sample.
RT-PCR was performed on serial log dilutions of the
stock in triplicate using the Roche LightCycler 480.
These data provided the reference standard by which
experimental samples could be extrapolated. Effi-
ciency of the RT-PCR reaction was estimated through
linear regression analysis of the dilution curve. This
was performed using the LINEST function of Micro-
soft Excel v2007 (Microsoft Corporation, Redmond,
WA, USA), which draws the best-fit line using the
least-squares method of regression analysis.
The limit of quantification (LoQ) was determined

for the qRT-PCR reaction by serial log dilution of ex-
tracted vRNA to the lowest dilutions reliably detect-
able ($7 and $8). Twenty replicate series of both
dilutions were prepared and run simultaneously in
triplicate. A confidence interval (CI) was then calcu-
lated by multiplying the non-amplified samples by 5
and subtracting from 100. This number was then re-
ported as a percentage. Only threshold cycle values
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,40 were included in the data set. A CI of "95%
was utilized. Sample dilutions with Ct values above
36.5 were considered negative.

RESULTS

The consideration for reuse of FFRs following de-
contamination must address two major issues: first,
whether the FFR retains full function and provides
a similar level of protection after treatment and sec-
ond whether the decontamination treatment is effec-
tive at reducing the infectious capability of the
targeted organism. This study focused primarily on
the second point and the development of methods
for accurate assessment of the amount of virus con-
taminating the FFR and the amount removed by the
decontamination method. To achieve this goal, the
first challenge was to demonstrate uniform applica-
tion of virus-laden droplets and recovery of virus
from FFRs.

Droplet size variation

Droplets at the source were 5 lm count median
diameter (CDM) and they grew to #12 lm CMD
at the 30-cm mark, presumably due to coalescence
of the droplets. The droplet size at the 60-cm mark
was back down to 5 lm again, which is most likely
due to evaporation.

Virus recovery and extraction efficiency

FFRs are intended to protect the user by capturing
infectious particles within the composite materials of
the device, either the surface covering or the filtering
medium. Due to uncertainty about the depth to which
virus would penetrate the cover web, all layers were
sampled. Following application of virus to the FFRs,
a total of four, circular, full-thickness cuttings (cou-
pons) were taken comprising a total area of 45.36
cm2. Because this study focused on vertical settling
of large droplets, only the panel facing the droplet
source was sampled. The total estimated area of
the convex surface of 1860s and 1870 was 129.46
and 202.79 cm2, respectively. The efficiency of
recovery of vRNA from all coupon replicate sets
was 70 – 5% (data not shown) as determined by
qRT-PCR.

qRT-PCR limit of detection, LoQ, and calibration

The limit of detection of the PCR method was de-
termined as summarized in the methods section using
serial dilutions of vRNA. Using a CI limit of 95%, the
Roche LightCycler 480 reliably detected a 7-log se-
rial dilution of the H5N1 virus stock. The slope of

the standard curve used for calibration purposes was
$3.48 with an R2 value of 0.998.

Decontamination assessed by viral culture

The effect of the three decontamination treatments
was assessedon twodifferentmodels ofFFRs (Table 1).
Viral recovery from FFRs with and without treatment
was assessedby the tissue culturemethod.Results com-
paring the recovery of virus expressed as log10 TCID50

ml$1 are shown in Tables 2 and 3 for 1860s and 1870
respirators, respectively. Each value reported within
the tablewas themean of three FFRs tested under iden-
tical conditions. In total, 27 treated and 27 untreated
FFRs were tested for each model of FFR. The decrease
in virus titer was calculated by subtracting the average
of the treated group from the untreated (control) group.
Resultswere reported as themean log reduction invirus
titer. In all cases, decontamination procedures resulted
in viable counts below the cell culture assay’s detection
limit (BDL).
The mean concentration of influenza A/H5N1

virus recovered from all untreated (control) 1860s
samples was 4.66 log10 TCID50. Within each treat-
ment, the virus titer replicates were within –0.25
SD log10 TCID50 of each other and between groups
–0.27 SD log10 TCID50 (Table 2).
The mean concentration of influenza A/H5N1

virus recovered from all untreated (control) 1870
samples was 4.70 log10 TCID50. Within each treat-
ment group, the virus titer replicates were within
–0.59 log10 TCID50 of each other and between
groups –0.14 log10 TCID50 (Table 3).
The average log recovery of virus obtained for all

untreated controls with the 1860s was 4.66 log10
TCID50, similar to the 3M 1870, from which recov-
ery was 4.70 log10 TCID50. The log10 TCID50 reduc-
tion for the decontaminated 1860s respirators was
"4.54 (UVGI), "4.81(MGS), and "4.62 (MH).
The log10 TCID50 reduction for the 1870 respirators
exposed to decontamination methods was "4.65
(UVGI), "4.79 (MGS), and "4.65 (MH). All three
decontamination methods achieved an absolute log
reduction of .4.0 logs for both respirator models.

Decontamination assessed by qRT-PCR

vRNA extraction was performed on an aliquot of
the same eluate used to recover viable virus, and
qRT-PCR was performed as described. All values
are reported as Ct units representing the number of
amplification cycles. Testing of the coupons from
non-treated FFRs (control) showed an average Ct
value of 16.72 – 0.7, demonstrating the reproducibility
of the application and recovery process over multiple
days. Within-run coefficient of variation was ,7%.

FFR decontamination methods effective for influenza 97



Each value within the table represented a mean of nine
replicates. Analysis of the treated samples showed
a difference in Ct cycles between the UVGI decontam-
ination method and the other two methods, MGS and
MH, for both FFR models. Material recovered from
UVGI-treated samples required more amplification
cycles to detect vRNA than from either of the other
methods. Consistent with the TCID50 determinations,
there was no significant difference between MGS
and MH as determined by qRT-PCR (Table 4). These
results demonstrated that although no viable virus was
detectable following decontamination as measured
by culture, none of the methods disrupted the
viral genome to a level that could not be amplified
by PCR.

Post-decontamination filter performance

Results indicate that themean penetration at 300 nm
was ,5% for all FFR models tested (Table 5). These
data demonstrate that the decontamination methods
did not significantly degrade the filter performance at
300-nm particle size.

DISCUSSION

During pandemics, shortages of FFRs may lead to
their reuse to extend supplies. This is currently a poten-
tial strategy being considered by several government
agencies (e.g. CDC) during times of shortage—pro-
vided the respirator is not visibly soiled or damaged
and does not impede breathing. However, bioaerosol
contamination, which often does not display gross
soiling, may pose a risk to the user if viable pathogenic
microorganisms are still present. Furthermore, without

proper guidance and procedures, any non-standardized
decontamination method may prove to be inadequate.
The functionality of the device must also be consid-
ered, as decontamination methods may damage straps,
nosefoam, and other components that affect the fit.
The objective of this study was to evaluate the viru-

cidal effects of three energetic decontamination meth-
ods—UVGI, MGS, and MH—on FFRs exposed to
large droplets delivered as aerosols containing influ-
enza A/H5N1 virus. The viral load deposition in this
study represented a ‘worst-case scenario’, in which
the viral load onto the FFRs was in probable excess
of what a user in a healthcare setting would realisti-
cally expect to encounter. These methods were se-
lected based on several factors including common
availability, low cost of the technology, and ease of
use. For example, high-energy irradiation is present
in many hospitals but would not be available to the
general public. Efficacy guidelines have yet to be es-
tablished for FFR fomite decontamination and patho-
genic viruses. However, recommendations have been
issued by the IOM regarding reusability of face masks
during an influenza pandemic. The IOM suggests that
any decontamination method applied to an N95 FFR
must eliminate the viral threat, be harmless to the
user, and have no deleterious effects on filter perfor-
mance (Bailar et al., 2006). This recommendation is
in agreement with previously published guidance on
the virucidal test effectiveness on inanimate surfaces
set forth by the Environmental Protection Agency
(EPA) (EPA, 1982). Therefore, this study used the
EPA criterion of complete inactivation of the virus
at all dilutions, quantified using the Spearman–Karber
method expressed as log10 TCID50, to demonstrate
successful decontamination.
In addition to TCID50 assays, a molecular-based

analysis of the samples was performed using qRT-
PCR. This non-culture technique, which detects vRNA
with sensitivity several orders of magnitude greater
than culture assays, can provide additional insight into
the extent of biocidal effects beyond infectivity assays.
However, molecular amplification assays for the as-
sessment of decontamination effectiveness have not
been addressed by regulatory agencies.
UVGI is a highly energetic short-wave (254 nm)

ultraviolet light shown to be a useful sterilization tech-
nique in a variety of applications. The virucidal mech-
anism of UVGI is derived from the energy contained
within the electromagnetic wave. Single-stranded
RNAviruses have been shown to be especially suscep-
tible to this type of radiation (Rauth, 1965; Tseng
and Li, 2005). Miller and Plagemann (1974) demon-
strated these effects onmengovirus, anRNAvirus anal-
ogous to influenza virus. Their results demonstrated

Table 5. Mean penetration (n 5 5) of 1% NaCl aerosol at
300-nm particle size.

FFR Control UVGI MGS MH

1860s (%) 1.08 0.99 1.51 1.04

1870 (%) 0.39 0.37 0.99 0.99

Table 4. qRT-PCR Ct and coefficient of variation (CV)
values of FFRs exposed to H5N1 aerosol.

UVGI MGS MH

Ct CV (%) Ct CV (%) Ct CV (%)

3M 1860s

Control 16.39 4.42 16.14 6.63 16.88 2.71

Treated 30.67 2.97 21.8 5.87 22.98 5.62

3M 1870

Control 16.59 1.67 16.98 5.66 17.36 3.95

Treated 29.1 5.60 19.81 4.01 20.05 2.45
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progressively increasing changes in the viral proteins,
which are the determinants of infectivity.
In this study, a 15-min exposure to high-intensity

UVGIwas found to be an effectivevirucidal treatment.
A reduction of .4 log10 TCID50 ml$1 was ob-

served for both FFRs, indicating functionally com-
plete removal of detectable virus by culture assay.
In comparison, results of the qRT-PCR assay indi-
cated a significant reduction in amplified RNA
(#14 cycles, Table 4) following decontamination
procedures; however, amplifiable vRNA remained.
These results suggest that the energy input of the UV-
GI decontamination method was capable of eliminat-
ing viral infectivity as seen by the cell culture (TCID)
assay. Our data indicate that the virus’ infectivity is
destroyed but its RNA genetic signature remains, as
shown by the reduction in viral genome amplified.
These data are in good agreement with previous
observations of the effectiveness of UVGI on FFRs
as measured by plaque assay made by Vo et al.
(2009) and Fisher and Shaffer (2011) using surrogate
viruses.
Microwave radiation is a formof radio frequency en-

ergy that, as when used in household ovens (2450
MHz), excites water molecules, generating heat. Mi-
crowave heating has been shown to inactivate or reduce
several species of pathogenic microorganisms (Woo
et al., 2000). Despite many well-documented studies
on microbial damage by microwave irradiation, the
mechanism of action is not entirely understood. How-
ever, the presence ofmoisture appears to be a key factor
influencing the biocidal effect (Vela and Wu, 1979;
Jeng et al., 1987). Therefore, the combined mecha-
nisms of radiation and steam heat were applied in this
study (MGS) where the FFRs were supported above
a water reservoir during the decontamination process.
This allowed steam generated from the water to pass
through the FFR, further enhancing the biocidal effects
of the microwave radiation treatment.
The MGS decontamination procedure relied solely

on steam for disinfection. The biocidal action of
steam is believed to be derived from the liquid phase’s
latent heat of vaporization, which is released upon
contact, allowing the exotherm to denature enzymes
and other essential cell constituents of the organism.
The MH decontamination method is mechanisti-
cally analogous to the MGS decontamination, in
which warm moisture acts as the main component
of biocidal action. This method was chosen over
dry heat sterilization because MH is more effective
than dry heat for killing microorganisms and lower
heat input is less likely to have deleterious results
on filter performance (Hutten, 2007; Viscusi
et al., 2007, 2009).

As tested, each method (MGS and MH) was fully
effective in inactivating influenza A/H5N1 virus par-
ticles for both FFR models. The EPA criterion for vi-
rucidal test effectiveness was met in this study, using
the virus culture method, by the demonstration of
results below detectable limits. Although the virus
was completely inactivated by the MGS and MH
treatments as assessed by culture methods, qRT-
PCR methods were able to detect viral genomic ma-
terial. More of the viral genomic material remained
amplifiable following MGS and MH than after the
UVGI treatment (Table 4). This was expected given
that the mode of action of both methods is denatur-
ation of proteins. Some vRNA was also denatured,
which accounted for the reduction in amplified
RNA. The results from treatment by MGS or MH
were comparable even though the time of treatment
differed from 2 to 20 min, respectively.
One challenge related to decontamination using

a microwave-based method is the concern that the
metal noseband of FFRs would generate combus-
tion. Previous studies have demonstrated that dry
microwave irradiation caused the filtration medium
around metallic nosebands to melt (Viscusi et al.,
2007, 2009). In this study, the microwave-based de-
contamination method used steam as the dominant
biocidal mechanism. Much of the energy is ab-
sorbed by water—reducing the potential for damage
to the filtration medium. Gross observation of the
FFRs post-MGS treatment showed no signs of filter
damage. Furthermore, results of the penetration
tests indicated that the decontamination methods
did not significantly alter the filter performance at
the 300-nm particle diameter (Table 5). It is impor-
tant to note that, although the physical penetration
was measured under conditions similar to those of
the NIOSH certification test, these results are not
equivalent to official NIOSH certification testing.
The filtration measurements reported herein should
not be interpreted as having any bearing on whether
a particular FFR sample meets its designated
NIOSH certification.
Any factor that contributes to nonuniform distribu-

tion of steam across the face of the respirator can alter
its effectiveness. For MGS, the reservoir’s surface
area, liquid volume, and microwave power level are
significant in relation to the exposure time. Smaller
liquid surface areas, larger liquid volumes, or a micro-
wave delivering ,1250 W will require longer expo-
sure times to generate sufficient amounts of steam.
This decontamination method was the least time in-
tensive and utilized commonly available items found
inmost households. The low throughput might restrict
its use in large healthcare settings but this technology
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would be practicable for home use or small organiza-
tions. This study was limited to evaluating the effect
of three decontamination methods on the mask
surface and did not examine the straps or nose clip.
Additional evaluation must be considered regarding
other components of the FFR prior to general adoption
of these decontamination methods. Further research
is appropriate to standardize this process and confirm
its effectiveness for use by healthcare workers, first
responders, and the general public.

CONCLUSION

This study showed that three decontamination
methods (ultraviolet germicidal irradiation, MGS,
and MH) satisfactorily decontaminated the 3M
1860s and 1870 FFRs as measured by a virus culture
method. Within the constraints of the experiment, the
three methods were all completely effective for the
decontamination of FFRs as assessed by a culture
method. These conclusions are further supported by
data reported by Heimbuch et al. (2011) in which
H1N1 droplets and droplet nuclei applied to six mod-
els of FFRs were decontaminated using the same
three energetic methods described here. The construc-
tion or type of FFR did not result in any measured dif-
ference among the decontamination methods applied.
These findings suggest that, when properly imple-

mented, these decontamination methods could sup-
press cross-contamination through contact with FFRs
during situations in which reusing FFRs is necessary.
However, these conclusions apply only to the models
tested in this study—other FFR models may show dif-
ferent effects. Although this study did not investigate
the effect of these treatments on fit, Viscusi et al.
(2011) reported no significant decrease in the protec-
tive capability of FFRs following decontamination.
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Objective.We compared the efficacy of medical masks (MM) and N95 respirators (N95) in preventing bacte-
rial colonization/infection in healthcare workers (HCWs).

Methods. A cluster randomized clinical trial (RCT) of 1441 hospital HCWs randomized to medical masks or
N95 respirators, and compared to 481 control HCWs, was performed in Beijing, China, during the winter season
of 2008–2009. Participants were followed for development of clinical respiratory illness (CRI). Symptomatic sub-
jects were tested for Streptococcus pneumoniae, Bordetella pertussis, Chlamydia pneumoniae, Mycoplasma
pneumoniae or Haemophilus influenza type B by multiplex polymerase chain reaction (PCR).

Results. The rate of bacterial colonization was 2.8% in the N95 group (p = 0.02), 5.3% among medical mask
users (p b 0.01) and 7.5% among the controls (p= 0.16). N95 respirators were significantly protective (adjusted
RR 0.34, 95% CI: 0.21–0.56) against bacterial colonization. Co-infections of two bacteria or a virus and bacteria oc-
curred in up to 3.7% of HCWs, and were significantly lower in the N95 arm.

Conclusions. N95 respirators were significantly protective against bacterial colonization, co-colonization and
viral-bacterial co-infection.We showed that dual respiratory virus or bacterial-viral co-infections can be reduced
by the use of N95 respirators. This study has occupational health and safety implications for health workers.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).

Introduction

Healthcare workers (HCWs) are at a significantly increased occupa-
tional risk for a range of infections. These include infections that cause
substantial illness and occasional deaths in HCWs (Decker and
Schaffner, 1996; Eriksen et al., 2005; Klevens et al., 2007), or are associ-
ated with healthcare associated infections (the majority of which are
caused by bacteria). Various infectious agents can be transmitted from
patients to HCWs and vice versa (Weber et al., 2010). As droplet trans-
mission is a major mode of transmission of some pathogens, standard
infection control measures like hand washing alonemay not be enough
to prevent HCW transmission or outbreaks. HCWs can transmit infec-
tions such as tuberculosis, varicella, and influenza by the airborne
route (Weber et al., 2010); it is less well appreciated that airborne and
other routes of transmission of certain bacterial pathogens may occur.

There is a low awareness of bacterial infections as an occupational
health risk for HCWs. In addition, antibiotic resistant bacteria are a
very significant problem facing hospitals, and HCWs play a role in
their transmission. Bacterial respiratory tract infections are generally
not considered a major occupational problem for HCWs. A growing
body of evidence suggests that the risk of bacterial respiratory infections
is increased by co-infection with viruses and vice-versa, and this has
been studied mostly around the relationship between influenza and
pneumococcus (Klugman et al., 2009; Madhi and Klugman, 2004;
MMWR, 2009; Zhou et al., 2012). Bacterial load in the nasopharynx is
also thought to be related to risk of invasive disease or bacterial–viral
co-infection (Klugman et al., 2009). A meta-analysis showed frequent
bacterial co-infections during influenza outbreaks (Wang et al., 2011).
Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus spp.
and other Streptococcus spp. are the commoner causes of bacterial sec-
ondary infection following an influenza-like illness (ILI) (Wang et al.,
2011).

Case studies documenting the role of HCWs in transmission of
S. pneumoniae are absent, possibly because this is usually not an
outbreak-associated disease, and because the pathogenesis of invasive
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disease is complex (including the relationship with prior colonization).
Further, HCWs with invasive pneumococcal disease may go unreported
in the occupational context (Sherertz et al., 2001). On the other hand,
Bordetella pertussis outbreaks among HCWs have been widely reported
(Addiss et al., 1991; Gehanno et al., 1999; Pascual et al., 2006),with such
outbreaks attributed to airborne transmission through droplets
(Nouvellon et al., 1999). In another study, evidence of acute infection
with Chlamydia pneumoniae was detected in 2% of HCWs (Hyman
et al., 1995). Outbreaks of Mycoplasma pneumoniae among HCWs have
been observed in Finland, where 44% (n= 97) of HCWs tested positive
for the pathogen without detectable M. pneumoniae-specific antibody,
suggesting acute infection (Kleemola and Jokinen, 1992). Legionella
has also been described as an occupational risk factor for HCWs
(Borella et al., 2008; Rudbeck et al., 2009). In contrast to these out-
breaks, there are few prospective studies of bacterial respiratory infec-
tions or colonization and the clinical implications for HCWs.

There has been recent interest in the role of medical masks and res-
pirators in preventing respiratory infections in HCWs and the general
community (MacIntyre et al., 2009, 2011, 2013). Medical masks
(MMs) are unfitted devices worn by an infected person, HCW, or mem-
ber of the public to reduce transfer of potentially infectious body fluids
between individuals. They were originally designed for surgeons in
order to attenuate wound contamination, but have not been demon-
strated to have their intended efficacy (Mitchell and Hunt, 1991; Orr,
1981; Tunevall, 1991). Of note, MMs have not been shown to clearly
provide respiratory protection in the community or HCW setting
(Aiello et al., 2012; Cowling et al., 2009; MacIntyre et al., 2009, 2011).
This may be attributed to lower filtration efficiency and poorer fit than
respirators which, in contrast, are specifically designed to provide respi-
ratory protection (Balazy et al., 2006; Lawrence et al., 2006;Weber et al.,
1993).We have previously shown that a N95 respirator provides signif-
icantly better protection against clinical respiratory infection thanmed-
ical masks in HCWs (MacIntyre et al., 2011, 2013). Although our
previous work tested clinical efficacy in preventing infection, the rela-
tive importance of different routes of transmission (airborne, aerosol,
and direct hand-to-mouth contact) in the clinical efficacy of respiratory
protection is unknown. That is, a mask may provide protection against
more than one mode of transmission. The only bacterial infection for
which respirators are considered and recommended for HCWs is tuber-
culosis (Chen et al., 1994; Nicas, 1995). In this study, our aimwas to de-
termine the efficacy of respiratory protection in preventing bacterial
colonization and co-infections or co-colonization in HCWs.

Methods

A prospective, cluster randomized trial of N95 respirators (fit tested and
non-fit tested) and medical masks compared to each other and to controls
who did not routinely wear masks was conducted in frontline HCWs during
the winter of 2008–2009 (December to January) in Beijing, China. The method-
ology and consort diagram used in the study and the primary clinical and viral
infection outcomes have been previously described (MacIntyre et al., 2011).
We also measured bacterial colonization/infection and co-infections in symp-
tomatic trial subjects, which has not been previously reported. This study de-
scribes the efficacy of the interventions (N95 respirators and medical masks)
in preventing bacterial colonization and co-infection in HCWs.

Recruitment commenced on December 1, 2008 and final follow-up com-
pleted on January 15, 2009. 1441 HCWs in 15 hospitals were randomized to
one of three intervention arms: (1)Medical masks (3M™medicalmask, catalog
number 1820); (2) N95 fit tested mask (3M™ flat-fold N95 respirator, catalog
number 9132); (3) N95 non-fit testedmask (3M™ flat-fold N95 respirator, cat-
alog number 9132) (MacIntyre et al., 2011). A secure computerized randomiza-
tion program was used to randomize the hospitals to each intervention. A
convenience control group of 481 HCW who did not routinely wear masks
were recruited and prospectively followed up in the same way as the trial par-
ticipants for the development of symptoms. The study protocol was approved
by the Institutional Review Board (IRB), Human Research Ethics Committee of
the Beijing Ministry for Health. Staff who agreed to participate provided in-
formed consent.

The primary study endpoint was the presence of laboratory-confirmed bac-
terial colonization of the respiratory tract in subjects who were symptomatic.
We tested for S. pneumoniae, Legionella spp., B. pertussis, Chlamydia,
M. pneumoniae or H. influenzae type B by multiplex PCR. These organisms have
been reported in the HCW setting (Kurt et al., 1972; Rudbeck et al., 2009;
Wang et al., 2011). We also looked at co-colonization with more than one bac-
teria, and co-infection with a laboratory-confirmed viral infection and bacterial
colonization. Laboratory-confirmed viral respiratory infection was defined as
detection of adenoviruses, human metapneumovirus, coronaviruses 229E/
NL63 and OC43/HKU1, parainfluenza viruses 1, 2 and 3, influenza viruses A
and B, respiratory syncytial viruses A and B, or rhinovirus A/B by nucleic acid
testing (NAT) (MacIntyre et al., 2011).

Eligibility

Nurses or doctors who worked full time in the emergency or respiratory
wards at the participating hospitals were eligible. HCWs were excluded if
they: (1) were unable or refused to consent; (2) had beards, long mustaches
or long facial hair stubble; (3) had a current respiratory illness, rhinitis and/or
allergy; and (4)worked part-time or did notwork in the selectedwards/depart-
ments (MacIntyre et al., 2011).

Intervention

Subjects were randomized to masks or respirators, and wore the mask or
respirator on every shift (8–12 h) for four consecutive weeks and were shown
how to wear it and fit it correctly. Participants were supplied daily with three
masks for the medical mask group or two N95 respirators. They were asked to
store the mask in a paper bag every time they removed it (for toilet breaks,
tea ⁄lunch breaks and at the end of every shift) and place the bagged mask or
respirator in their locker. All participants were instructed on the importance
of hand hygiene prior to⁄ after the removal of medical masks and respirators,
as described (MacIntyre et al., 2011). Participants in the fitted N95 arm
underwent a fit testing procedure using a 3M™ FT-30 Bitrex Fit Test Kit accord-
ing to the manufacturers' instructions (3M™, St Paul, MN, USA) (MacIntyre
et al., 2011).

Follow-up

All participantswere followedup for fourweeks for development of respira-
tory symptoms, and for an additional week after mask wearing had ceased (to
account for incubation of infections acquired in week 4). Validated diary cards
were provided for the four-week period to record daily the (1) number of
hours worked; (2) mask/respirator usage; and (3) recognized CRI (MacIntyre
et al., 2011).

Participants were contacted daily by the study team either by phone or face-
to-face contact to actively identify incident cases of viral respiratory infection.
CRI was defined as at least two respiratory symptoms (cough, sneezing, runny
nose, shortness of breath, sore throat) or one respiratory symptom and one sys-
temic symptom (including fever, headache, and lethargy). If any respiratory
symptom was present, subjects were tested, following collection of a nose and
throat swab, for bacterial and viral pathogens.

Sample collection and laboratory testing

Subjectswith respiratory symptoms had two pharyngeal swabs collected by
a trained nurse or doctor. Double rayon-tipped, plastic-shafted swabswere used
to scratch both tonsil areas and the posterior pharyngeal wall. These were
transported immediately after collection to the laboratory, or at 4 °C if transport
was delayed within 48 h. Pharyngeal swabs were tested at the Laboratories of
the Beijing Centers for Disease Control and Prevention. Amultiplex PCR (Seegen
Inc., Seoul, Korea)was used to detect S. pneumoniae,M. pneumoniae, B. pertussis,
Legionella spp., Chlamydia and H. influenza type B. After preheating at 95 °C for
15 min, 40 amplification cycles were carried out under the following condi-
tions in a thermal cycler (GeneAmp PCR system 9700, Foster City, CA, USA):
94 °C for 30 s, 60 °C for 1.5 min, and 72 °C for 1.5 min. Amplification was com-
pleted at the final extension step at 72 °C for 10 min. The multiplex PCR prod-
ucts were visualized by electrophoresis on an ethidium bromide-stained 2%
agarose gel. Laboratory-confirmed viral respiratory infection, defined as detec-
tion of adenoviruses, human metapneumovirus, coronaviruses 229E/NL63 and
OC43/HKU1, parainfluenza viruses 1, 2 and 3, influenza viruses A and B, respira-
tory syncytial viruses A and B, or rhinovirus A/B by nucleic acid testing (NAT)
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using a commercial multiplex polymerase chain reaction (PCR) (Seegen, Inc.,
Seoul, Korea) as previously described (MacIntyre et al., 2011).

Analysis

The endpoint of interest, bacterial colonization and co-infection with two
bacteria or virus and bacteria were analyzed by intention-to-treat analysis.
The two N95 arms (fit-tested and non-fit-tested) were combined for analysis,
given that there was no significant difference between them and because
rates of fit test failure were extremely low in the fit tested arm (5⁄461 fit test
failures — in other words, the majority of HCWs who underwent fit-testing
were wearing the mask correctly prior to fit testing, and fit testing did not add
a significant benefit, allowing us to combine data from the fit tested and non-
fit tested arms) (MacIntyre et al., 2011). We calculated the relative risk and ef-
ficacy of the N95 arms usingmedical mask group as the reference category, and
also the efficacy of N95 and medical mask group using control as the reference
category.

We fitted a multivariable log binomial model, using generalized estimating
equation (GEE) to account for clustering by hospital, to estimate relative risk
(RR) after adjusting for potential confounders. In the initial model, we included
all the variables along with the main exposure variable (randomization arm)
that were significant (p b 0.25) in the univariable analysis. A backward elimina-
tion method was used to remove the variables that did not have any confound-
ing effect, that is, could not make meaningful change (±10%) in the RR of the
N95 arms (Kleinbaum et al., 2007, 2010; Vittinghoff et al., 2012). In the multi-
variable analysis we estimated RR for N95 and medical mask arms compared
to the control arm.

Results

A total of 1441 nurses and doctors in 15hospitalswere recruited into
the intervention arms, and 481 nurses and doctors in 9 hospitals were
recruited into the control group (Fig. 1). The distribution of socio-

demographic variables was generally similar between arms, as previ-
ously reported (MacIntyre et al., 2011).

Fig. 2 illustrates the rates of bacterial detection in symptomatic
HCWs by trial arm, and shows increasing rates with decreasing level
of respiratory protection. Table 1 shows bacterial and viral infections,
as well as co-infections or co-colonization with multiple pathogens, in-
cluding co-infectionwith bacteria and virus. The rates of bacterial detec-
tion were lower for N95 respirators compared to MM (2.8% and 5.3%
respectively), and was highest (7.5%) among the controls. By intention
to treat analysis, N95 respirators were significantly more protective
than MM against the laboratory-confirmed presence of bacteria, with
an efficacy of 46% against medical masks and 62% against control.
MMs had no significant efficacy against any outcome compared to con-
trol (Table 1).

Rates of all types of co-infection were significantly lower in the N95
group. N95 (but notMM) demonstrated efficacy againstmultiple bacte-
rial pathogen colonization as well as co-infection with a virus and bac-
teria, and against dual virus infection (Table 1). There were no dual
virus infections in controls (0/481), 2/949 in the N95 group and 5/492
in MM group. The MM arm had a higher rate of dual virus infection
than controls, but the difference between MM and control did not
reach statistical significance. The most common bacteria identified
was S. pneumoniae; 2.5% for N95; 4.7% for MM, and 6.2% for control
arm, followed by H. influenzae type B; 2%, 3.7%, and 5% respectively
(data not shown). These differences were statistically significant across
all three arms. B. pertussiswas also detected in three HCWs.

In a multivariable cluster adjusted log binomial model, when com-
pared to the control group, the N95 group was significantly protective
against bacterial colonization (Table 2). We demonstrated 59% efficacy
of N95 respirators against any co-infection (Table 3), and 67% against
bacterial and viral co-infection (Table 4) in adjusted multivariate analy-
ses. The only other significant variable for bacterial infection and

Fig. 1. A consort diagram for the study selection.
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bacterial and viral co-infection was the respiratory ward, which signifi-
cantly increased the risk of colonization or co-infection compared to
other wards (Tables 2 and 4).

In addition, univariable analyses of infection and co-infection rates
by other factors, such as, smoking (current vs non-smoker), staff type
(doctor vs nurses) andward type (respiratory vs other)were conducted
in the analysis. For bacterial infection, HCWs working in a respiratory
ward were significantly at higher risk of infection than HCWs in other
wards (7.3% vs 3.5%, p b 0.001). For bacterial co-infection, nurses had
a significantly higher risk than doctors (3.2% vs 1.4%, p = 0.02) and
the rate was also significantly higher in respiratory wards (4.4% vs
1.8%, p = 0.001). Respiratory wards had a higher rate of bacteria–
virus co-infection than other wards (2.5% vs 1%, p = 0.02).

Discussion

Wehave previously shown that N95 respirators protect against clin-
ical respiratory illness (MacIntyre et al., 2011, 2013). N95 respirators,
but not medical masks, were significantly protective against bacterial
colonization, co-colonization, viral-bacterial co-infection and dual
virus infection in HCWs. We also showed a statistically significant de-
crease in rates of bacterial respiratory colonization with increasing
levels of respiratory protection. The lowest rates were in the N95

group, followed by the medical mask group, and the highest rates
were in HCWs who did not wear a mask. Although the clinical signifi-
cance of this finding is unknown in terms of the implications for
HCWs, we have shown that such colonization can be prevented by the
use of N95 respirators. These findings are consistent with other work
we have published, which shows a reduction in bacterial colonization
following use of N95 respirators (MacIntyre et al., 2013).

While the role of nosocomial viral respiratory infections is accepted,
bacterial infections are less well understood. Our findings suggest that
bacterial respiratory tract colonization or infection in HCWs should be
studied further. Bacterial colonization may be a precursor to viral and
bacterial co-infections and invasive bacterial infections in individuals
with influenza or other respiratory viral infections. It is possible that
the onset of upper respiratory tract bacterial colonization may itself
cause mild respiratory tract symptoms, given that only symptomatic
HCWs were swabbed in our study. This requires further investigation,
in particular comparisonwith an asymptomaticHCWgroup.We believe
that these results may have occupational health implications for HCWs,
given the body of evidence that supports a complex, synergistic and
poorly understood pathogenic relationship between bacterial and viral
respiratory infection (Klugman et al., 2009; Madhi and Klugman,
2004; MMWR, 2009; Zhou et al., 2012). The finding that bacterial colo-
nization and co-infectionswere a greater risk on respiratorywards than

Fig. 2. Bacterial colonization by trial arm.1.

Table 1
Intention to treat analysis of bacterial, viral and bacterial–viral co-infections. Bold indicates “significant p value”.

N95 (n = 949) Medical (n = 492) Control (n = 481)

All infections Efficacy of N95 vs medical masks
% (95% CI)a

Efficacy of N95 vs control
% (95% CI)b

Efficacy of medical mask vs control
% (95% CI)b

Bacteria 2.8% (27/949) 46.2 (8.8–68.2)
p = 0.02

5.3% (26/492) 62.0 (38.0–77.0)
p = 0.001

7.5% (36/481) 29.0 (0.0–57.0)
p = 0.16

Virus 1.4% (13/949) 48.2 (0.0–75.8)
p = 0.085

2.6% (13/492) 56.1 (8.4–78.9)
p = 0.024

3.1% (15/481) 15.3 (0.0–59.2)
p = 0.657

Bacteria or virus 3.3% (31/949) 49.8 (18.7–69.0)
p = 0.004

6.3% (32/492) 59.7 (36.3–74.5)
p b 0.001

8.1% (39/481) 19.8 (0.0–48.9)
p = 0.336

Co-infections
≥2 bacteria 1.7% (16/949) 48.2 (0.0–74.4)

p = 0.064
3.1% (15/492) 57.8 (16.9–78.5)

p = 0.010
3.7% (18/481) 18.5 (0.0–58.5)

p = 0.550
Virus and bacteria 1.0% (9/949) 33.3 (0.0–75.0)

p = 0.415
1.4% (7/492) 62.0 (10.4–83.9)

p = 0.022
2.5% (12/481) 43.0 (0.0–77.4)

p = 0.227

Co-infection
≥2 viruses 0.1% (2/949) 72.3 (0.0–96.0)

p = 0.05d
1.0% (5/492) Incalculablec

p = 0.553d
0.0% (0/481) Incalculablec

p = 0.062d

a Efficacy and p-values were calculated using medical group as the referent category.
b Efficacy and p-values were calculated using control group as the referent category.
c Efficacy could not be calculated because zero events in the control group.
d Fisher's exact test was used to calculate the p-value because of small expected cell frequencies.

Table 2
Multivariable cluster adjusted log binomial model of bacterial infection compared
with control group.

Variables in the model Relative risk (95% CI)

N95 0.34 (0.21–0.56)a,†

Medical mask 0.67 (0.38–1.18)
Hospital level 1.48 (0.91–2.42)
High-risk procedure 1.34 (0.84–2.13)
Influenza vaccine 1.03 (0.58–1.83)
Hand washing 0.82 (0.47–1.43)
Respiratory ward vs other 2.15 (1.39–3.31)†

a Efficacy 66%.
† Significant p values (p b 0.01).
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other clinical settings also supports the fact that occupational transmis-
sion is occurring in HCWs. Interestingly, smoking was not a risk factor
for colonization or co-infection. We also found that nurses had signifi-
cantly higher rate of bacterial co-infection than doctors. This may be
due to higher patient contact or differences in use of infection control
measures and personal protection (Chan, 2010; Chan et al., 2002).

The clinical significance of bacterial colonization in HCWs is uncer-
tain, and this is an under-studied and unrecognized risk in HCWs. The
significant protection against this afforded by N95 respirators mirrors
the same trend seen in our previous study for clinical outcomes
(MacIntyre et al., 2011, 2013). Outbreaks of bacterial respiratory
infection do occur in HCWs (Kleemola and Jokinen, 1992; Ong
et al., 2006; Pascual et al., 2006). Therefore, the observed reduction
in bacterial colonization may translate to clinical protection against
infection. S. pneumoniae was the most common bacteria identified
in the upper respiratory tract. Invasive pneumococcal disease is
thought to occur shortly after acquisition of colonization
(Boulnois, 1992; Gray et al., 1980), and the infection can be trans-
mitted by a colonized, asymptomatic individual. The rate of pneu-
mococcal colonization demonstrated in our study was 6% (30/481
in controls), which is within the range described in adults (who
have lower rates of colonization than children) (Austrian, 1986;
Kadioglu et al., 2008; Obaro et al., 1996; Ridda et al., 2011). In an
earlier study of frail elderly adults, only 1/315 subjects carried
S. pneumonia (Ridda et al., 2011), although rates of adult carriage
in the pre-vaccine era of up to 28% have been described (Hammitt
et al., 2006). Bacterial load in the nasopharynx, not measured in
this study, may be important in predicting the risk of invasive dis-
ease or viral co-infection and warrants further study (Klugman
et al., 2009). We demonstrated that N95 respirators prevent car-
riage with S. pneumoniae. Although S. pneumoniae is not typically
associated with outbreaks, nosocomial transmission and invasive
disease in hospital patients from a carrier HCW have been reported
(Guillet et al., 2012). In addition, transmission of bacterial patho-
gens from patients to HCWs during high-risk procedures has been
described (Baba et al., 2009).

The issue of co-infection is not well studied in HCWs, therefore our
findings are quite novel. We have shown that all combinations of co-
infection or co-colonization, with bacteria, viruses and both bacteria
and virus, occur in symptomatic HCWs. These co-infections also display
the same trend of decreasing frequencywith increasing respiratory pro-
tection.Whatever their clinical significance, co-infection can be reduced
by respiratory protection, and this may have implications for both pa-
tient safety, control of outbreaks and occupational health and safety of
HCWs in hospitals. Co-infections, particularly bacterial–viral co-
infection and dual viral infections can be more clearly implicated in
causing disease in HCWs than colonization with a single bacterial spe-
cies. This aspect of our findings, as well as the increased risk for staff
in respiratory wards, therefore, has more direct clinical implications.

We demonstrated 59% efficacy against control of N95 respirators
against any co-infection, and 67% against bacterial/viral co-infection.
Medical masks were not protective and may in fact increase the risk of
viral co-infections (5/492 compared to 0/481 in controls and 2/949 in
N95). This finding, while not reaching statistical significance, may be
due to chance, but is concerning and should certainly be investigated
further. It is possible that the physical conditions of a medical mask
may increase moisture or other parameters to increase risk of co-
infection.

The limitations of this study include the fact that we did not test
asymptomatic subjects, and therefore cannot examine the relationship
of bacterial colonization to symptoms. Quantitative data on bacterial
load would also have strengthened the study. Finally, the mechanisms
of protection of a mask against respiratory tract colonization may be
multi-modal. A mask may protect against respiratory transmission of
pathogens, but may also act as a barrier to reduce hand to nose or
hand to face contact, and may reduce infection in this way. Barrier pre-
cautions have been shown to reduce the rate of nasopharyngeal bacte-
rial colonization (Safdar et al., 2006), so it would be expected that the
barrier provided by a mask may have the same effect. A limitation of
this study is that we cannot differentiate the relative contributions of
prevention of airborne, droplet or direct contact transmission, but the
study provided clinical efficacy estimates regardless of the different
potentialmechanisms of protection. If masks act by preventingmultiple
modes of transmission, they could have utility in preventingmultidrug-
resistant bacteria colonization of the nasopharynx of HCWs. Organisms
such as methicillin-resistant S. aureus (MRSA) are a serious hospital in-
fection control problem for HCWs (Morgan et al., 2012). Rates of clinical
infections in HCWs with MRSA of 5.1% have been described, as has
transmission of MRSA from HCWs to patients (Elie-Turenne et al.,
2010; Sherertz et al., 2001; Verwer et al., 2012;Wang et al., 2011). A fu-
ture research question could be the role of masks in preventing MRSA
colonization in HCWs.

In summary, we have described novel data on bacterial infection
and co-infections in HCWs, something which has not widely been
documented or accepted previously, and shown that N95 respirators
consistently provide protection against bacterial colonization and
co-infections of the respiratory tract of hospital HCWs. The risk of
such colonization is higher in ward types where more respiratory in-
fections are expected (such as respiratory wards). The documented
nosocomial outbreaks of bacterial infections such as pertussis and
even S. pneumoniae in HCWs (Guillet et al., 2012; Pascual et al.,
2006), as well as the efficacy against co-infections suggest there
may be occupational safety benefits to HCWs in high-risk settings
using a respirator, and that more studies are needed to better under-
stand potential bacterial nosocomial respiratory pathogens.
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The National Institute for Occupational Safety and Health (NIOSH) and European Norms
(ENs) employ different test protocols for evaluation of air-purifying particulate respirators
commonly referred to as filtering facepiece respirators (FFR). The relative performance of
the NIOSH-approved and EN-certified ‘Conformité Européen’ (CE)-marked FFR is not well
studied. NIOSH requires a minimum of 95 and 99.97% efficiencies for N95 and P100 FFR, re-
spectively; meanwhile, the EN requires 94 and 99% efficiencies for FFRs, class P2 (FFP2) and
class P3 (FFP3), respectively. To better understand the filtration performance of NIOSH- and
CE-marked FFRs, initial penetration levels of N95, P100, FFP2 and FFP3 respirators were
measured using a series of polydisperse and monodisperse aerosol test methods and compared.
Initial penetration levels of polydisperse NaCl aerosols [mass median diameter (MMD) of 238
nm] were measured using a method similar to the NIOSH respirator certification test method.
Monodisperse aerosol penetrations were measured using silver particles for 4–30 nm and NaCl
particles for 20–400 nm ranges. Two models for each FFR type were selected and five samples
from each model were tested against charge neutralized aerosol particles at 85 l min21 flow
rate. Penetrations from the 238 nm MMD polydisperse aerosol test were <1% for N95 and
FFP2 models and <0.03% for P100 and FFP3 models. Monodisperse aerosol penetration levels
showed that the most penetrating particle size (MPPS) was in the 30–60 nm range for all models
of FFRs tested in the study. Percentage penetrations at theMPPS were <4.28, <2.22, <0.009 and
<0.164 for the N95, FFP2, P100 and FFP3 respirator models, respectively. The MPPS obtained
for all four FFR types suggested particle capturing by electrostatic mechanism. Liquid isopro-
panol treatment of FFRs shifted the MPPS to 200–300 nm and dramatically increased polydis-
perse as well as monodisperse aerosol penetrations of all four FFR types indicating that all the
four FFR types share filtration characteristics of electret filters. Electrostatic charge removal
from all four FFR types also increased penetration levels of 400–1000 nm range particles. Par-
ticle penetration data obtained in this study showed that the eight models of NIOSH-approved
N95 and P100 and CE-marked FFP2 and FFP3 respirators used in this study provided expected
levels of laboratory filtration performance against nanoparticles.

Keywords: filtration; monodisperse aerosol; NaCl particles; nanoparticle; particle penetration; respirator; silver
particles

INTRODUCTION

The rapid growth of nanotechnology industries has
introduced engineered nanomaterials into the work-
place. Engineered nanomaterials show unique prop-

erties different from the bulk materials. Workers
handling or manipulating nanomaterials can generate
aerosolized nanoparticles (Schulte et al., 2008)
which may be inhaled, ingested or absorbed through
skin. Among the different routes of nanoparticle en-
try, inhalation is considered to be the primary mech-
anism. Once inhaled, nanoparticles with increased
solubility can reach parts of a biological systemwhich
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are not readily accessible by larger particles. Nano-
particle inhalation has been shown to cause adverse
effects on pulmonary and systemic functions (Pope
et al., 2002; Elder et al., 2006). Many organizations
recommend the use of personal respiratory protection
devices when engineering controls and other control
technologies do not reduce the occupational exposure
to nanoparticles to acceptable levels. Because of con-
cerns regarding respirator performance, in particular
the filtration of nanoparticles, the National Institute
for Occupational and Safety and Health (NIOSH,
2008), Nanotechnology Environmental and Health
Implications working group (NEHI, 2008), Interna-
tional Council on Nanotechnology (ICON, 2008)
and other organizations have called for increased em-
phasis on research to better understand the effective-
ness of respirators.
Respiratory protection devices throughout the

world are often regulated nationally. In the US,
NIOSH certifies N, R and P series particulate filtering
respirator types 95, 99 and 100 with minimum filtra-
tion efficiencies of 95, 99 and 99.97%, respectively.
Several countries including Canada, Mexico and
Chile recognize NIOSH certification of respirators,
while in Europe, respirators marked with ‘Confor-
mité Européen’ (CE) such as FFP1, FFP2 and FFP3
types meet minimum filtration efficiencies of 80,
94 and 99%, respectively. NIOSH and European
Norm (EN) certifications of particulate respirators
employ different test protocols for approval. NIOSH
conducts respirator certification testing according to
42 CFR Part 84 (Federal Register, 1995) and the ap-
proved products are required to be labeled with
‘NIOSH’ in capital letters and with other information
including part and lot number and company name.
The European Community (EC) legislation specifies
that EN standards must be followed for testing respi-
rators (European Directive, 1996). A CE mark on the
product indicates EC conformity. Both NIOSH and
EN respirator certification programs are widely
known in different parts of the world.
For certification of particulate respirators, NIOSH

and EC notified bodies or test houses conduct filtra-
tion tests using different protocols. NIOSH regula-
tions for N-series respirator testing require a
polydisperse distribution of NaCl particles with a
count median diameter (CMD) of 0.075 – 0.020 lm
and a geometric standard deviation (GSD) of ,1.86
(NIOSH, 2005a). The mass median diameter (MMD)
of the target distribution of test particles is 238 nm
with a mass median aerodynamic diameter (MMAD)
of 347 nm. For R- and P-designated respirators, a
polydisperse distribution of dioctyl phthalate (DOP)
particles with a CMD of 0.185 – 0.020 lm and a
GSD of ,1.60 is used (NIOSH, 2005b). The MMD
ofDOP aerosol corresponds to 356 nmwith aMMAD
of 359 nm. The NIOSH certification test is conducted
using charge neutralized polydisperse aerosol par-

ticles (NaCl and DOP) at 85 l min"1 flow rate using
a TSI 8130 Automated Filter Tester, which employs
a forward light scattering photometer to measure the
flux of light scattering from particles. A reported lim-
itation of the photometer used in the TSI 8130 is that
it has a higher measurement efficiency for particles
.100 nm size (Eninger et al., 2008b). On the other
hand, CE-marked particulate respirators are tested
with non-neutralized polydisperse NaCl as well as
paraffin oil particles at 95 l min"1 according to EN
standards (BS EN 2000, 2002). For NaCl aerosol,
the diameter of the particles varies from 40 to 1200
nm with a MMD of 600 nm. NaCl aerosol particles
upstream and downstream of respirators are passed
through a hydrogen flame and vaporized. The inten-
sity of light emitted at 589 nm is measured, which is
proportional to sodium concentration. For polydis-
perse oil aerosol production, paraffin oil is
atomized at 100!C and diluted with filtered air. The
particle size distribution is a log-normal distribution
with a number median Stokes diameter of 400 nm
and a GSD of 1.82. The aerosol concentration is mea-
sured before and after the test filter by a light scatter-
ing photometer.
Laboratory filtration performance of air-purifying

particulate filtering respirators which include filter-
ing facepiece respirators (FFRs) is well characterized
for a wide size range of aerosol particles most com-
monly found in workplaces (Moyer and Bergman,
2000; Lee et al., 2005; Balazy et al., 2006; Rengas-
amy et al., 2007; Eninger et al., 2008a). Moyer and
Bergman (2000) reported ,5% initial percentage
penetration levels of NaCl aerosols for three models
of N95 FFRs. In one study, initial penetration levels
of 50 nm monodisperse NaCl particles (most pene-
trating particle size, MPPS) .5% was reported for
one of two N95 FFRs tested at 85 l min"1 (Balazy
et al., 2006). Further studies with additional N95
FFR models showed that penetration levels at the
MPPS for some FFR models slightly exceeded
NIOSH allowed 5% level, but the increase was not
significantly different from 5% (Rengasamy et al.,
2007). Some studies also reported the filtration per-
formance of other types of FFRs and filter media in-
cluding R and P types (Martin and Moyer, 2000;
Richardson et al., 2006; Eninger et al., 2008a;
Rengasamy et al., 2008b). NIOSH-approved P100
FFRs showed penetration levels within approved lev-
els (,0.03%) at 85 l min"1 flow rate. The MPPS for
P100 FFRs was found to be in the 40–50 nm range
(Richardson et al., 2006; Rengasamy et al., 2008b).
A recent study reported .1% penetration for size-
fractioned NaCl (20–500 nm) and viral aerosols
(100 nm) for two models of N99 FFRs at 85 l min"1

flow rate (Eninger et al., 2008a).
Very few studies reported the filtration perfor-

mance of CE-marked FFR against nanoparticles
(Wake et al., 1992; Wilkes, 2002; Checchi et al.,
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2005; Golanski et al., 2008). One study assessed the
respirator performance against radon daughter aero-
sols by measuring the filtration efficiency of filtering
facepieces and filters approved by the British Standard
Institution and Health and Safety Executive of UK
with monodisperse NaCl aerosols (Wake et al.,
1992). The results showed that penetration levels of
neutralized aerosols were higher than that of charged
aerosols.
Recent studies reported the penetration of a wide

size range of particles through respirators and filters
(Huang et al., 2007; Golanski et al., 2008). Huang
et al. (2007) measured the filtration performance of
respirators against nanoparticles by determining the
penetration levels of 4.5 nm to 10 lm NaCl aerosols
through one CE-marked FFP1 model and one
NIOSH-approved N95 FFR model. The results
showed that particles below 10 nm were effectively
captured by the FFP1and N95 FFR models studied.
Another study reported the penetration levels of
graphite nanoparticles ranging from 5 to 100 nm
for FFP3 and other filter media (Golanski et al.,
2008). FFP3 filter showed maximum penetration lev-
els of #0.1% at the MPPS (30–40 nm) with varying
penetration levels for high-efficiency particulate air
(HEPA) and other filter media at a face velocity of
5.3 cm s"1.
NIOSH and EN certification of particulate respira-

tors employ different test protocols and a comparative
performance of these FFR is not available for a wide
range of particle sizes, in particular those particles
,100 nm (i.e. nanoparticles). This study compared
the filtration performance of two models each of
NIOSH-approved N95 and P100 and CE-marked
FFP2 and FFP3 FFRs using a polydisperse aerosol
test (PAT) method similar to the method used in
NIOSH certification and two monodisperse aerosol
test methods. The relative filtration performances of
the various respirators are discussed and data are pre-
sented on their filtration mechanisms.

MATERIALS AND METHODS

Filtering facepieces

Two models each of NIOSH-approved N95 and
P100 and CE-marked FFP2 and FFP3 FFRs were
purchased commercially. For comparison of filtration
performance, class N95 and class FFP2 respirators as
well as class P100 and class FFP3 respirators were
selected. It could be argued that comparison of the
filtration performances of NIOSH-approved class
N99 respirator with the FFP3 respirator would be
better because these two types are both certified to
meet ,1% particle penetration levels. However,
a class P100 FFR was selected in this study to com-
pare with FFP3 because it allows us to compare the
results from this study with our previous work

(Rengasamy et al., 2008b). In addition, class P100
respirators are far more commonly used than class
N99 respirators in the US. The manufacturers were
randomly selected from the NIOSH- and CE-marked
lists. A single respirator model was selected from
each manufacturer, excepting FFP3. Two different
models of FFP3 were selected from one manufac-
turer because of procurement difficulties.

Polydisperse NaCl aerosol penetration test (PAT)

Initial penetration levels of polydisperse NaCl
aerosol were measured using a TSI 8130 Automated
Filter Tester (TSI 8130) as described previously
(Rengasamy et al., 2007). Penetration levels were
measured for 1 min of loading, instead of carrying
out the entire NIOSH 42 CFR Part 84 test procedure
(NIOSH, 2005a). Initial penetration levels were
measured in order to be consistent with aerosol test-
ing for various size monodisperse particles de-
scribed below. Percentage particle penetration was
measured at 85 l min"1 flow rate with the mask
mounted in a Plexiglas box (20 $ 20 $ 10 cm).
Five samples from each model were tested for par-
ticle penetration measurements.

Monodisperse 4–30 nm silver particle penetration
test (MAT-1)

Silver nanoparticles were generated by an evapora-
tion and condensation method and tested for penetra-
tion as described previously (Rengasamy et al.,
2008b). Briefly, pure metallic silver (Alfa Aesar,
99.99%) in a ceramic boat was placed inside a ce-
ramic tube kept in a furnace (Lindberg/BlueMmodel:
TF55035A-1) and heated at 1050!C (Figure 1). Poly-
disperse silver nanoparticles produced were trans-
ported by HEPA-filtered nitrogen gas at 2 l min"1

flow rate into a scanning mobility particle sizer
(SMPS; TSI model 3080) equipped with a nano-
differential mobility analyzer (Nano-DMA, TSI
model 3085). Six different size (centered at 4, 8, 12,
16, 20 and 30 nm) monodisperse silver particles were
produced based on electrical mobility. The size of the
monodisperse aerosol particles generated by the test
system was verified (Rengasamy et al., 2008b). The
exiting monodisperse particles were mixed with
HEPA-filtered room air and passed through a 85Kr
neutralizer (TSI 3012). The charge neutralized mono-
disperse particles were passed into the Plexiglas res-
pirator test box. Upstream and downstream particle
numbers at 85 l min"1 flow rate were counted alter-
nately using an ultrafine condensation particle
counter (UCPC; TSI 3025A). Leakage of nanopar-
ticles into the test system was checked by operating
the nano-DMA at 0 V and measuring the counts by
the UCPC. The absence of any leakage was ensured
by measuring zero counts for 20 min. An equilibra-
tion time of #5 min was allowed between upstream
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and downstream sampling. Five samples from each
model were tested for penetration of monodisperse
silver particles.
For N95 and FFP2 respirator penetration studies,

the furnace temperature was set at 1050!C to produce
sufficient number of particles for measuring the pen-
etration of the six different size monodisperse silver
particles. For P100 and FFP3 respirators, furnace
temperatures were kept at 950!C for 4 nm particles,
1050!C for 8 and 12 nm particles and at 1100!C
for 16, 20 and 30 nm size particles to optimize the
number of the test particles as described previously
(Rengasamy et al., 2008b).

Monodisperse 20–400 nm NaCl aerosol penetration
test (MAT-2)

A different set of FFR samples from the same
models that were employed for the PAT experiments
were tested against monodisperse NaCl particles us-
ing a TSI 3160 Fractional Efficiency Tester (TSI
3160) equipped with a long DMA (TSI 3081) as de-
scribed previously (Rengasamy et al., 2007). Initial
percentage penetration levels of 10 different size
(centered at 20, 30, 40, 50, 60, 80, 100, 200, 300 and
400 nm) monodisperse particles were measured in
one test run for each FFR at a flow rate of 85 l min"1.
Five samples from each model were tested for dif-
ferent size monodisperse particle penetrations.

Penetration of NaCl particles as a function of
particle size from 30 to 1000 nm

To better understand the penetration of submicron
size particle (,1000 nm), penetration was measured
as a function of particle size from 30 to 1000 nm.
NaCl aerosol was generated using a constant output
atomizer (Model 3076, TSI) and the aerosol concen-
trations and size distributions (30–1000 nm range)
were measured using a SMPS and a condensation
particle counter (CPC) instead of using the TSI
3160 filter tester (Figure 2). Polydisperse NaCl par-
ticles were passed through a drier, a 85Kr neutralizer

and then into the Plexiglas box containing the test
respirator. Particle number concentrations and size
distributions upstream and downstream of the FFR
were measured alternately using a SMPS in scan-
ning mode. Percentage penetration was calculated
from the ratio of the particle number concentration
downstream to the concentration upstream.

Isopropanol treatment

Class N95 respirators typically capture particles by
electrostatic and other mechanisms. It is unclear
whether most P100, FFP2 and FFP3 respirators cap-
ture particles by mechanical or a combination of both
mechanical and electrostatic mechanisms. The exact
filtration mechanism of various respirator types is
useful for filtration theory modeling and theoretical
simulations (Balazy et al., 2006) and for research
to develop improved filters and air-purifying respira-
tors. The physical interactions between particles and
filter fibers can change dramatically when electro-
static charges on the fibers are introduced. To address
this question for the models studied here, the FFR
samples were subjected to isopropanol treatment,
which is known to remove electrostatic charges on
filter media and to increase particle penetration in
laboratory tests (Chen et al., 1993; Chen and Huang,
1998; Martin and Moyer, 2000; Kim et al., 2007a). In
the first set, five FFR samples were tested using the
PAT method and then the FFRs were carefully re-
moved from the test box and dipped into liquid iso-
propanol in a container for 1 min. FFR samples
were removed from isopropanol solution, dried by
evaporation overnight in a fume hood at room tem-
perature and tested again using the PAT method with
polydisperse NaCl aerosol particles. The second set
consisting of five FFR samples was tested using the
MAT-2 method using monodisperse NaCl aerosols
(20–400 nm range) on the TSI 3160 and then treated
with isopropanol and processed as described previ-
ously. The samples were tested again for particle
penetration using the MAT-2 method. For the third
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Fig. 1. Schematic diagram of the silver particle test system (Rengasamy et al., 2008b. J. Occup. Env. Hyg. 5: 556–564, 2007).
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set, five FFR samples were tested for particle number
concentrations and size distributions of NaCl par-
ticles from 30 to 1000 nm size using a SMPS in scan-
ning mode and then removed from the test box,
treated with isopropanol, processed as described pre-
viously and measured again the particle number con-
centrations and size distributions.

Data analysis

The data were analyzed using the SigmaStat com-
puter program. Average, standard deviation and 95%
confidence interval penetration levels were calcu-
lated for each model. Correlation coefficients be-
tween variable parameters were calculated using
the Pearson’s product-moment correlation method.

RESULTS

Table 1 shows the initial penetration levels of poly-
disperse NaCl aerosol and standard deviations for two
models each of N95, FFP2, P100 and FFP3 FFR types
at 85 l min"1 flow rate using the PAT method. Both
N95 and FFP2 respirators showed average penetration
levels of ,1%. P100 and FFP3 respirators showed
average penetration levels of ,0.03%.
Percentage penetrations of six different size mono-

disperse silver particles in the 4–30 nm range were
measured for the different FFR types using the MAT-1
method. Monodisperse particle penetration levels de-
creasedwith decreasing particle size for all N95, FFP2,
P100 andFFP3 respirators tested at 85 lmin"1 flow rate
(Figure 3). Average penetration levels of the two N95
FFR models tested were similar to the two FFP2 mod-
els (top panel). Among the N95 and FFP2 respirator
models tested, one FFP2 model showed no penetration
for 4 nm particles. For P100 FFR models, the average
penetration levels were one to two orders of magnitude
less than the levels obtained for the twoFFP3 respirator
models (bottom panel).

Figure 4 shows average penetration levels of 10
different size monodisperse NaCl particles in the
20–400 nm range for N95 and FFP2 (top panels)
and P100 and FFP3 respirators (bottom panels) at
85 l min"1 flow rate from the MAT-2 method. Aver-
age penetration levels increased from 20 to 30–60 nm
and then decreased up to 400 nm particle size for all
the respirator models tested. The MPPS for all the
four FFR types was in the 30–60 nm range. Both
N95 models showed penetration levels comparable
to the FFP2 models for the different size particles
in the 20–400 nm range (top panels). Penetration
levels of both P100 models were approximately
one order less than the FFP3 respirator models (bot-
tom panels). Figure 5 shows the correlation of poly-
disperse (PAT) and monodisperse MPPS particle
penetrations (MAT-2) for the NIOSH- and EN-
certified FFRs. A significant correlation (r 5 0.97;
P 5 0.00006) was obtained for each of two N95,
FFP2, P100 and FFP3 respirator models.
Filter penetration was measured before and after

isopropanol treatment of FFR to assess particle cap-
turing by electrostatic mechanism. Penetration lev-
els from the PAT method test were ,1% for
control N95 and FFP2 respirators (Figure 6, top
panel). Isopropanol treatment increased the penetra-
tion levels by one to two orders of magnitude for
both N95 and FFP2 respirator types. Figure 6 (bot-
tom panel) shows polydisperse aerosol penetration
levels of control and isopropanol-treated P100 and
FFP3 respirators obtained using the PAT method.
Average penetrations were,0.03% for the controls,
which increased two to three orders of magnitude
after isopropanol treatment.
Figure 7 shows the average penetration levels of

monodisperse particles in the 20–400 nm range
(MAT-2 method) for the four different FFR types be-
fore and after isopropanol treatment. The MPPS for
the controls was #30 to 60 nm, which shifted to
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Fig. 2. Schematic diagram of test system for penetration of 30–1000 nm particles.
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the 200–300 nm range after isopropanol treatment.
Isopropanol dramatically increased the penetration
levels of different size monodisperse particles tested
in the 20–400 nm range. The increase in penetration
was greater for 200–300 nm particles compared to
other size particles for all respirator models tested.
The magnitude of increase in penetration was less
than two orders for N95 and FFP2 respirators com-
pared to more than four and more than two orders
for P100 and FFP3 respirators, respectively. Figure 8
shows average penetration curves for NaCl aerosol
particles as a function of particle size from 30 to
1000 nm range for control FFRs. Figure 8 (top pan-
els) shows penetration levels of ,3% for N95 and
FFP2 respirators and ,0.5% for P100 and FFP3 res-
pirators for particles ,100 nm. All respirator types
showed negligible penetration levels for particles
.400 nm. Figure 8 (bottom panels) shows the subse-

quent penetration levels for liquid isopropanol-treated
FFRs. In general, the increase in penetration levels for
20–400 nm particles after isopropanol treatment
agreed with the data obtained for individual monodis-
perse NaCl aerosols tested using the TSI 3160 filter
tester (MAT-2 method). In addition, all the four respi-
rator types showed a significant increase in penetration
levels for 400–1000 nm particles after isopropanol
treatment.

DISCUSSION

NIOSH and EN respirator programs employ differ-
ent test protocols for certification of particulate FFR
for respiratory protection. Penetration measurements
and the test conditions used in this study are different
from the penetration tests required by the NIOSH and
EN certification protocols. The penetration results

4 8 12 20 30

N95 - M1
N95 - M2
FFP2 - M1
FFP2 - M2

Particle Diameter (nm)
4 8 12 20 30

P
en

et
ra

tio
n 

(%
)

P100 - M1
P100 - M2
FFP3a - M1
FFP3b - M1

10-5

10-4

10+0

10-1

10-3

10-2

10-5

10+1

10-1

10-3

Fig. 3. Percentage penetrations of monodisperse silver particles (4–30 nm) through N95, FFP2, P100 and FFP3 FFR from two
different manufacturers (M1 and M2) at 85 l min"1 flow rate (MAT-1 method). Error bar indicates the 95% confidence interval

(n 5 5).

Table 1. Penetration levels from the PAT for the different FFR types

Respirator class N95 FFP2 P100 FFP3

Manufacturer M1 M2 M1 M2 M1 M2 M1 M1

Mean penetration (%) 0.703 0.565 0.270 0.505 0.0034 0.0222 0.0098 0.0144

Standard deviation 0.200 0.525 0.096 0.275 0.002 0.036 0.004 0.011
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obtained with the three test methods used in this
study may not be predictive of the penetration results
received using the respective certification test meth-
ods. For this reason, the results obtained in the study
cannot be directly compared with the filtration per-
formance of FFRs approved by the NIOSH and EN
certification programs. Across all test methods em-
ployed, the penetration levels for N95 and P100 were
within the NIOSH allowed ,5 and ,0.03% levels,
respectively. Similarly, FFP2 and FFP3 respirators

showed penetration levels ,6 and ,1%, respec-
tively, as allowed by EN regulations. A comparison
of the filtration performance from the PAT method
showed that penetration levels were similar for N95
and FFP2 class respirators, as well as for P100 and
FFP3 class respirators. Similar classifications of
NIOSH and EN particulate respirators demonstrated
similar penetration levels for polydisperse particles
with a MMD of 238 nm. This observation is consis-
tent with a previous report which compared the pen-
etration levels of different breathing system filters
using a TSI 8130 used in NIOSH certification tests
and a Moore’s Test Rig (CEN Bench Rig) (SPF Serv-
ices, Christchurch, UK) (Wilkes, 2002) approved for
CE marking. NIOSH respirator certification tests are
conducted at 85 l min"1 with the TSI 8130 which
uses charge neutralized polydisperse NaCl aerosols
having a MMD of 238 nm. Particle penetration was
measured using forward light scattering as described
previously (Johnson and Smith, 1988). On the other
hand, Moore’s Test Rig uses non-neutralized NaCl
particles of 40–1200 nm range with a MMD of 600
nm and the filter test is conducted at 95 l min"1. NaCl
particle penetration was measured using a neutral hy-
drogen flame photometer for different filter media
(Wilkes, 2002). Their results showed no significant
difference in the penetration values for the two
methods. Although the NIOSH and EN FFR test
methods employ polydisperse aerosol particles in
the 22–259 nm (#95%) and 40–1200 nm ranges,
respectively, the vast majority of particles that pen-
etrate through the FFR are ,300 nm size. Particle
penetration results for N95 and FFP2 respirators
are expected to be similar because of their expected
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penetration levels ,5 and ,6%, respectively. Simi-
larly, P100 and FFP3 class respirators allowed for
,0.03 and ,1.0% penetrations, respectively, are
expected to show comparable penetration levels.
Monodisperse aerosol penetration results from this

study showed that particle capture increased with de-
creasing size from 30 nm down to 4 nm for NIOSH-
approved class N95 and P100 and CE-marked FFP2
and FFP3 FFR as expected by the single-fiber theory.
The results are consistent with previous reports on
the filtration performance of respirator filter media
(Kim et al., 2007a) and NIOSH-approved and CE-
marked FFR (Huang et al., 2007; Rengasamy et al.,
2008b). No measurable penetration levels for par-
ticles below 10 nm were obtained for one N95 and
one FFP1 FFR models tested (Huang et al., 2007).
This is partly due to the particle generation method
that produced fewer particles in the ,10 nm range
for penetration measurements. Recently, five N95
FFR models were tested against a relatively high con-
centration of monodisperse particles in the 4–30 nm
range and showed measurable penetration levels for
all different size monodisperse particles (Rengasamy

et al., 2008b). At the same time, no penetration was
obtained for 4 nm particles for all the P100 and
FFP3 models tested which is attributed to higher filtra-
tion efficiency compared to N95 FFR.
Similar penetration levels were obtained for N95

and FFP2 respirators using the PAT method. This
may be partly due to the design of N95 and FFP2 res-
pirators by manufacturers to meet 5 and 6% penetra-
tions required by NIOSH and EN regulations,
respectively. On the other hand, the penetration lev-
els of some monodisperse aerosols for P100 FFR
were one to two orders of magnitude less compared
to FFP3 respirators while no significant difference
in penetration was obtained for the PAT. This sug-
gests that only a test method that is based on particle
number instead of mass can reveal differences in pen-
etration levels between the different FFR types. The
PATs provide an overall penetration of different size
particles based on mass of the particles as in the case
of TSI 8130 as well as the EN approved equipment.
The mass of particles ,100 nm is a small fraction
compared to the larger size particles and photometric
test methods based on particle mass may not ade-
quately measure light scattering of particles in this
size range (Eninger et al., 2008b).
Interestingly, the MPPS for all the four FFR types

tested in this study was found to be in the 30–60 nm
range at 85 l min"1 aerosol flow rate. This is consis-
tent with previously reported MPPS values for N95
and P100 FFR (Balazy et al., 2006; Richardson
et al., 2006; Rengasamy et al., 2008b). The four
types of FFRs studied also agree on the relative filtra-
tion performance measured using the monodisperse
(MAT-2) and PAT methods. A consistent rank order-
ing and statistically significant linear correlation
(Figure 5) of filtration performance of all four FFR
types was obtained. Similar correlations between
submicron polydisperse aerosol and monodisperse
aerosol tests have been reported for N95 FFRs
(Rengasamy et al., 2007), dust masks (Rengasamy
et al., 2008a) and HEPA filter media (Lifshutz and
Pierce, 1996; Pierce, 1998).
Using the MAT-2 method, percentage penetrations

at the MPPS were ,4.28, ,2.22, ,0.009 and
,0.164 for the N95, FFP2, P100 and FFP3 respirator
models, respectively. These data suggest the eight
models of NIOSH-approved N95 and P100 and
CE-marked FFP2 and FFP3 respirators used in
this study provide expected levels of laboratory filtra-
tion performance against a wide range of particles,
including those ,100 nm (i.e. nanoparticles). A lim-
itation of this study is that only two models from each
respirator type were tested. Thus, the laboratory
filtration performances seen in this study may not be
representative of all commercially available respira-
tors within the four types studied here. Indeed, studies
both in our laboratory (Rengasamy et al., 2007) and
by other laboratories (Balazy et al., 2006; Eninger

Fig. 6. Percentage penetration levels of 238 nm MMD
polydisperse aerosols (PAT method) for different FFR types
and manufacturers (M1 and M2) before (control) and after

isopropanol treatment (IP-treated) at 85 l min"1 flow rate. Error
bar indicates the 95% confidence interval (n 5 5).
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et al., 2008a) demonstrate that laboratory respirator
filtration performance against nanoparticles in the
MPPS range can vary widely, even within a specific
respirator type.
The MPPS results obtained for the four different

FFR types suggest that the NIOSH-approved as well
as the CE-marked FFR models used in this study
share filtration properties of electret filters. This
was verified by exposing FFR to liquid isopropanol,
which is known to remove the electric charge on filter
media and to increase particle penetration in labora-
tory tests. Isopropanol treatment increased PAT pen-
etration levels of N95 and FFP2 models by one to two
orders of magnitude and P100 and FFP3 models by
two to three orders of magnitude. Based on these re-
sults, one may speculate that the P100 and FFP3 FFR
models used in this study have more electric charges
on filter media fibers than that of the N95 and FFP2
models used in this study. The discrepancy can partly
be explained by the filtration efficiency levels of
FFR. The percentage penetration levels range from
0.270 to 0.703 for both N95 and FFP2 respirators
and from 0.003 to 0.022 for both P100 and FFP3 res-
pirators. Electret charge removal by isopropanol
treatment can increase the percentage penetration
levels up to only 100% even if the FFR is assumed
to be fully electret. Based on the initial penetration
levels for the control N95 and FFP2, electret charge
removal can only increase penetration levels approx-
imately two orders of magnitude (i.e. from 0.270–
0.703 to 100%). At the same time, the penetration
levels of P100 and FFP3 FFR can increase to three
to four orders of magnitude (i.e. from 0.003–0.022
to 100%) after isopropanol treatment. Thus, isopro-
panol treatment of an electret filter with 10% penetra-
tion level can reach a maximum increase of 10-fold
at the maximum. Indeed, two dust mask models with
average penetration levels of 10–12% range showed
6- to 7-fold increase in penetration levels after iso-
propanol treatment (Rengasamy et al., 2008a). Al-
though, liquid isopropanol treatment is assumed to
remove all the electret charge on the fiber, a small
amount of residual electric charge might be expected
to remain on the filter media (Chen et al., 1993). The
mechanism of removal of electric charge from filter
fibers is not completely understood. Some studies
suggested that isopropanol treatment did not remove
electret effect from filter media, but caused swelling
and dissolution of low-molecular weight polymers
resulting in high penetration values (Myers and
Arnold, 2003). On the contrary, a recent study em-
ployed electrostatic force microscopy and showed
a significant removal of electric charges after isopro-
panol treatment (Kim et al., 2007a). It is possible
that isopropanol treatment may disrupt the bonding
of non-woven fabric materials and release particles
to produce increase in penetration levels. This was
tested using HEPA-filtered air with no particles going

through the isopropanol-treated respirators. The re-
sults showed no release of particles suggesting that
the increase in particle penetration after isopropanol
treatment may be due to removal of electric charges
on filter medium.
Oil aerosols such as DOP decrease electret filter

efficiency by mechanisms including neutralization
of the charge on the fiber, masking the fiber charge
by captured particles or disruption of the charge
carrying fiber (Tennal et al., 1991; Barrett and
Rousseau, 1998). P-type NIOSH-approved FFRs
are not degraded by oil aerosol particles, unlike
the N-type electret FFRs. Based on this, NIOSH
certification tests for P-type respirators use DOP
liquid aerosol particles. This raises a question
why a P-type respirator is resistant to oil particles
and not an N-type, although both respirator types
are electrostatic and susceptible to laboratory filter
performance degradation via isopropanol treat-
ment. This may be explained partly due to differen-
ces in the manufacturing process of the different
types of FFRs (Barrett and Rousseau, 1998). The
use of filter media with different chemical compo-
sition, different methods of introducing charge onto
filter fibers and respirator design using hydrophilic
and hydrophobic filter layers in some fashion may
also contribute to this difference. Further studies
are needed to better understand the mechanisms be-
hind electret filter degradation of different types of
respirators.
FFR upon exposure to liquid isopropanol showed

a shift in the MPPS from 30 to 60 nm toward a larger
size in the 250–300 nm. The results are consistent
with the data obtained for filter media and FFR (Chen
et al., 1993; Chen and Huang 1998; Martin and
Moyer, 2000). The increase in penetration levels of
FFR after removal of electret charge by isopropanol
treatment clearly shows that electrostatic mechanism
plays a significant role in capturing particles of 250–
300 nm size compared to particles outside the range
as reported previously (Huang et al., 2007). Particle
penetration data obtained as a function of particle
size after isopropanol treatment suggest that electro-
static forces also play a significant role in capturing
particles at .400 nm size range.
The penetration levels measured using the three

test methods for the eight models of FFRs were sig-
nificantly less than the levels allowed by the NIOSH
and EN certification test protocols. However, ex-
pected protection performance provided by these
types of respirators is dependent upon both filtration
performance and face seal leakage. Thus, worker
protection levels are likely to be much less than the
filtration levels seen in this study, which involved
sealing the FFRs to the test system in the laboratory.
Leakage is dependent upon several factors including
proper respirator selection, fit and donning. Further
research on leakage of nanoparticles is important to

126 S. Rengasamy, B. C. Eimer and R. E. Shaffer

D
ow

nloaded from
 https://academ

ic.oup.com
/annw

eh/article-abstract/53/2/117/175361 by guest on 29 January 2020



better understand the effectiveness of FFRs in work-
places where nanoparticles are present.

CONCLUSIONS

Initial particle penetration data obtained in this
study showed that the eight models of NIOSH-
approved N95 and P100 and CE-marked FFP2 and
FFP3 respirators provided expected levels of labora-
tory filtration performance against nanoparticles. Pen-
etration levels of different size monodisperse particles
from 4 to 400 nm showed that the MPPS was in the
30–60 nm range for all four FFR types tested in the
study. Monodisperse aerosol particles below the
MPPS showed a decrease in penetration levels with
decreasing particle size as expected by the single-fiber
filtration theory. The NIOSH approved and CE-
marked FFR models tested in the study were found
to share filtration characteristics of electret filters as
shown by the shift in the MPPS from 30–60 to 200–
300 nm range after the electric charges were removed.
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SUMMARY. The transmission of pathogens from infected to susceptible hosts may occur through contaminated fomites and
inanimate objects. This type of transmission depends on the ability of the pathogens to survive in the environment. In this report,
we describe the survivability of two avian respiratory viruses, e.g., avian metapneumovirus and avian influenza virus on 12 different
porous and nonporous surfaces. The viruses survived on some of the surfaces for up to 6 days postcontamination but not after
9 days. Both viruses survived longer on nonporous surfaces than on porous ones. One of the reasons for poor survival on porous
surfaces could be inefficient elution of virus from these surfaces. These results should be helpful in determining how long the
premises should be left vacant after an outbreak of these viruses has occurred in poultry houses.

RESUMEN. Nota de Investigación—Sobrevivencia de dos virus respiratorios aviares en superficies porosas y no porosas.
La transmisión de patógenos de huéspedes infectados a susceptibles puede ocurrir mediante fómites contaminados y objetos

inanimados. Este tipo de transmisión depende de la capacidad de los patógenos de sobrevivir en el medio ambiente. En el presente
reporte se describe la capacidad de supervivencia de dos virus respiratorios aviares (Metapneumovirus e influenza aviar) sobre
12 superficies porosas y no porosas. Los virus sobrevivieron sobre algunas de las superficies hasta por 6 dı́as posteriores a la
contaminación pero no después de 9 dı́as. Ambos virus sobrevivieron por más tiempo en las superficies no porosas que en las porosas.
Una de las razones que explica la baja supervivencia en las superficies porosas puede ser la liberación ineficiente del virus de este tipo
de superficies. Estos resultados deben ser útiles para determinar el tiempo que deben dejarse vacı́as las instalaciones luego de que haya
ocurrido un brote con estos virus en galpones avı́colas.

Key words: survival, avian pneumovirus

Abbreviations: AIV ¼ avian influenza virus; AMPV ¼ avian metapneumovirus; ATCC ¼ American Type Culture Collection;
FCS¼ fetal calf serum; HBSS¼Hanks’ balanced salt solution; HPAIV¼highly pathogenic AIV; IBV¼ infectious bronchitis virus;
LPAIV¼ low pathogenic AIV; MDCK¼Madin Darby canine kidney; NDV¼Newcastle disease virus; PBS¼ phosphate buffer
saline; TCID50 ¼ tissue culture infective dose

Transmission of pathogens from infected to susceptible hosts
occurs by direct or indirect means. Indirect transmission may take
place via water, food, air, or contaminated fomites. A critical factor
in the indirect transmission of any pathogen is its ability to survive in
the environment. Excretion of large amounts of respiratory viruses in
excretions or secretions of infected birds may lead to environmental
contamination. Virus survival for any length of time on environ-
mental surfaces and fomites may help their transmission to suscep-
tible populations.
Respiratory infections in poultry may lead to a severe drop in egg

production as well as high mortality in poorly managed cases. These
infections spread quickly and their etiology is complex, often in-
volving more than one pathogen. In poultry, avian influenza virus
(AIV), avian metapneumovirus (AMPV), Newcastle disease virus
(NDV), and infectious bronchitis virus (IBV) are the most common
viral causes of respiratory infections. These viruses may spread by
infected aerosols or by contaminated surfaces. In the present study,
survival of two avian respiratory viruses (AIV and AMPV) on porous
and nonporous surfaces was determined.
Avian influenza, a highly contagious respiratory disease, is caused

by type A AIV, which is an enveloped RNA virus belonging to the
family Orthomyxoviridae (9). The extent of the disease caused by
AIV may vary from mild respiratory illness to fatal pneumonia. The

disease, which has been reported to affect all types of birds, including
domestic, commercial, caged, and migratory birds, is characterized
by sneezing, coughing, increased broodiness, reduced egg production
and feed consumption, and sudden mortality in some cases. Severity
of the disease may vary with virus type and with age, sex, and health
status of the affected birds. This virus tends to lodge and reproduce
in the digestive and respiratory tracts of birds and is shed from both
sources during early stages of infection. The AIV can undergo
genetic reassortment with human strains of influenza that coinfect
pigs, which may lead to the emergence of new viral strains with a
marked increase in virulence for humans (11). In addition, AIV can
start out being low pathogenic but can mutate without warning to
become highly pathogenic.
AMPV belongs to the Metapneumovirus genus of the family

Paramyxoviridae and causes severe respiratory disease in turkeys and
chickens of all ages (7). The disease, also known as turkey
rhinotracheitis, is characterized by coughing, nasal discharge, swollen
infraorbital sinuses, up to100% morbidity, and 3%–30% mortality
(6). Of the four subtypes of AMPV, only subtype C is known to be
present in the United States, while the other three subtypes (A, B,
and D) are present in Europe.
Both of these diseases are airborne and have been reported to

spread by infected aerosols. Contaminated fomites have also been
reported to play a role in the spread of these viruses from one bird to
the other and from one farm to the other. In addition, caretakers at
poultry farms may inadvertently facilitate virus transmission if theirACorresponding author.
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hands, clothes, or other fomites are contaminated with secretions
from infected birds. A number of studies have been carried out on
the survival of many human viruses (polio, hepatitis A, enteric,
adeno, and rhinoviruses) on various porous and nonporous surfaces,
including apparel, glass, paper, aluminum foil, china, glazed tiles,
latex, and counter tops, etc. (1,2,10,13). However, such studies are
not available for avian respiratory viruses. It is imperative, therefore,
to determine if avian respiratory viruses can persist long enough and
in high enough numbers on fomites to pose an actual or potential
risk to susceptible birds.

MATERIALS AND METHODS

Cells. Vero (ATCC CCL-81) and Madin Darby canine kidney
(MDCK) cells (ATCC CRL-6253) were used to grow and titrate AMPV
and AIV, respectively. The cells were grown in Eagle’s minimum essen-
tial medium with Earle’s salts (Media Tech, Herndon, VA) containing
150 IU/ml penicillin, 150 lg/per ml streptomycin, 50 lg/ml neomycin,
1 lg/per ml fungizone, 8% fetal calf serum (FCS), and Edamin S.

Viruses. Subtype C of AMPV (APV/MN-2a) adapted to grow in
Vero cells at passage level 64 and AIV [Influenza A/Herring gull/
Delaware 471/86 (H13N7)] at passage level four were used in this study.
The AMPV grown in Vero cells was harvested when 80%–90% cells
showed cytopathic changes. For growing AIV, MDCK monolayer was
washed once with Hanks’ balanced salt solution (HBSS). The main-
tenance medium consisted of MEM with antibiotics, 1.5 lg/per ml
trypsin, and 0.3% bovine serum albumin. The virus was harvested when
90% cells showed cytopathic changes (usually 2–3 days). The virus
stocks were stored in small aliquots at !70 C.

Experimental plan. Small pieces (1 cm2) of 12 different materials
(steel, wood, tile, tire, gumboot, feather, egg shell, egg tray, plastic, latex,
cotton fabrics, and polyester fabric) were placed in 24-well tissue-culture
plates. All pieces (except latex) were cleaned and sterilized by autoclaving
before use. Each surface was contaminated with 10 ll of either AMPV
or AIV. After air drying (approximately 30–40 min), these pieces were
placed in 14-ml round-bottom tubes and stored in a drawer at room
temperature. Twelve sets were made for each of the 12 materials. At
regular intervals (0 hr, 24 hr, 48 hr, 72 hr, 6 days, and 9 days after con-
tamination), one set was removed and virus from each material was
eluted in 1 ml of 3% beef extract–0.05 M glycine (pH 8.5) (15) by
intermittent vortexing for 40–60 sec. Immediately after elution, the
virus present in the eluates was titrated. In another experiment, sur-
vivability of these two viruses (as infected cell-culture supernatant) was
studied by storing them (contained in 4-ml tubes) at room temperature.

Aliquots of both viruses were removed from these tubes at 0 hr, 24 hr,
48 hr, 72 hr, 6 days, 9 days, 12 days, 15 days, 18 days, and 21 days and
titrated in their respective cells.
Virus titration. Virus titrations were done in Vero or MDCK cells

grown in 96-well plates. The samples were diluted serially 10-fold, and
100 ll of each dilution was used to infect cells using four wells per
dilution. For titration of AIV, MDCK cell monolayer was washed once
with 100 ll of HBSS containing 1.5 lg per ml trypsin before infection.
After infection, the plates were incubated at 37 C, examined for virus-
specific cytopathic changes after 72 hr and expressed as tissue culture
infective dose (TCID50), and the titers calculated by the method of Reed
and Muench (12). For AMPV, Vero cells were used and the end points
were determined by staining the cells for immunofluorescence (6).
Briefly, infected cells were fixed with chilled ethanol for 30 min at!20
C. After decanting ethanol, the plates were air dried in a laminar flow
hood and washed once with phosphate buffer saline (PBS). A 1 : 150
dilution of turkey anti-APV hyperimmune serum was added (100 ll/
well) followed by incubation for 1 hr at 37 C in a humid chamber. The
cells were washed thrice with PBS, incubated with 1 : 150 dilution of
fluorescein-labeled anti-turkey IgG conjugate for 45 min (KPL,
Gaithersburg, MD) (100 ll/well), washed thrice with PBS, counter-
stained with 0.01% Evans blue for 1 min, and observed under
a fluorescent microscope.

RESULTS

Both AMPV and AIV survived for up to 72 hr on most of the
surfaces tested (Tables 1 and 2). Survival of both viruses was similar
on 9 of the 12 fomites tested, except on latex, wood, and egg tray.
On latex, AIV survived for 6 days, while AMPV survived for 3 days.
On wood, AIV and AMPV survived for 2 and 1 days, respectively.
On egg tray, AIV survived for 1 day and AMPV for 6 days. In
general, virus survival was less on porous surfaces than on nonporous
ones. On cotton fabric, none of the viruses survived beyond 24 hr,
while on polyester fabric, they were not detected even at 24 hr
postcontamination. Both viruses in infected cell culture fluid
survived for more than 15 days at room temperature (Table 3).

DISCUSSION

Severe economic losses to the poultry industry are caused by AMPV
and AIV. Outbreaks of these viruses are contained either by rapid
depopulation and/or quarantine of affected flocks. Rapid and stringent

Table 1. Survival of AIV on different fomites.

Fomite

Titer of the virus recovered (TCID50/ml) after indicated time of storageA,B,C

0 hr 24 hr 48 hr 72 hr 6 days

Steel 8.7 3 103 1.9 3 103 0.8 3 102 0.9 3102 ,10
Latex 3.0 3 102 1.6 3 102 1.5 3 102 0.8 3 102 2.4 3 102

Tiles 4.4 3 103 9.7 3 102 1.5 3 102 1.0 3 102 ,10
Wood 1.8 3 102 2.8 3 101 5.0 3 103 ,10 ,10
Gumboot 3.4 3 103 3.1 3 103 2.5 3 102 2.5 3 102 ,10
Tire 7.8 3 103 1.6 3 102 5.2 3 102 1.0 3 102 ,10
Egg tray 1.4 3 101 ,10 ,10 ,10 ,10
Egg shell 1.1 3 103 ,10 1.5 3 102 1.4 3 101 ,10
Cotton fabric 8.9 3 101 5.0 3 101 ,10 ,10 ,10
Polyester fabric 2.8 3 101 ,10 ,10 ,10 ,10
Feather 1.5 3 104 2.9 3 103 3.0 3 102 2.3 3 102 2.8 3 101

Plastic 2.0 3 103 7.8 3 101 5.0 3 101 1.4 3 101 ,10
AThe amount of virus used to contaminate fomites was 10 ll each containing 6.33 104 TCID50 (6.33 106 TCID50/ml).
BThe above values are the average of four experiments. The detection limit of the assay was 10 TCID50. For the purpose of calculating averages,

titers of ,10 were considered as zero.
CNo virus was detected on day 9 from any of the fomites tested.
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application of biosecurity measures and disinfection of contaminated
premises and fomites can also help prevent viral spread. After the
outbreak of a disease, the premises are left vacant for a period of time
so that the virus can die out by natural processes. Unfortunately, no
systematic studies are available on the survival of AMPV or AIV on
different fomites. This study was conducted to fill that gap.
The results of our study indicated that both viruses survived for

approximately 72 hr on most of the surfaces, although one or both
viruses survived for as long as 6 days on latex, egg tray, and feather.
Both viruses survived better on nonporous surfaces (steel, latex,
ceramic tiles, gum boot, tire, and plastic) than on porous surfaces
(cotton and polyester fabrics, wood, egg tray), which is in agreement
with the results of Bean et al. (3), who found that human influenza
virus types A and B survived for 24–48 hr on hard, nonporous
surfaces (stainless steel and plastic) and for less than 8–12 hr on
porous surfaces (cotton, paper, and tissues). Similarly, rotaviruses
were recovered more readily from nonporous inanimate surfaces,
such as stainless steel, plastic, and glass (14), and parainfluenza virus
was recovered for 10 and 4 hr from nonabsorptive and absorptive
surfaces, respectively (4). Human respiratory syncytial virus has also
been shown to survive on various nonporous surfaces (including
glass, aluminum foil, polyvinyl surfaces, stethoscope, and bed rails)
for a considerable period of time, and these surfaces have been
shown to act as vehicles for the spread of the virus (5).
Even at 0 hr (immediately after the application of virus), the over-

all virus recovery was less from porous surfaces than from nonporous
surfaces, which may have been due to complete drying (desiccation)
of the virus on these surfaces or to inefficient elution of viruses that
may have entered the crevices. Earlier studies have also reported
adverse effects of desiccation on virus survival (1,2,4). In certain
cases, the virus was not detected at 24-hr postcontamination but was
detectable at 3 or 6 days postcontamination. The reason for this was
not immediately clear.
That survival rate of viruses varies with the type of inanimate

surface has been reported previously (1,2,8,10,13). In the present
study, egg trays made of cardboard had deleterious effect on the
survival of AIV, as the virus could not be detected even at 24 hr
postcontamination, whereas AMPV survived on egg tray for 6 days.
Both viruses survived on feathers for 6 days, which may have impli-
cations in the transmission of virus from infected carriers or reservoir
birds to healthy birds.

Mahl and Sadler (10) studied the survival of several different
viruses (adeno, polio, vaccinia, coxsackie, and herpes simplex viruses)
on nonporous inanimate surfaces (glass, ceramic tiles, steel, asbestos
sheet) and found no difference in the rate of survival of different
viruses. This is in agreement with the results of this study, in which
not much difference was noticed in the survival of AMPV and AIV
on nonporous surfaces. Abad et al. (1) studied survival of human
enteric viruses on nonporous (aluminum, china, glazed tiles, latex)
and porous (paper, cotton) environmental surfaces and found that
these viruses survived for extended periods of time and that the
stability was generally influenced by relative humidity, temperature,
and type of surface contaminated. Survival of human astroviruses
was reported to be better at 4 C than at 20 C on porous surfaces (2).
Both viruses, when suspended in a liquid cell-culture medium,

survived for more than 15 days at room temperature. However, none
of them survived for more than 6 days when dried on surfaces. One
of the reasons for poor survival of viruses on different surfaces could
be loss of virus during elution. The presence of protein material in
the suspending medium (1% FCS in the case of AMPV) and 0.3%
bovine serum albumin (in the case of AIV) may have had protective
effects on virus survival. It should be noted that a low pathogenic
strain of AIV (LPAIV) was used in this study. Whether these results
will translate to the survival of highly pathogenic AIV (HPAIV) is

Table 2. Survival of avian metapneumovirus on different fomites.

Fomite

Titer of the virus recovered (TCID50/ml) after indicated time of storageA,B,C

0 hr 24 hr 48 hr 72 hr 6 days

Steel 4.0 3 102 6.3 3 102 6.3 3 102 0.6 3 102 ,10
Latex 1.8 3 102 1.8 3 101 1.0 3 102 1.9 3 101 ,10
Tiles 5.2 3 102 3.9 3 102 3.5 3 102 1.4 3 102 ,10
Wood 3.3 3 102 1.8 3 101 ,10 ,10 ,10
Gumboot 6.3 3 102 3.7 3 102 1.9 3 102 2.0 3 102 ,10
Tire 1.0 3 103 6.6 3 101 1.1 3 103 5.9 3 102 ,10
Egg tray 3.7 3 104 1.8 3 101 5.9 3 101 ,10 3.3 3 101

Egg shell 3.3 3 102 9.7 3 101 3.3 3 101 1.0 3 102 ,10
Cotton fabric 8.9 3 101 5.0 3 101 ,10 ,10 ,10
Polyester fabric 3.3 3 102 ,10 ,10 ,10 ,10
Feather 1.1 3 103 5.2 3 101 7.8. 3 101 6.6 3 101 1.0 3 102

Plastic 2.2 3 103 1.9 3 101 ,10 3.3 3 101 ,10
AThe amount of virus used to contaminate fomites was 10 ll each containing 3.13 104 TCID50 (3.13 106 TCID50/ml).
BValues are the average of four experiments. The detection limit was 10 TCID50, which was considered as zero for the purposes of calculating

averages.
C No virus was detected on day 9 from any of the fomites tested.

Table 3. Survival of AMPV and AIV in infected cell culture fluid
at room temperature.A

Time

Titer of virus (TCID50/ml)

AMPV AIV

0 hr 3.0 3 107 3.0 3 107

24 hr 2.2 3 107 2.1 3 107

48 hr 1.5 3 107 7.2 3 106

72 hr 4.6 3 106 4.6 3 106

6 days ND 1.5 3 105

9 days 6.8 3 103 3.0 3 104

12 days 4.5 3 102 5.6 3 102

15 days 1.5 3 102 3.1 3 102

18 days ,10 ,10
21 days ,10 ,10

AAMPV ¼ avian metapneumovirus; AIV ¼ avian influenza virus;
ND ¼ not done.
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not known. Further studies are needed to compare the survival of
LPAIV and HPAIV.
The persistence of viruses on inanimate surfaces for long periods

of time constitutes an important epidemiologic factor in the spread
of viral infections. The results of this study indicate that both AMPV
and AIV would die off on most environmental surfaces after 6 days
and that premises contaminated with these two viruses would be safe
for the rehousing of birds after 6 days of being kept vacant.
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Concerns have been raised regarding the availability of National Institute for Occupational
Safety and Health (NIOSH)-certified N95 filtering facepiece respirators (FFRs) during an
influenza pandemic. One possible strategy to mitigate a respirator shortage is to reuse
FFRs following a biological decontamination process to render infectious material on the
FFR inactive. However, little data exist on the effects of decontamination methods on respirator
integrity and performance. This study evaluated five decontamination methods [ultraviolet
germicidal irradiation (UVGI), ethylene oxide, vaporized hydrogen peroxide (VHP), micro-
wave oven irradiation, and bleach] using nine models of NIOSH-certified respirators (three
models each of N95 FFRs, surgical N95 respirators, and P100 FFRs) to determine which
methods should be considered for future research studies. Following treatment by each
decontamination method, the FFRs were evaluated for changes in physical appearance,
odor, and laboratory performance (filter aerosol penetration and filter airflow resistance).
Additional experiments (dry heat laboratory oven exposures, off-gassing, and FFR hydropho-
bicity) were subsequently conducted to better understand material properties and possible
health risks to the respirator user following decontamination. However, this study did not
assess the efficiency of the decontamination methods to inactivate viable microorganisms.
Microwave oven irradiation melted samples from two FFR models. The remainder of the
FFR samples that had been decontaminated had expected levels of filter aerosol penetration
and filter airflow resistance. The scent of bleach remained noticeable following overnight dry-
ing and low levels of chlorine gas were found to off-gas from bleach-decontaminated FFRs
when rehydrated with deionized water. UVGI, ethylene oxide (EtO), and VHP were found to
be the most promising decontamination methods; however, concerns remain about the
throughput capabilities for EtO and VHP. Further research is needed before any specific de-
contamination methods can be recommended.

Keywords: decontamination; filtering facepiece respirator; healthcare workers; N95 respirator; pandemic influenza;
respirator reuse

INTRODUCTION

During an influenza pandemic, a shortage of filtering
facepiece respirators (FFRs) may occur if manufactur-
ing production is unable to meet the demand or if FFR
stockpiles become depleted. According to a 2006 re-
port from the National Academies’ Institute of Medi-
cine, over 90 million N95 FFRs will be needed

to protect workers in the healthcare sector during a
42-day influenza pandemic outbreak (Bailar et al.,
2006). Guidance provided by the Centers for Disease
Control and Prevention (CDC) states that once an
FFR is worn in the presence of an infected patient,
it should be considered potentially contaminated
and not be reused by the same person or a coworker
(CDC, 2007). A contaminated FFR could potentially
serve as a fomite and lead to self-inoculation
or spread of the organism to patients and other
healthcare workers. Guidance from the Occupational
Safety and Health Administration (OSHA) considers

*Author to whom correspondence should be addressed.
Tel: +412-386-4001; fax: +412-386-6864;
e-mail: rshaffer@cdc.gov
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FFRs to be one-time-use devices when used in the
presence of infected patients and advises employers
and employees to only reuse FFRs during a pandemic
if FFRs are in short supply and the device has not been
obviously soiled or damaged (e.g. creased or torn),
and it retains its ability to function properly (OSHA,
2007).
One possible strategy to reduce the impact of

a respirator shortage would be to apply a biological
decontamination process (e.g. such as those used
in hospital settings for infection control) to
inactivate the influenza virus that may be on the
FFR. If the treatment did not deteriorate the FFR
or leave potentially toxic residues on the FFR, then
it could be available for subsequent reuse by the
original user. Until recently, no data were published
on the effects of decontamination on FFR perfor-
mance. Viscusi et al. (2007) measured the labora-
tory filtration performance of one N95 model and
one P100 model FFR that were exposed to 20
different biological decontamination treatments.
They found that filtration performance after one-
time decontamination treatments using bleach,
ethylene oxide (EtO), microwave oven irradiation,
ultraviolet germicidal irradiation (UVGI), and
hydrogen peroxide (vaporized and liquid forms)
was observed to have filter aerosol penetration
values that remained less than the National Institute
for Occupational Safety and Health (NIOSH)
certification criteria. It was also found that decon-
tamination using an autoclave, 160"C dry heat,
70% isopropyl alcohol, and soap and water
(20-min soak) caused significant degradation to
filtration efficiency.
Expanding on that research, the goal of this study

was to further evaluate five of the decontamination
methods examined in the previous study using
a more diverse set of nine models of NIOSH-certi-
fied FFRs to determine which decontamination
methods should be considered for future research
studies. The biological decontamination methods
used in this study include: (i) UVGI, (ii) EtO, (iii)
vaporized hydrogen peroxide (VHP), (iv) micro-
wave oven irradiation, and (v) 0.6% aqueous solu-
tion of sodium hypochlorite (hereafter referred to
as ‘bleach’). Following treatment by each decon-
tamination method, FFRs were evaluated for
changes in physical appearance/odor (observational
analysis) and laboratory performance (filter aerosol
penetration and filter airflow resistance). Additional
experiments were then conducted to examine the
material properties of the FFRs in an attempt to
rationalize some of the findings in the laboratory
performance evaluation and observational analysis.
The advantages and disadvantages of the various
decontamination methods (including throughput
capacity and possible health risk to the user) were
also assessed.

METHODS

Respirator selection

Nine respirator models were used in this study, of
which six models [three N95 FFR models (N95-A,
N95-B, and N95-C) and three surgical N95 respirator
models (SN95-D, SN95-E, and SN95-F)] constitute
a random sampling from those N95 FFR models
present in the US Strategic National Stockpile
(SNS). Healthcare workers often use surgical N95
respirators, which are NIOSH-approved N95 FFRs
that also have been cleared by the US Food and Drug
Administration (FDA) for marketing as medical de-
vices. Surgical N95 respirators are designed to be
fluid resistant to splash and spatter of blood and other
infectious materials and thus may respond differently
to the decontamination processes than N95 FFRs.
Three models of P100 FFRs (P100-G, P100-H, and
P100-I) were randomly selected from models com-
mercially available at the time of the study and
included because they were considered likely to be
more resistant to filtration efficiency degradation
and thus offer a more rigorous basis of comparison.
All respirators were purchased and verified to be
from the same respective manufacturing lot at the be-
ginning of the study to minimize any lot-to-lot vari-
ation as well as to ensure consistency during FFR
filtration performance testing. FFRs used in this
study consisted of electrostatically charged polypro-
pylene filters (electret filter media).

Decontamination methods

The experimental conditions and parameters for
the five decontamination methods and the ‘as-
received’ (control) method are summarized in
Table 1. All laboratory experiments were conducted
under standard laboratory conditions (21 – 2"C and
relative humidity of 50 – 10%) on triplicate sets of
FFRs.

Respirator test methods

Observational analysis. All post-decontamination
and control FFR samples were inspected and scruti-
nized carefully for any visible sign of degradation
or changes that could be noted in texture or ‘feel’
of the respirator (softness, pliability, coarseness,
roughness, etc.). All samples were sniffed for any
discernible odor or smell.
Filter aerosol penetration. A Model 8130 Auto-

mated Filter Tester (AFT) (TSI, Inc., St Paul,
MN, USA) was used to measure initial filter
aerosol penetration for all post-decontamination
and control FFR samples. All tests were conducted
at room temperature with a continuous airflow
of 85 – 4 l min!1 in accordance with NIOSH
certification test procedures (NIOSH, 2007) for
challenging N-series filters, with two exceptions:
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all filters were tested for filter aerosol penetration
without any relative humidity pretreatment or
NaCl aerosol loading. Collecting the data in this
manner allows consistency with previous work
(Viscusi et al., 2007). Filter aerosol penetration
levels were determined using a Plexiglas test
box as previously used and described by Viscusi
et al. (2007) or an appropriately sized test fixture
supplied by the respective FFR manufacturer, as
was the case for models N95-C, SN95-D, and
P100-H.
Filter airflow resistance. For all control and post-

decontamination FFR samples, a TSI Model 8130
AFT was also used to measure initial filter airflow
resistance in millimeters of water column height
pressure (mmH2O). It must be clarified that the
NIOSH certification test for inhalation airflow resis-
tance for FFRs is not performed using the TSI 8130
AFT but is executed in accordance with NIOSH
Standard Test Procedure RCT-APR-STP-0007,
which specifies the use of a different calibrated ap-
paratus incorporating a vacuum source and mano-
meter (NIOSH, 2005). For this evaluation, it was
convenient to report the filter airflow resistance ob-
tained from the TSI Model 8130 AFT because filter
aerosol penetration and filter airflow resistance re-
sults are generated simultaneously and the intent
is to determine changes in filter airflow resistance.
This methodology was used previously by the Na-
tional Personal Protective Technology Laboratory
(NPPTL) (Viscusi et al., 2009).

Experimental design

The primary experimental design called for 162
FFRs (nine different FFR models " six test condi-
tions " three samples per test condition) to be tested
by observational analysis, for filter airflow resistance
and for filter aerosol penetration. The 162 FFRs in
the design included 135 post-decontamination FFRs
and 27 control FFRs (no decontamination).

Statistical analysis

For statistical analysis, the six test conditions (see
Table 1) comprised one control group and five decon-
tamination treatments. A one-way analysis of vari-
ance (ANOVA) test was performed for each of the
nine FFR models for filter aerosol penetration and fil-
ter airflow resistance (for 18 total tests). Thus, each
model was treated independently due to its inherent
uniqueness (difference in number of filter layers, hy-
drophobicity, materials of construction, etc.). Results
were considered statistically significant if the
P-value was ,0.05. Statistical analyses were per-
formed using Microsoft Excel (Microsoft Corpora-
tion, part of Microsoft Office Professional Edition
2003). No statistical analysis of the subjective obser-
vational analysis data was done.

Additional testing

Additional secondary experiments were subse-
quently conducted on the FFRs to understand better
their material properties. This information can be

Table 1. FFR treatments

Treatment Experimental conditions and parameters

As-received No decontamination treatment was performed (control group).

UVGI FFRs placed on the working surface of a Sterilgard III laminar flow cabinet (The Baker Company,
Sanford, ME, USA) fitted with a 40-W UV-C light (average UV intensity experimentally measured to
range from 0.18 to 0.20 mW cm!2). Fifteen-minute exposure to each side (outer and inner), 176–181
mJ cm!2 exposure to each side of FFR.

EtO Steri-Vac 5XL sterilizer (3M, St Paul, MN, USA). Single warm cycle (55"C and 725 mg l!1 100% EtO
gas). FFRs and a chemical indicator placed in an individual standard poly/paper pouch. EtO exposure
for 1 h followed by 4 h of aeration. FFRs were shipped to and from a commercial facility specializing
in low-temperature sterilization methods and were tested within 72 h of receipt.

VHP STERRAD# 100S H2O2 Gas Plasma Sterilizer (Advanced Sterilization Products, Irvine, CA, USA),
single 55-min standard cycle. FFRs and a chemical indicator placed in an individual Mylar/Tyvek$
self-seal pouch. FFRs were shipped to and from a commercial facility specializing in low-temperature
sterilization methods and were tested within 72 h of receipt.

Microwave
oven irradiation

Commercially available 2450 MHz, Sharp Model R-305KS (Sharp Electronics, Mahwah, NJ, USA)
microwave oven with revolving glass carousel, 1100 W (manufacturer rated); 750 W ft!3

experimentally measured; 2-min total exposure (1 min each side of FFR). A paper towel was placed on
the revolving glass plate for insulation to protect the FFRs from melting onto the glass plate. Using
a power setting of 10 (maximum power), FFRs were placed faceseal-side down, initially, to reduce the
risk of faceseal component materials melting onto the paper towel due to elevated temperatures
reached by the glass plate when microwaved for 2 min. Ambient cooling of the glass plate was
maintained between trials.

Bleach Thirty minutes submersion in 0.6% (one part bleach to nine parts of deionized water) aqueous
solution of sodium hypochlorite (original concentration 5 6% available as Cl2).
Manufacturing specification: 6.00 – 0.06% (w/w) available chlorine; Cat no. 7495.7-1, CAS
no. 7732-18-5 (Ricca Chemical Company, Pequannock, NJ, USA). After treatment, FFRs were
hung on a laboratory pegboard and allowed to air-dry overnight with assistance from a
freestanding fan.
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used to further optimize the decontamination meth-
ods and/or explain some of the findings from the
observational analyses or laboratory performance
evaluation experiments.
Dry oven experiments. To investigate the effects

on filter aerosol penetration at various dry heat tem-
peratures and to determine if these effects were sim-
ilar to those of FFRs that underwent microwave oven
irradiation, new FFRs were placed in a Fisher Scien-
tific Isotemp 500 Series laboratory oven (Fisher Sci-
entific, Pittsburgh, PA, USA) for 1 h at temperatures
ranging from 80 to 120"C. Filter aerosol penetration
was measured after samples cooled to ambient
temperature.
Hydrophobicity testing. A qualitative assessment

of water affinity for each FFR filter media layer
was performed to determine the hydrophobic/
hydrophilic nature of the various layers for the nine
different FFR models. For this experiment, it was hy-
pothesized that the number of layers and the nature of
the outer layer (surface of the FFR most distant from
the wearer) and the inner layer (surface of the FFR
closest to the breathing zone of the wearer) would
provide insight into any model-specific effects associ-
ated with liquid chemical-based decontamination
methods. A circular swatch (#5 cm in diameter)
was cut from additional, new as-received samples of
each FFR model. Following layer separations,
a 100 ll aliquot of deionized water was pipetted onto
the surface of each side of each layer (front and back).
Two FFR models incorporated layers of plastic web-
bing, presumably to support shape; these layers were
not tested because they are not filtering layers. A layer
was noted as hydrophilic when it absorbed the water
droplet. A layer was noted as hydrophobic when the
water droplet beaded on the layer’s surface.
Chlorine off-gassing experiments. To quantify ob-

servations of discernable odor from FFRs following
bleach decontamination, a series of off-gassing ex-
periments was conducted using a Model 4340 Chlo-
rine Gas Analyzer (Interscan Corp., Chatsworth, CA,
USA). Chlorine off-gassing was measured from

FFRs after bleach treatment as described in Table 1.
A subset of four FFR models was chosen for testing
based on the various combinations of water repel-
lency discerned from the hydrophobicity experi-
ments described previously: N95-A (outer
hydrophobic layer/inner hydrophilic layer), N95-B
(outer and inner hydrophilic layers), SN95-E (outer
and inner hydrophobic layers), and SN95-F (outer
hydrophobic layer/inner hydrophilic layer). Bleach
off-gassing tests were conducted after a bleach
decontamination treatment by immediately placing
the FFR face up inside a plastic bag which was open
to room air on one side. This setup was designed to
minimize air fluctuation within the bag. The detec-
tor’s sample tube inlet was positioned under the in-
side of the FFR and all tests were conducted at
a flow rate of 0.5 l min!1. FFRs were tested under
four conditions: (i) immediately after a 30-min sub-
mersion in bleach, (ii) dried overnight after
a 30-min submersion in bleach, (iii) a 30-min submer-
sion in bleach, immediately rinsed (under a flowing
stream of deionized water for #1 min) and then
dried overnight, and (iv) a 30-min submersion in
bleach, then dried overnight followed by rinsing with
deionized water.

RESULTS

Observational analysis

Changes to the FFR materials of construction
caused by each decontamination treatment are sum-
marized in Table 2. Respirator component materials
melted on all six FFRs from two models (SN95-E
and P100-I) during microwave oven irradiation.
EtO and UVGI were the only methods that did not
cause any observable physical changes to the FFRs.

Filter aerosol penetration

For each ‘FFR model/decontamination treatment’
combination, the average initial filter aerosol pene-
trations are summarized in Table 3. Not all the 135

Table 2. Discernible observations caused by FFR decontamination treatments

Decontamination treatment Discernible observations

Bleach Metallic nosebands were slightly tarnished and visibly not as shiny when compared with
their as-received counterparts. SN95-E inner nose comfort cushion was discolored.
Following air-drying overnight (16 h), all FFRs were dry to the touch and all still had
a characteristic smell of bleach.

UVGI No visible changes were observed for all samples.

EtO No visible changes were observed for all samples.

VHP Metallic nosebands were slightly tarnished and visibly not as shiny when compared with
their as-received counterparts.

Microwave
oven irradiation

All three physical samples of two different models (SN95-E and P100-I) melted partially.
SN95-E filtration material melted in areas adjacent to the metallic nosebands. P100-I
melted in various locations of the inner foam faceseal comfort lining. Both models were
considered unwearable following treatment and subsequently were not evaluated for filter
aerosol penetration or filter airflow resistance.
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Table 3. Summary data of filter aerosol penetration and filter airflow resistance for FFRs following various decontamination
treatmentsa

FFR model Treatment Average initial
sodium chloride
penetration (%P)

Standard deviation
of penetration

Average initial
resistance (mmH2O)

Standard deviation
of resistance

N95 FFRs

N95-A As-received 0.121 0.08 7.6 0.83

UVGI 0.072 0.04 7.6 0.29

EtO 0.101 0.06 7.3 0.10

VHP 0.071 0.04 7.8 0.21

Microwave 0.105 0.07 7.9 0.06

Bleach 0.262 0.18 8.1 0.47

N95-B As-received 1.00 0.64 9.4 0.68

UVGI 0.76 0.43 10.3 0.12

EtO 0.667 0.39 9.7 0.10

VHP 0.659 0.34 9.6 0.50

Microwave 1.06 0.74 9.0 0.40

Bleach 0.629 0.34 9.8 0.30

N95-C As-received 1.48 0.94 6.9 1.61

UVGI 1.77 0.96 7.1 1.68

EtO 1.82 1.12 6.9 1.47

VHP 1.47 0.91 6.5 2.37

Microwave 1.46 0.82 6.2 0.61

Bleach 1.13 0.79 8.0 3.06

Surgical N95 respirators

SN95-D As-received 1.57 0.83 8.4 0.50

UVGI 1.86 0.97 9.2 0.44

EtO 0.90 0.49 8.1 0.32

VHP 0.71 0.50 8.6 1.04

Microwave 0.711 0.44 8.7 0.64

Bleach 0.561 0.38 9.6 0.29

SN95-E As-received 0.335 0.19 6.1 0.15

UVGI 0.371 0.21 7.1 0.61

EtO 0.498 0.32 6.7 0.40

VHP 0.542 0.32 7.1 1.28

Microwave Melted Melted Melted Melted

Bleach 0.233 0.12 6.6 0.56

SN95-F As-received 0.716 0.37 6.7 0.17

UVGI 0.720 0.37 6.6 0.26

EtO 0.687 0.35 6.3 0.25

VHP 0.727 0.37 6.5 0.29

Microwave 0.652 0.33 5.4 0.72

Bleach 0.692 0.35 5.9 0.46

P100 FFRs

P100-G As-received 0.009 0.01 13.1 0.79

UVGI 0.005 0.00 13.1 1.21

EtO 0.003 0.00 12.8 0.57

VHP 0.006 0.01 13.4 1.23

Microwave 0.002 0.00 13.1 0.62

Bleach 0.006 0.00 13.6 0.92

Evaluation of decontamination methods for FFRs 819



post-decontamination FFR samples in the experi-
mental design were tested for filter aerosol penetra-
tion as planned; the six FFRs that exhibited melting
after microwave irradiation could not undergo
laboratory performance evaluation. The remaining
129 post-decontamination FFRs were tested and
demonstrated expected levels of filtration efficiency
performance. These results indicate that for all tested
FFR samples that did not melt, FFR filtration
performance was not adversely affected by the
decontamination process. Most of the ANOVA tests
for initial filter aerosol penetration were non-
significant (P . 0.05), (Table 4). In terms of average
initial filter aerosol penetration, only P100-I yielded
a significant difference by treatment (P 5 0.0438),
which appeared to be primarily driven by the in-
creased filter aerosol penetration levels for the UVGI
treatment (0.012 versus 0.008% for the control).
Although statistically significant, this difference in
levels of filter aerosol penetration is practically insig-
nificant because the penetration levels still are far
less than expected levels for this class of FFRs
(,0.03%).

Filter airflow resistance

For each ‘FFR model/decontamination treatment’
combination, the average initial filter airflow resis-
tances are summarized in Table 3. The six FFRs in
which melting occurred could not be tested for filter
airflow resistance. For the remaining 129 post-
decontamination samples tested, average initial filter
airflow resistance measurements were $17.0 mm
H2O. Previous studies using the same test method
on 21 models of NIOSH-approved N95 FFRs ob-
served filter airflow resistance levels between 7 and
30 mmH2O (Viscusi et al., 2009). For filter airflow re-
sistance, three of the nine ANOVA tests, including

N95-B (P 5 0.0035), SN95-D (P 5 0.0170), and
SN95-F (P 5 0.0014), showed significantly different
means (see Table 4). Although statistically significant,
the levels of differences in filter airflow resistance be-
tween treatments are not practically meaningful as
small changes in filter airflow resistance are unlikely
to be noticed by the user (Vojtko et al., 2008).

Table 3. Continued

FFR model Treatment Average initial
sodium chloride
penetration (%P)

Standard deviation
of penetration

Average initial
resistance (mmH2O)

Standard deviation
of resistance

P100-H As-received 0.007 0.01 15.8 0.87

UVGI 0.007 0.01 16.0 1.82

EtO 0.003 0.00 15.2 0.64

VHP 0.010 0.01 15.0 1.27

Microwave 0.000 0.00 15.8 0.30

Bleach 0.010 0.01 15.1 0.81

P100-I As-received 0.008 0.00 16.4 0.85

UVGI 0.012 0.01 16.5 0.10

EtO 0.006 0.00 15.9 0.76

VHP 0.007 0.00 16.2 0.93

Microwave Melted Melted Melted Melted

Bleach 0.004 0.00 17.0 0.98

aFilter aerosol penetration and filter airflow resistance testing performed using a TSI 8130 AFT (n 5 3).

Table 4. One-way ANOVA test results for each FFR model

FFR model Penetration (P-value) Resistance (P-value)

N95 FFRs

N95-Aa 0.0635 0.1233

N95-Ba 0.5761 0.0035b

N95-Ca 0.8067 0.7572

Surgical N95 FFRs

SN95-Da 0.7688 0.0170b

SN95-Ec 0.2189 0.2448

SN95-Fa 0.9409 0.0014b

P100 FFRs

P100-Ga 0.2185 0.7446

P100-Ha 0.3046 0.4970

P100-Ic 0.0438a 0.2580

aFor each FFR model with the exceptions of SN95-E and
P100-I, one-way ANOVAs compare observed filter aerosol
penetration or filter airflow resistance values for six test
treatments [five different decontamination treatments and
one as-received (control) group].
bValues in bold font are P-value,0.05. Probability (P-value)
of observing the given F-statistic or larger by chance.
cThe one-way ANOVAs compare observed filter aerosol
penetration and filter airflow resistance values for five test
treatments [four different decontamination treatments and
one as-received (control) group]. Respirator component
materials melted for these FFRs during microwave oven
irradiation and subsequently samples were not evaluated
for initial filter aerosol penetration and initial filter airflow
resistance.
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Dry oven experiments

The degree to which temperature affects initial fil-
ter aerosol penetration and component melting was
observed to be model specific (Figs 1 and 2). The av-
erage initial penetration (n 5 3) for each N95 model
is shown in Fig. 1. Only three tested N95 FFR sam-
ples had filter aerosol penetrations .5% (therefore
failed to maintain their expected filtration efficiency
level of %95%). These three failing samples were
one SN95-D (5.37% at 110"C) and two N95-C
(5.18 and 5.37%, both at 120"C). Five of the SN95-
D samples could not be analyzed following treat-
ments of 100"C (one sample), 110"C (two samples),
and 120"C (two samples) because their inner mois-
ture barrier melted into the filtration media rendering
those samples unsuitable for testing. For the three
P100 FFR models, average initial filter aerosol pene-

tration values for P100-G and P100-H exceeded
0.03% beginning at 100"C for P100-G and beginning
at 90"C for P100-H (Fig. 2). P100-I averaged an ini-
tial filter aerosol penetration value ,0.03% for all
evaluated temperature increments with the exception
of one 110"C temperature experiment. This unex-
pectedly high average result was due to a single test
(%P 5 0.096).

Hydrophobicity testing

All nine FFR models demonstrated differences in
their number of media layers and the hydrophobic-
ity of their filter media (Table 5). Common to all
three models of surgical N95 respirator was the fact
that their outer layer was hydrophobic. This is not
surprising since surgical N95 respirators cleared
by the US FDA undergo fluid resistance testing
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Fig. 1. N95 FFR average initial sodium chloride filter aerosol penetration versus temperature. Each data point represents the
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and are used as barriers against disease transmission
by airborne respiratory fluids, including blood, and
other small infectious droplets (Bailar et al., 2006).
The N95 FFRs and P100 FFRs varied by having
either hydrophobic or hydrophilic outer and inner
layers. All middle layers, with the exception of
those that were plastic webbing, were hydrophobic
on both sides.

Chlorine off-gassing experiments

Initial concentrations of chlorine gas (2–12
p.p.m.) were measured on FFRs wet with bleach
immediately following submersion for 30 min

(Fig. 3). FFRs that were treated using bleach
and allowed to air-dry overnight (as described
in Table 1) had initial concentrations of
#0.05 p.p.m. followed by no detectable off-gassing
(0 p.p.m.) after the initial data point. FFRs which
were submerged in bleach, immediately rinsed
(entirely under a stream of deionized water for
#1 min) and then allowed to air-dry overnight had
concentrations similar to FFRs which were not rinsed,
indicating that the water rinse had no effect. When
FFRs were rehydrated by rinsing with deionized
water following overnight air-drying, low-level
chlorine off-gassing concentrations were measured
at #0.1 p.p.m. (Fig. 4).

Table 5. FFR media layer hydrophobicity

FFR model Total layers Outer layer Middle layers Inner layer

N95 FFRs

N95-A 4 — Second, — þ
Third, —

N95-B 2 þ/— No middle layer —/þ
N95-C 5 Plastic webbing Second, — —

Third, —

Fourth, plastic webbing

Surgical N95 respirators

SN95-D 5 — Second, — —

Third, —

Fourth, —

SN95-E 5 — Second, — —

Third, —

Fourth, —

SN95-F 4 — Second, — þ
Third, —

P100 FFRs

P100-G 5 — Second, — þ
Third, —

Fourth, —

P100-H 12 Plastic webbing Second, — —

Third, —

Fourth, —

Fifth, —

Sixth, plastic webbing

Seventh, —

Eighth, —

Ninth, —

10th, —

11th, plastic webbing

P100-I 6 þ Second, — þ
Third, —

Fourth, —

Fifth, —

—, both sides of layer are hydrophobic; þ, both sides of layer are hydrophilic; þ/—, outer side of layer is hydrophilic and inner
side of layer is hydrophobic; —/þ, outer side of layer is hydrophobic and inner side of layer is hydrophilic; plastic webbing, not
tested.

822 D. J. Viscusi et al.



DISCUSSION

The goal of this study was to evaluate five decon-
tamination methods using nine FFR models from
three FFR types (three N95 models, three surgical
N95 respirator models, and three P100 models) to de-
termine which methods should be considered for
future research studies. The five decontamination
methods were selected based on previous research
from the NPPTL laboratory (Viscusi et al., 2007).
Criteria for assessing methods of decontaminating
disposable N95 FFRs have been suggested by the
National Academies (Bailar et al., 2006); the decon-
tamination method must remove the viral threat, be
harmless to the user, and not compromise the integ-
rity of the various elements of the respirator. This
manuscript utilizes and expands upon the second
and third criteria. For purposes of discussion, a suc-

cessful FFR decontamination method is considered
to be a physical or chemical treatment which does
not degrade laboratory performance (filter aerosol
penetration and filter airflow resistance) beyond ex-
pected performance levels, is able to be performed
on enough FFRs in a short period of time to be prac-
tical in the event of a pandemic-induced shortage, and
should not pose any additional health risk to the user.
In this study, assessment of potential health risks
(e.g. possible dermal contact with residuals and/or
inhalation of off-gassing residuals) was done using
the observational analysis data, off-gassing test
results, and general knowledge of the physical/
chemical characteristics of the decontamination
method. Chemical off-gassing is of particular con-
cern because of the close proximity of the FFR to
the wearer’s face and breathing zone. A limited as-
sessment of the throughput capability was also done
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using general knowledge of the various decontamina-
tion methods. Additional studies on dry heat labora-
tory oven exposure and FFR media layer
hydrophobicity were conducted to collect data on var-
ious aspects of FFR resilience and construction in or-
der to further optimize decontamination strategies
and assess the practicality for FFR decontamination
during a shortage. In the following sections, the re-
sults of laboratory performance testing and observa-
tional analysis, additional testing, and assessment of
throughput and health concerns will be discussed
for each of the five decontamination methods evalu-
ated in order to provide recommendations on which
decontamination methods should be considered in fu-
ture research studies.

Bleach

Bleach is available as an aqueous solutions con-
taining 5–15% sodium hypochlorite (active ingredi-
ent) which is a highly active oxidizing agent known
to be effective against a broad spectrum of bacteria
and viruses (Rutala and Weber, 1997; McDonnell
and Russell, 1999). Bleach decontamination did not
affect the FFRs’ filter aerosol penetration and filter
airflow resistance. The metallic nosebands of all
models that had them were slightly tarnished follow-
ing decontamination and the inner nose cushion on
the SN95-E FFRs was discolored. Throughput capa-
bility of a bleach method similar to the one used in
this study is likely to be high; the main limiting fac-
tors are the size of the vessel containing the bleach
and FFRs, adequate space to dry the FFRs, and suffi-
cient time for air-drying.
All FFR models had a scent of bleach following

overnight air-drying. Residual bleach remaining on
FFRs is of concern given its known health effects.
Hypochlorite powder, solutions, and vapor can be
irritating and corrosive to the eyes, skin, and res-
piratory tract. For example, Nixon et al. (1975) re-
ported that a 5.25% sodium hypochlorite solution
caused severe irritation to human skin over a 4-h ex-
posure. Other studies also reported skin irritation for
long-term exposure down to a 1% solution (Eun et al.,
1984; Habetes et al., 1986; Hostynek et al., 1990).
Low concentrations of bleach have been shown to
trigger respiratory events in asthmatics and sensi-
tized individuals (Medina-Ramon, 2005; Mirabelli
et al., 2007). The chlorine off-gassing measurements
showed that overnight air-drying significantly
reduced off-gassing; however, when the FFR was
rehydrated with deionized water, an increase in off-
gassing was measured. This observation may be sig-
nificant when viewed in light of the moisture in the
exhaled breath of an individual; it gives rise to the
possibility of an individual being exposed to low
levels of chlorine (,0.2 p.p.m.) from a bleach-
decontaminated FFR. Comparing Table 5 and data
shown in Fig. 4, a relationship between hydrophobic-

ity of outer and inner respirator surface layers to off-
gassing concentration could not be established.
Considering the potential health risks, the bleach

method evaluated in this study is not recommended
for further study without modification. Possible mod-
ifications worth further investigation would include
reduced initial bleach concentration, chemical meth-
ods for neutralizing residuals, additional rinse steps,
and more aggressive air-drying procedures.

Ethylene oxide

EtO is used in a wide range of work settings as
a sterilant or fumigant, including healthcare, diagno-
sis, and treatment facilities; medical products
manufacturing; and libraries and museums (NIOSH,
1981). EtO decontamination did not affect the filter
aerosol penetration, filter airflow resistance, or physi-
cal appearance of the FFRs in this study. The EtO pro-
cess used in this study has a 5-h total processing cycle
(1-h EtO exposure followed by 4 h of aeration) and
has a 4.8 ft3 (0.14 m3) chamber volume (3M, 2007).
The 5-h total processing time may be a limiting factor
in the timely processing of a large volume of FFRs.
Residual EtO remaining on FFRs following EtO va-
por-phase decontamination is not believed to be a con-
cern because the sterilization process includes a final
aeration cycle of 4 h to remove residual EtO gas.

Vaporized hydrogen peroxide

VHP has been shown to be sporicidal at tempera-
tures ranging from 4 to 80"C, with sterilant concen-
trations ranging from 0.5 to ,10 mg l!1 (Joslyn,
1991). VHP decontamination for a single warm cycle
did not significantly affect FFR filter aerosol penetra-
tion or filter airflow resistance. The only visible phys-
ical effect on the FFRs was a slight tarnishing of the
metallic nosebands. The VHP process used in this
study has a short cycle time (55 min) and a usable
processing volume of 3.5 ft3 (0.1 m3) (Advanced
Sterilization Products, 2007). Although the 55-min
cycle time is short compared to the lengthy EtO total
process time, the throughput capability of VHP pro-
cessing is limited by the fact that cellulose-based
products (e.g. cotton, which may be present in some
head straps or some FFR layers) absorb hydrogen
peroxide and can cause the STERRAD# cycle to
abort due to low hydrogen peroxide vapor concentra-
tion. Significant levels of residual hydrogen peroxide
vapors off-gassing from FFR materials following the
STERRAD# process are unlikely and not of concern
because the vapors decompose readily into water va-
por and oxygen, both of which are environmentally
benign (Advanced Sterilization Products, 2007).

Microwave oven irradiation

Biological decontamination of FFRs using a do-
mestic microwave oven is an attractive idea since it
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has the advantages of convenience and short treat-
ment times. The decontamination method used here
treats the microwave oven as a source of dry heat,
similar to other studies. Elhafi et al. (2004) demon-
strated that four avian viruses (infectious bronchitis
virus, avian pneumovirus, Newcastle disease virus,
and avian influenza virus) were inactivated on dried
cotton swab samples using a domestic microwave
oven for as little as 20 s. Rosaspina et al. (1994)
demonstrated destruction of Mycobacterium bovis
dried onto scalpel blades after 4 min of microwave
exposure.
Of the nine FFR models that underwent micro-

wave oven irradiation, filter aerosol penetration and
filter airflow resistance were not affected for seven
models. Material components melted on the two re-
maining models. Correlation could not be established
for filter aerosol penetration results between dry
oven-treated and microwave oven-irradiated sam-
ples. In microwave oven irradiation tests, all three
SN95-D samples had penetration values ,5% and
did not melt; however, some SN95-D samples par-
tially melted at 100, 110, and 120"C during dry oven
treatment (Fig. 1). All SN95-E samples and all P100-
I samples partially melted in the microwave oven, but
no melting was observed for these two models, even
at 120"C following dry oven treatment (Table 3,
Figs 1 and 2).
The throughput capability of a method similar to

the one in this study was limited by microwaving
one FFR at a time; however, the 2-min treatment time
per FFR was relatively short. Although it is likely
that processing more than one FFR at a time is feasi-
ble (limited only by the internal volume of the oven),
maximizing throughput was beyond the scope of this
investigation. No known health risks to the user were
identified. The data presented here suggest that the
dry microwave oven irradiation method requires
improvement before it could be recommended for
decontamination and subsequent reuse. Possible
modifications worth further investigation would in-
clude microwave irradiation of wet FFRs, shorter
exposure times, and lower power settings.

Ultraviolet germicidal irradiation

UVGI has been demonstrated to be effective for
the disinfection of drinking water and wastewater
(Sykes, 1965; Angehrn, 1984; Lazarova et al.,
1999; Craik et al., 2001; Lazarova and Savoye,
2004; Wu et al., 2005) and for hospital air disinfec-
tion as a method for controlling airborne infectious
disease (Macher et al., 1992; Nardell, 1993; CDC,
1994; Gorsuch et al., 1998; Miller and Macher,
2000). This study found that UVGI treatment did
not affect the filter aerosol penetration, filter airflow
resistance, or physical appearance of the FFRs.
Throughput capability of a method similar to the
one in this study is benefited by a relatively short ir-

radiation time (30 min); however, it is limited by the
available working surface area of a biosafety cabinet
equipped with a UV-C source or other area being
irradiated by a UVGI source. No known health risks
to the user were identified.

Study limitations

These findings are exploratory and the data pre-
sented in this study are applicable only to the FFRs
and decontamination methods tested; other FFRs
may be more easily degraded while others may be
less affected and slight modifications to the decon-
tamination methods could result in different findings.
Future studies are still needed to evaluate whether the
decontamination processes evaluated in this study
will inactivate infectious microorganisms (or appro-
priate surrogates), if FFR decontamination influences
respirator fit, and the effect of multiple decontamina-
tion treatments on FFR performance. Future studies
should also investigate the depths that infectious or-
ganisms (or appropriate surrogates) penetrate into
each FFR layer, assess the relative cost of various
decontamination strategies, and determine how
effective various decontamination methods are at re-
ducing the number of viable virus in all layers of the
FFRs. Recent work in the NPPTL laboratory toward
developing a system for studying the virucidal capa-
bility of decontamination methods for FFRs appears
promising (Fisher et al., 2009).

CONCLUSIONS

The effects of the various decontamination meth-
ods on the laboratory performance (filter aerosol pen-
etration and filter airflow resistance) and physical
appearance of FFRs were found to be model specific.
The respirators tested have differences in their de-
sign, materials of construction, and hydrophobicity
of their layers (including the filter media layers). Mi-
crowave oven irradiation melted all six samples from
two FFR models. The remainder of the FFR samples
that were evaluated exhibited average initial filter air-
flow resistances $17.0 mmH2O and average initial
sodium chloride filter aerosol penetration values
$1.86% for N95 FFRs and$0.012% for P100 FFRs.
Although there were statistically significant differen-
ces found between control respirators and those
that have undergone decontamination for both filter
aerosol penetration and filter airflow resistance, the
practical significance is minimal as the range of nu-
merical differences is quite small. The scent of
bleach remained noticeable on all FFR models fol-
lowing overnight drying and low levels of chlorine
were found to off-gas from bleach-decontaminated
FFRs when rehydrated with deionized water, thus
giving rise to the possibility of low-level exposure
to a subsequent wearer.
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In light of these results, the microwave oven irradi-
ation and bleach decontamination methods investi-
gated in this study were determined to be the least
desirable among the five methods tested for consider-
ation in future studies. UVGI, EtO, and VHP were
found to be the most promising decontamination
methods; however, concerns remain about the
throughput capabilities for EtO and VHP. Further
research is needed before any specific decontamina-
tion methods can be recommended.
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Human Coronavirus 229E Remains Infectious on Common Touch
Surface Materials

Sarah L. Warnes, Zoë R. Little, C. William Keevil

Centre for Biological Sciences, University of Southampton, Southampton, United Kingdom

ABSTRACT The evolution of new and reemerging historic virulent strains of respiratory viruses from animal reservoirs is a sig-
nificant threat to human health. Inefficient human-to-human transmission of zoonotic strains may initially limit the spread of
transmission, but an infection may be contracted by touching contaminated surfaces. Enveloped viruses are often susceptible to
environmental stresses, but the human coronaviruses responsible for severe acute respiratory syndrome (SARS) and Middle East
respiratory syndrome (MERS) have recently caused increasing concern of contact transmission during outbreaks. We report
here that pathogenic human coronavirus 229E remained infectious in a human lung cell culture model following at least 5 days
of persistence on a range of common nonbiocidal surface materials, including polytetrafluoroethylene (Teflon; PTFE), polyvinyl
chloride (PVC), ceramic tiles, glass, silicone rubber, and stainless steel. We have shown previously that noroviruses are de-
stroyed on copper alloy surfaces. In this new study, human coronavirus 229E was rapidly inactivated on a range of copper alloys
(within a few minutes for simulated fingertip contamination) and Cu/Zn brasses were very effective at lower copper concentra-
tion. Exposure to copper destroyed the viral genomes and irreversibly affected virus morphology, including disintegration of
envelope and dispersal of surface spikes. Cu(I) and Cu(II) moieties were responsible for the inactivation, which was enhanced by
reactive oxygen species generation on alloy surfaces, resulting in even faster inactivation than was seen with nonenveloped vi-
ruses on copper. Consequently, copper alloy surfaces could be employed in communal areas and at any mass gatherings to help
reduce transmission of respiratory viruses from contaminated surfaces and protect the public health.

IMPORTANCE Respiratory viruses are responsible for more deaths globally than any other infectious agent. Animal coronavi-
ruses that “host jump” to humans result in severe infections with high mortality, such as severe acute respiratory syndrome
(SARS) and, more recently, Middle East respiratory syndrome (MERS). We show here that a closely related human coronavirus,
229E, which causes upper respiratory tract infection in healthy individuals and serious disease in patients with comorbidities,
remained infectious on surface materials common to public and domestic areas for several days. The low infectious dose means
that this is a significant infection risk to anyone touching a contaminated surface. However, rapid inactivation, irreversible de-
struction of viral RNA, and massive structural damage were observed in coronavirus exposed to copper and copper alloy sur-
faces. Incorporation of copper alloy surfaces in conjunction with effective cleaning regimens and good clinical practice could
help to control transmission of respiratory coronaviruses, including MERS and SARS.
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Treatment of infectious disease is currently facing a crisis.
Widespread antibiotic resistance has reduced therapeutic op-

tions against bacterial pathogens. However, there is also a signifi-
cant threat from reemerging, newly evolving, and zoonotic viral
pathogens. In addition, new technologies are also able to identify
previously unknown pathogenic viruses. The majority of these are
RNA viruses transmitted through the mucosal or respiratory
route and manifesting as respiratory disease (1). Respiratory vi-
ruses can cause a wide range of lung disorders ranging from mild
upper respiratory tract infections to more-severe life-threatening
pathologies, including bronchiolitis, fever, pneumonia, and acute
respiratory distress syndrome. The World Health Organization
(WHO) estimated that there are 450 million cases of pneumonia

per year resulting in 4 million deaths, and approximately 200 mil-
lion of these are cases of viral community-acquired pneumonia
(reviewed in reference 2). Common viruses include respiratory
syncytial virus (RSV), rhinoviruses, influenza virus, parainfluen-
zavirus, and coronaviruses. Coinfections with two or more patho-
gens and comorbidities often affect disease severity and prognosis
and complicate initial diagnosis (3).

Many coronavirus species are important animal pathogens and
are often host species specific. In humans, several species, e.g.,
human coronavirus 229E (HuCoV-229E) and NL63 (Alphacoro-
navirus) and HKU1 and OC43 (Betacoronavirus), are a common
cause of upper respiratory tract infection. There is an ever-present
risk of pathogens emerging from animal reservoirs that have at-
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tained the ability to infect humans. The risk can be increased when
individuals have continuous and close contact with animals; also,
climate changes can change the distribution of insect vectors and
hosts (4, 5).

In 2003, a highly pathogenic coronavirus believed to have orig-
inated in bats and palm civet cats transferred to humans in Guang-
dong Province, China, resulting in cases of severe acute respira-
tory syndrome (SARS). Over 8,000 people were infected in 37
different countries, but mostly in Southeast Asia, with 10% mor-
tality. Inefficient human-to-human transmission, severe restric-
tions on air travel, closure of many wild-animal markets, and
quarantine procedures have successfully contained the outbreak
so far. However, zoonotic transmission of a coronavirus from res-
ervoirs in bats and possibly camels gave rise to severe respiratory
infection in individuals in the Arabian Peninsula in 2012. The
resulting Middle East respiratory syndrome (MERS), which af-
fects the lower respiratory tract, is clinically similar to SARS but
pathologically different. A ubiquitous host cell receptor often
leads to extrapulmonary disease, often in the kidneys, and viral
progeny are released through apical and basolateral respiratory
cell surfaces, contributing to the high (up to 40%) mortality rate
(reviewed in references 6 and 7). Late uncontrolled inflammation
leads to severe pathologies which are not dependent on viral load,
and human-to-human spread does occur (reviewed in refer-
ences 3 and 4). This, combined with a low infectious dose, suggests
that transmission of very few virus particles via person-to-person
or contact with contaminated surfaces may be an infection risk.
Although camels and associated food products have been found to
contain the virus, a recent study of individuals constantly in con-
tact with infected herds suggested that zoonotic transmission is
rare (8) but that the risk may be highest from juvenile animals.
The risk of transmission is increased, however, in clinical facilities
(9) and possibly in other crowded public areas, including care
homes and areas of mass gatherings, such as the Hajj Muslim
pilgrimage to Mecca. In a recent outbreak in South Korea, MERS
has so far (July 2015) killed 36 people and infected 186 patients in
hospital-associated cases associated with the first imported case
arising from travel to the Middle East (10, 11).

Surface contamination has recently been found to be more
significant than originally thought in the spread of many diseases
(12). Symptoms of respiratory disease often result in continuous
recontamination of surfaces which are then touched, and infec-
tious virus particles may be transferred to facial mucosa. In addi-
tion, ineffective cleaning agents may leave residual particles that
can initiate infection (13). The use of biocidal surfaces may help to
reduce the incidence of infections spread by touching contami-
nated surfaces. Copper alloys have demonstrated excellent anti-
bacterial and antifungal activity against a range of pathogens in
laboratory studies (14–19). Copper ion release has been found to
be essential to maintaining efficacy, but the mechanism of action
is variable (20, 21). A reduction in microbial bioburden and ac-
quisition of nosocomial infection has now been observed in clin-
ical trials of incorporation of copper alloy surfaces in health care
facilities (22–25).

Previous studies have shown that murine norovirus (MNV)
and human norovirus, highly infectious nonenveloped viruses
that are resistant to environmental stress and impervious to many
cleaning agents, are destroyed on copper and copper alloy surfaces
(26–28). HuCoV-229E is associated with a wide range of respira-
tory disease from mild colds to severe pneumonia in immuno-

compromised people and has been implicated as an autoimmune
trigger in multiple sclerosis (29, 30). Infection with this virus oc-
curs in a high proportion of the population in approximately
3-year cycles, incurring considerable hidden costs in lost work
hours, and in this study was also used as a surrogate for the more
virulent coronaviruses responsible for SARS and MERS (rather
than using animal viruses or coronaviruses that primarily infect
the gastrointestinal tract). In addition, a recent study also ob-
served that HuCoV-229E shares important characteristics with
MERS-coronavirus and also has an ancestral link with bats (31).
In this study, the ability of HuCoV-229E to retain infectivity on a
range of common surface materials was investigated to under-
stand the risk of disease dissemination. The potential use of bio-
cidal surfaces to provide constant antiviral activity against contin-
ual surface recontamination could help to limit the spread of
respiratory viruses; accordingly, the efficacy of a range of copper
alloys to inactivate HuCoV-229E was also determined.

RESULTS
Coronavirus persists in an infectious state on common surface
materials for several days. An inoculum of 103 plaque forming
units (PFU) persisted on polyfluorotetraethylene (Teflon; PTFE),
polyvinyl chloride (PVC), ceramic tiles, glass, and stainless steel
for at least 5 days (and 3 days for silicon rubber) at 21°C and a
relative humidity of 30% to 40% (Fig. 1).

Rapid inactivation of human coronavirus occurs on brass
and copper nickel surfaces at room temperature (21°C). Brasses
containing at least 70% copper were very effective at inactivating
HuCoV-229E (Fig. 2A), and the rate of inactivation was directly
proportional to the percentage of copper. Approximately 103 PFU
in a simulated wet-droplet contamination (20 !l per cm2) was
inactivated in less than 60 min. Analysis of the early contact time
points revealed a lag in inactivation of approximately 10 min fol-
lowed by very rapid loss of infectivity (Fig. 2B). As observed pre-
viously for norovirus, zinc demonstrated a slight antiviral effect
compared to that seen with stainless steel (neither metal contains
copper).

Copper nickels were also effective at inactivating HuCoV-229E

FIG 1 Persistence of infectious human coronavirus on common surface
materials. Approximately 103 PFU HuCoV-229E (20 !l infected-cell lysate)
was applied to 1-cm2 coupons of test surface materials and incubated at am-
bient conditions (21°C; relative humidity, 30% to 40%). Virus was removed
and assayed for infectivity at various time points as described in the text.
Although the initial inoculum concentration was quite low, the virus retained
infectivity for 5 days on all surfaces, except silicon rubber. Therefore, natural
contamination of common surface material with very few coronavirus parti-
cles could represent a considerable risk of infection spread if touched and
transferred to facial mucosa. Error bars represent ! SEM, and data are from
the results of multiple experiments.
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but required higher (90%) copper content to produce a degree of
inactivation equivalent to that seen with brasses containing 70%
copper (Fig. 2C). The inactivation time was reduced further in the
rapidly drying fingertip contamination model by approximately
8-fold to 5 min for C26000 cartridge brass (Fig. 2D).

Using the same data for simulated droplet contamination, a
comparison between brasses and copper nickels containing the
same percentage of copper, 90% or 70%, is demonstrated in Fig. 3.
At the higher copper content level, there was little difference in
efficacy between C22000 and C70600 (Fig. 3A). However, copper
nickel C72500 was less effective than C70600 although it contains
the same percentage of copper. The superior antiviral properties
of C70600 have been observed previously for norovirus and may
involve the cuprous oxide layer visible as a removable layer (27).
However, at a lower percentage of copper, the cartridge brass was
far superior to copper nickel C71500, inactivating virus in approx-
imately one-third the time (Fig. 3B).

Copper ion release and generation of reactive oxygen species
(ROS) are involved in inactivation of HuCoV-229E on copper
and copper alloy surfaces. HuCoV-229E was inoculated onto
copper and cartridge brass surfaces (100% and 70% copper, re-
spectively; Table 1) in the presence of ethylenediaminetetraacetic
acid (EDTA) and bathocuproine disulfonate (BCS), chelators of
Cu(II) and Cu(I), respectively. Both chelators initially protected
the virus from inactivation for up to 2 h (although BCS was still
protective after 2 h of contact with brass) (Fig. 4A and C). This
suggests that both ionic species of copper are required directly

and/or indirectly for virus inactivation and that Cu(I) may be
more significant in the longer term.

Inoculation of coronavirus in the presence of D-mannitol and
Tiron (4,5-dihydroxy-1,3-benzene disulfonic acid) to quench hy-
droxyl radicals and superoxide anions, respectively, was done to
determine if these moieties were involved in the coronavirus in-
activation mechanism (Fig. 4B and D). Tiron protected the virus
for the first hour of contact, suggesting that superoxide generation
is important. However, D-mannitol was minimally protective on
copper but protected the virus for the duration of the test on brass.
Increasing the concentration of D-mannitol did not prolong sur-
vival of infectivity on copper (not shown). This suggests that rapid
inactivation of coronavirus on copper surfaces is primarily due to
copper ion release and that the effect of reactive oxygen species is
minimal. However, as the percentage of copper in the alloy de-
creased, ROS generation played a more significant role.

EDTA, BCS, D-mannitol, and Tiron did not significantly affect
the virus on stainless steel control surfaces or in suspension (not
shown).

Inactivation of coronavirus on copper and copper alloy sur-
faces results in fragmentation of the viral genome, ensuring that
inactivation is irreversible. Coronavirus was exposed to metal
surfaces and recovered, and the positive-stranded viral RNA ge-
nome was extracted and purified. A one-step reverse transcriptase
real-time quantitative PCR (RTqPCR) was performed to detect a
139-bp region of ORF1 within nonstructural protein 4 (nsp4).
Virus that had been exposed to copper and brass surfaces demon-

FIG 2 Rapid inactivation of human coronavirus occurs on brass and copper nickel surfaces. Approximately 103 PFU HuCoV-229E (20 !l infected-cell lysate)
was applied to 1-cm2 coupons of a range of brasses (A and B [early time points only]), copper nickels (C), and control metal surfaces that did not contain copper
(stainless steel, zinc, and nickel). Virus was removed at various time points and assayed for infectivity as described in the text. Coronavirus was inactivated in
"40 min on brasses and 120 min on copper nickels containing less than 70% copper. Analysis of the initial 30 min of contact between virus and brasses (Fig. 2B)
reveals an initial lag followed by rapid inactivation. Stainless steel and nickel did not demonstrate any antiviral activity, although mild antiviral activity was
observed on zinc (this was significant only at 60 min [P " 0.046]). (D) The same inoculum was applied as 1 !l/cm2, was dried immediately to simulate fingertip
touch contamination, and was found to have inactivated the virus approximately 8 times faster. Error bars represent ! SEM, and data are from the results of
multiple experiments.
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strated reduced copy numbers of this fragment with increasing
contact times (Fig. 5A). Comparison of the entire viral genome by
agarose gel electrophoresis confirmed that nonspecific fragmen-
tation occurred on copper and brass, with fragments becoming
smaller with increasing contact time (Fig. 5B).

Exposure to copper surfaces results in morphological changes
to human coronavirus particles visible in transmission electron
microscopy (TEM). There was a significant difference in appear-
ance between purified HuCoV-229E exposed to stainless steel and
that exposed to copper surfaces (Fig. 6). On stainless steel, uni-
form virions were visible following a 10-min exposure (Fig. 6A),
but on copper, clumps of damaged virus particles (Fig. 6B) as well
as a few intact particles could be seen. The extent of damage in-
creased upon further exposure to copper (Fig. 6C).

DISCUSSION
A combination of genetic reassortment in viruses with segmented
genomes and point mutations, particularly evident in viruses that
cause disease in the respiratory tract such as influenza virus and
coronaviruses, results in constantly changing antigenicity and
host immune response evasion. This can also affect the attach-
ment to the host cell receptor and the “host jump” from animals to
human that can occur if the mutation results in an increased abil-
ity of the virus to bind to human cells. If this is accompanied by a
decrease in binding to the original host, then human-to-human
transmission can occur, presenting a substantial threat of rapid

spread of a novel virus throughout the community (reviewed in
reference 32).

Viruses causing respiratory infections are spread by droplets
expelled by coughs and sneezes, which can also contaminate the
environment 2 m and 6 m away, respectively (33), and a single
droplet may easily contain an infectious dose (34). Enveloped re-
spiratory viruses, although more susceptible to environmental
stress than nonenveloped viruses, have been shown to persist on
surfaces and contaminate more than 50% of surfaces in household
and day care centers (35). Animal coronaviruses, including trans-
missible gastroenteritis virus (TGEV) and mouse hepatitis virus
(MHV), have been shown to retain infectivity for long periods on
hard surfaces (36) and for several hours on health care gowns,
gloves, and masks (37), but human coronavirus 229E (HuCoV-
229E) did not persist for above a few hours on surfaces (38). In
contrast, we have observed that a relatively low titer of infectious
human coronavirus 229E persisted on 5 surface materials, com-
mon to communal and domestic environments, for at least 5 days.
Our virus preparation contained a high proportion of lung cell
debris to mimic natural contamination in respiratory secretions,
which may have protected the virus from desiccation, and a hu-
man lung cell line was used for the assay, which may have been
more sensitive. The relatively low virus concentration used sug-
gests that higher viral concentrations which can occur in sputum
may persist for longer periods. During coronavirus infection, the

FIG 3 Comparison between brasses and copper nickels (containing the same percentage of copper) used to inactivate human coronavirus to determine if zinc
content enhances the antiviral effect. Approximately 103 PFU was inoculated onto alloys containing 90% copper for 0, 5, and 20 min (A) or 70% copper for 0, 30,
and 60 min (B) and was then removed and assessed for infectivity as described in the text. Alloys containing 90% copper were very effective at inactivating human
coronavirus (A), but variations in efficacy did not appear to be related only to the presence of zinc. The presence of copper nickel C70600 resulted in increased
efficacy compared to that of copper nickel C72500; that result may be linked to surface oxide layer or copper ion release from this alloy. However, at a lower
percentage of copper (B), synergy with zinc or Cu(I) release may be important because contact with cartridge brass resulted in virus inactivation that was at least
3 times faster than that seen with copper nickel C71500.
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viral load is highest later in the infection and large numbers of
infectious virus which may also contaminate the surrounding en-
vironment can be shed as symptoms subside over long periods (4).
There is scant information on minimum infectious doses, but for
many respiratory viruses, the minimum infectious dose is believed
to be low, i.e., just a few virus particles. Coronavirus persistence on
surfaces represents a considerable infection risk if contaminated
surfaces are touched and infectious virus transferred to the
mouth, nasal mucosa, or conjunctiva. Nicas and Best (39) ob-
served that individuals in office environments touched their face
an average of 15 times an hour, giving ample opportunities for
infection spread. The use of antiviral surfaces in health care and
community facilities could help to reduce infection spread in this
way. HuCoV-229E was rapidly inactivated on copper surfaces,
with the inactivation rate being roughly proportional to the per-
centage of copper in the alloy. Alloys containing #90% copper
inactivated 103 PFU coronavirus in $30 min, and a surface oxi-
dation layer or increased copper ion release on C70600 increased
efficacy, which has been observed for this alloy before (27). Brasses
were more efficacious than copper nickels at a lower percentage of
copper.

Previous studies by our laboratory have shown release of
copper ionic species to be essential to the efficacy of copper
surfaces in killing bacteria and inactivating norovirus (26). Us-
ing chelators, we have determined that Cu(I) and Cu(II) are
also essential for inactivation of coronaviruses. On brass (70%
copper), BCS, the chelator for Cu(I), was still protective at 2 h
of contact, suggesting that inactivation may have been due to
Cu(II) immediately and to Cu(I) in the long term. Copper ions
have been shown to directly inhibit proteases by reacting with
surface cysteine and to inflict damage to the viral genome in
HIV and herpes simplex virus (40, 41).

The mechanism of bacterial death on copper surfaces is com-
plex, involving not only direct action of copper ion on multiple

targets but also the generation of destructive oxygen radicals, re-
sulting in “metabolic suicide” (20). This was not observed for
norovirus destruction on copper, presumably because of the lack
of respiratory machinery (26). However, it appears that superox-
ide and hydroxyl radical generation may be important in the in-
activation of coronaviruses on copper alloys but that inactivation
on 100% copper surfaces is primarily due to the direct effect of
copper ions. Following application of a wet droplet to a copper
surface, the predominant ionic species to dissolute from the metal
surface is Cu(II), but reduction to Cu(I) and the Fenton reaction
with oxidative intermediates from cell debris, molecular oxygen,
or viral envelope could produce the highly toxic hydroxyl radical.
ROS are generated in the natural course of coronavirus infection
(42) and contribute to pathogenesis and apoptosis. Fujimori et al.
(43) observed inactivation of influenza A H1N1 pandemic 2009
strain by Cu(I) iodide nanoparticles which involved hydroxyl rad-
icals and resulted in degradation of hemagglutinin and neuramin-
idase viral proteins. They surmised that, although there was no
exogenous hydrogen peroxide to fuel the Fenton reaction (equa-
tion 3), Cu(I) reacted with molecular oxygen to generate super-
oxide (equation 1) and, subsequently, hydrogen peroxide (equa-
tion 2) (which could also produce hydroxyl radicals via the Haber
Weiss reaction) as follows:

2Cu# # 2O2(aq) → 2Cu2# # 2O2
$ (1)

2O2
$ # 2H# → H2O2 # O2 (2)

Cu# # H2O2 → Cu2# # OH$ # OH· (3)

In our results, the Cu(I) chelator BCS protected coronavirus
on brass surfaces, suggesting that Cu% migrating from the metal is
important in toxicity and supporting the Fenton reaction genera-
tion of hydroxyl radicals that was observed. Perhaps the reason
brasses were more effective at inactivating coronavirus than cop-
per nickels was the increased Cu(I) release and subsequent ROS

TABLE 1 Composition of metal alloys used for the study

Metal(s) UNS IDa Common name

Main constituent (%)

Copper Zinc Nickel Tin Iron Chromium Manganese

Copper nickels C70600 Copper nickel 10 89–90 10 $1
C72500 Cupronickel with Sn 89–90 9 $2
C71000 Cupronickel 79 20 1
C71500 Copper nickel 30 70 30

Brasses C21000 Gilding brass 95 5
C22000 Commercial “bronze” (does not contain Sn) 89–90 10
C23000 Red brass 85 15
C26000 Cartridge brass 70 30
C28000 Muntz metal 60 40

Phosphor bronze C51000 “5% A” (contains $0.26% phosphorus) 95 5

Nickel “silver” C75200 “65/18” 65 17 18

Copper C11000 Copper 100

Nickel NO2200 Nickel 100

Zinc Z13000 Zinc 100

Stainless steel S30400 “18/8” 8 74 18
a UNS ID, Unified Numbering System identifier.
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generation rather than the zinc content, which had only mild an-
tiviral activity. Presumably, as in bacteria, a multitarget attack on
enveloped viruses by copper ions and ROS may result in nonen-
zymatic peroxidation of the envelope (44) and damage to mem-
brane proteins and the nucleoproteins.

We have observed previously (27) that exposure to copper sur-
faces resulted in significant morphological changes to nonenvel-
oped norovirus, where possible disassociation of the capsid sub-
units exposed the viral genome to copper inactivation. In this
study, we observed rapid damage, including clumping, breakage,
membrane damage, and loss of surface spikes, to the coronavirus
particles following exposure to copper, and some particles ap-
peared smaller and seemed to have lost rigidity, folding up on
themselves. These changes were not observed with virus recovered
from stainless steel surfaces.

Analysis of coronavirus genomic RNA from viruses exposed to
copper and copper alloys revealed a nonspecific fragmentation of
the entire genome that can also be observed at the gene level by the
reduction in copy number of a small fragment of nsp4 proteins,
and the extent of damage increased with contact time. We have
observed that the reduction in the capsid integrity of norovirus
allows access of copper ions to the genome inactivating the virus.
For coronavirus, the envelope and nucleoprotein are likewise
compromised, and the process occurs more rapidly than with
nonenveloped norovirus, which has a resistant capsid, to allow

copper ion and/or ROS to destroy the genome. Interestingly, there
was a 10-min delay in inactivation of simulated wet-droplet con-
tamination which may reflect the time taken to breach the enve-
lope and disrupt the nucleoprotein which allows access of copper
ions to the coronavirus genome. Further studies may determine if
the use of synergistic cleaning agents to weaken the envelope could
reduce this delay. Sagripanti et al. (45) also reported increased
sensitivity to solutions of copper ions of enveloped viruses com-
pared to nonenveloped phages.

There are concerns about the pandemic potential of MERS,
especially if the efficiency of interhuman transmission increases
(46). The majority of cases have been in the Middle East, and
concerns have been expressed because #2.5 million pilgrims at-
tend the Hajj in Mecca, Saudi Arabia, aggregating from #180
countries. Analysis of data since June 2012 resulted in estimates
that the risks of transmission are low (47, 48), but members of the
Health Protection Agency (HPA) UK Novel Coronavirus Investi-
gation team (49) have observed person-to-person transmission
within a family cluster in the United Kingdom contracted from a
family member who had visited Saudi Arabia. They also observed
that the spectrum of symptoms of MERS, including mild and
asymptomatic disease, is wider than initially realized and that
spread of the virus may therefore already be greater than expected.
MERS has so far killed 36 people and infected 186 patients in
hospital-associated cases in South Korea associated with the first

FIG 4 Inactivation of coronavirus on copper and cartridge brass surfaces in the presence of chelators EDTA and BCS (A and C) and quenchers D-mannitol and
Tiron (B and D) to remove Cu(II) or Cu(I) ionic species and hydroxyl radical or superoxide, respectively. Both chelators protected coronavirus from inactivation
on copper and brass surfaces, suggesting that release of Cu(I) and Cu(II) is required for antiviral activity. Tiron was protective for the first hour of contact on
copper and brass surfaces, indicating that superoxide is directly or indirectly involved in the inactivation mechanism. However, D-mannitol gave minimum
protection on copper but prolonged protection on brass surfaces. Increasing the concentration of D-mannitol did not affect the results (not shown). This suggests
that copper ions are the main moieties responsible for inactivation of coronavirus on 100% copper surfaces but that generation of hydroxyl radicals becomes
more significant as the concentration of copper in the alloy is reduced. EDTA, BCS, D-mannitol, and Tiron did not significantly affect the infectivity of
HuCoV-229E on stainless steel controls or in suspensions (not shown). Error bars represent ! SEM, and data are from the results of multiple experiments.
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imported case arising from travel to the Middle East (10, 11). The
current increase in the incidence of MERS has been described as a
“subcritical epidemic,” but statistics have concentrated on severe
cases only. It remains to be seen if the number of cases continues to
escalate, and the evolution of SARS and MERS is a timely re-
minder of the constant threat of other coronaviruses making the
jump from a large reservoir in wild and domestic animals to the
human population. Several Hajj pilgrims returning to Austria had
contracted serious respiratory disease caused by influenza A and B
virus and not MERS (50), emphasizing that there are multiple
risks of contacting infectious diseases in any highly populated
areas.

The results from this study have shown that a relatively low
concentration of enveloped respiratory viruses may retain infec-
tivity on common hard surfaces for longer than previously
thought and may present a real risk of infection to anyone who
contacts a contaminated surface. However, human coronavirus
229E, an important pathogenic virus but also a surrogate for
MERS coronavirus, which is structurally very similar, was rapidly

inactivated on copper alloys. Inactivation results from a combina-
tion of direct copper ion attack and reactive oxygen species gen-
eration. The latter is particularly important as the copper content
decreases, ensuring that rapid inactivation still occurs in alloys
with lower percentages of copper. Therefore, incorporation of
copper alloys in communal areas could help to reduce infection
spread from touching surfaces contaminated with coronaviruses.
This is especially important in infectious disease where the infec-
tious dose is low, surface contamination is high, and effective ther-
apies are limited. The mechanism of action of copper is complex
and may be enhanced by radical formation but is ultimately non-
specific, ensuring continuous kill and inactivation of a wide range
of pathogenic microorganisms with completely different mor-
phologies. Concerns about the biocide resistance, possible con-
comitant drug resistance, and horizontal gene transfer that have
been observed with other biocides (51) can be allayed because of
the destruction of viral nucleic acid observed following exposure
to copper surfaces. It is not feasible to cover every surface in cop-
per, and many materials in the built environment, including stain-

FIG 5 Destruction of human coronavirus viral genome on copper and copper alloy surfaces. (A) Analysis of a small fragment (136-bp region of the nsp4 gene)
of the coronavirus genome revealed a reduction in copy number from virus exposed to copper and cartridge brass surfaces in reverse transcriptase real-time PCR.
There was some reduction on stainless steel but none in viral suspension (lightest gray bars), suggesting that this was due to sample drying. (B) Analysis of the
entire viral genome is represented in electrophoretic separation of viral RNA extracted from virus exposed to copper (lanes 1, 4, and 7), cartridge brass (lanes 2,
5, and 8), and stainless steel (lanes 3, 6, and 9) for 0 min (lanes 1 to 3), 120 min (lanes 4 to 6), and 240 min (lanes 7 to 9). The genomic RNA from virus exposed
to copper and brass degraded with increased contact time. This did not occur on stainless steel; the genomic RNA remained as fragments too large to pass through
the gel. However, the total amount of intact RNA was reduced at 4 h, possibly due to drying damage as seen in panel A. Lane 10 represents untreated virus, and
the unmarked lane is a Bioline marker (Hyperladder I). The same procedure was used with mock-infected cells, revealing the same pattern of RNA breakdown
following application to copper surfaces (not shown).
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less steel, will continue to be used because of resilience, anticorro-
sion, and other beneficial attributes. Incorporation of even a few
copper surfaces may have an impact in effectively reducing trans-
mission of infectious material from a surface to an individual,
provided that stringent, regular, and effective cleaning regimens
are employed for all surfaces. The use of copper does not serve as
an excuse to relax cleaning regimens. However, the choice of
cleaning reagents is critical for copper alloys because it is essential
to maintain copper ion release for efficacy, so avoidance of chela-
tors is necessary.

There is now a large body of evidence from laboratory studies
and small clinical trials to suggest that incorporation of copper
surfaces could play a significant role in reducing infection trans-
mission from contaminated surfaces. The time is nigh to investi-
gate this further on a larger scale, but fears of the installation costs
appear to be hampering the progress. Given the huge costs, hu-
man and monetary, associated with the treatment and care of
patients with hospital-acquired infections, preliminary studies
have suggested that the initial costs could be recouped within a few
months (52). New technologies in copper coatings are being de-
veloped which may allow large-scale community areas, such as
transport facilities, to be rendered antimicrobial at reduced costs.
A note of caution: for these to be effective, there must be actual
contact between copper and the contaminating pathogenic mi-
croorganisms, because any interference from matrix components
could result in false economy.

MATERIALS AND METHODS
Viral strains and cell lines. Human coronavirus 229E (HuCoV-229E)
and a fetal fibroblast cell line, MRC-5, were supplied by Public Health
England (PHE), United Kingdom. Cells were maintained in minimal es-
sential medium (MEM) supplemented with GlutaMax-1, nonessential
amino acids, and 5% fetal calf serum and incubated at 37°C and 5% CO2.
Cells were passaged twice a week using trypsin (0.25%)-EDTA and were
not used beyond passage 30 (P30) (which occurred before the onset of
senescence, but susceptibility to infection diminished greatly from P30).
Viral stocks were prepared by infecting cells at multiplicity of infection of
0.01 for 4 to 7 days until a significant cytopathic effect (CPE) was ob-
served. Infected cells were subjected to 3 freeze/thaw cycles, and infected-
cell lysate was stored at &80°C.

Preparation of sample surfaces. Metal coupons (10 by 10 by 0.5 mm)
were degreased in acetone, stored in absolute ethanol, and flamed prior to
use as described previously (19). Metal samples were supplied by the Cop-
per Development Association and are described in Table 1. Coupons of
nonmetal surfaces (PTFE, polyvinyl chloride [PVC], ceramic tiles, glass,
and silicone rubber) of the same size were sterilized by autoclaving at
121°C and 1.06 ' 105 pascals (1.06 bar) for 15 min. Stainless steel controls
for comparison were also autoclaved for method consistency for these
experiments.

Infectivity assay for HuCoV-229E exposed to surfaces. Infected cell
lysate preparations of HuCoV-229E were spread over coupons of the test
surface and incubated at room temperature. The virus was removed from
the coupons at various times and assayed for infectious virus by a plaque
assay which was a modification of the murine norovirus 1 (MNV-1) assay
described previously (26). Briefly, coupons inoculated with virus and in-
cubated for various times at room temperature were added to a tube
containing 5 ml growth medium and 2-mm-diameter glass beads and
subjected to vortex mixing for 15 s. Dilutions were prepared in growth
medium, and 1-ml aliquots were plated onto confluent monolayers of
MRC-5 cells that had been prepared 24 h earlier in 6-well trays. The
inoculum was removed after 90 min and replaced with agarose overlays,
and plates were incubated at 37°C and 5% CO2 for 4 to 7 days until CPE
was evident. The monolayers were stained with vital stain and neutral red,
and plaques in the monolayer were enumerated. Triplicate samples were
processed for each time point.

The effect of copper chelators and reactive oxygen species quenchers
on infectivity of human coronavirus exposed to copper and copper al-
loy surfaces. Incorporation of chelators ethylenediaminetetraacetic acid
(EDTA) (20 mM) and bathocuproine disulfonic acid (BCS) (20 mM) to
chelate Cu(II) and Cu(I), respectively, at the time of inoculation of virus
onto the metal surfaces was investigated using a plaque assay. In addition,
20 mM D-mannitol and 20 mM Tiron (4,5-dihydroxy-1,3-benzene disul-
fonic acid) were used to quench hydroxyl radicals and superoxide, respec-
tively. Stainless steel was used as a control surface and to determine if
quenchers and chelators affect viral replication.

Purification of viral RNA and analysis of integrity by agarose gel
electrophoresis. The total RNA of untreated virus or virus exposed to
metal surfaces (5 coupons per test, with virus removed from coupons by
pipetting up and down in a small volume [100 !l]) was extracted using a
Qiagen QIAamp viral RNA minikit according to the manufacturer’s in-
structions and the carrier RNA provided to prevent degradation.

Purified RNA fragments were separated on a nondenaturing 1% aga-

FIG 6 Exposure to copper surfaces results in morphological changes to human coronavirus. Purified HUCoV-229E was applied to metal surfaces and then
removed, and a negatively stained preparation was observed using transmission electron microscopy. (A) Intact virions were visible following exposure to
stainless steel for 10 min. (B) However, following exposure to copper for 10 min, many virus particles appeared to be disintegrating (indicated by a star), although
some intact virions were still present (arrow). (C) After a 30-min exposure to copper, further damage had occurred and virions appeared shrunken (indicated by
a star), with damage to surface spikes (arrow).
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rose gel using a GelRed nucleic acid prestaining kit (Biotium, United
Kingdom) according to the manufacturer’s instructions. The staining in-
tensity is reduced because GelRed binds to single-stranded RNA (ssRNA)
approximately half as much as to double-stranded nucleic acid. DNA
ladders were supplied by Bioline. Gels were observed and photographed
using GeneSnap software and a Syngene UV light box.

Detection and quantification of a 139-bp region of the coronavirus
nonstructural gene encoding nsp4 in virus exposed to copper and brass
surfaces. To determine if exposure to copper affected the viral genome at
the gene level, a 139-bp region of the gene encoding nsp4 (within poly-
protein 1ab replicase) was investigated using a One-Step real-time quan-
titative PCR (RTqPCR) diagnostic kit (supplied by PrimerDesign, United
Kingdom). The kit is based on sequences from HuCoV-229E (GenBank
accession number NC_002645; anchor nucleotide position 8205). Ampli-
fication was performed on a BioRad iQ5 cycler, and standard curves were
prepared from known copy number standards to determine copy num-
bers in test samples. PCR products were analyzed by gel electrophoresis as
described above.

Detection of morphological changes to HuCoV-229E using trans-
mission electron microscopy (TEM). HuCoV-229E was purified from
crude infected-cell lysate. Polyethylene glycol (PEG) precipitation (Bio-
Vision PEG virus precipitation kit) was followed by sucrose density (25%
to 55%) centrifugation at 96,000 ' g for 16 h at 4°C. The virus band was
resuspended in water and the virus pelleted at 77,000 ' g for 1 h at 4°C.
The supernatant was discarded, the tubes were allowed to drain, and the
final pellet was resuspended in ice-cold nuclease-free deionized distilled
water after incubation on ice for 30 min. The preparation was applied to
copper and stainless steel as described in the Figure 6 legend and was
removed by gentle pipetting. Samples were fixed, applied to TEM grids,
washed with water, and stained with 5% ammonium molybdate for 10 s.

Statistical analysis. Data are expressed as means ! standard errors of
the mean (SEM) and are from the results of multiple independent exper-
iments. Statistical analyses and representational graphic depictions were
performed using GraphPad Prism 6.

ACKNOWLEDGMENTS
This research was supported by the Copper Development Association,
New York, and the International Copper Association, New York.

We thank Anton Page, Patricia Goggin, Lizzie Angus, and everyone at
the Biomedical Imaging Unit, University of Southampton, Southampton,
United Kingdom, for their help with the use of the transmission electron
microscope.

REFERENCES
1. Zambon M. 2014. Influenza and other emerging respiratory viruses. Med-

icine 42:45–51 http://dx.doi.org/10.1016/j.mpmed.2013.10.017.
2. Ruuskanen O, Lahti E, Jennings LC, Murdoch DR. 2011. Viral pneu-

monia. Lancet 377:1264 –1275. http://dx.doi.org/10.1016/S0140
-6736(10)61459-6.

3. Van den Brand JM, Smits SL, Haagmans BL. 2015. Pathogenesis of
Middle East respiratory syndrome coronavirus. J Pathol 235:175–184.
http://dx.doi.org/10.1002/path.4458.

4. Gralinski LE, Baric RS. 2015. Molecular pathology of emerging corona-
virus infections. J Pathol 235:185–195. http://dx.doi.org/10.1002/
path.4454.

5. Coleman CM, Frieman MB. 2014. Coronaviruses: important emerging
human pathogens. J Virol 88:5209 –5212. http://dx.doi.org/10.1128/
JVI.03488-13.

6. Chan JFW, Lau SKP, To KKW, Cheng VCC, Woo PCY, Yuen K. 2015.
Middle East respiratory syndrome coronavirus: another zoonotic beta-
coronavirus causing SARS-like disease. Clin Microbiol Rev 28:465–522.
http://dx.doi.org/10.1128/CMR.00102-14.

7. Cong Y, Ren X. 2014. Coronavirus entry and release in polarized epithe-
lial cells: a review. Rev Med Virol 24:308 –315. http://dx.doi.org/10.1002/
rmv.1792.

8. Hemida MG, Al-Naeem A, Perera RAPM, Chin AWH, Poon LLM,
Peiris M. 2015. Lack of Middle East respiratory syndrome coronavirus

transmission from infected camels. Emerg Infect Dis 21:699 –701. http://
dx.doi.org/10.3201/eid2104.141949.

9. Oboho IK, Tomczyk SM, Al-Asmari AM, Banjar AA, Al-Mugti H,
Aloraini MS, Alkhaldi KZ, Almohammadi EL, Alraddadi BM, Gerber
SI, Swerdlow DL, Watson JT, Madani TA. 2015. 2014 MERS-CoV out-
break in Jeddah—a link to health care facilities. N Engl J Med 372:
846 – 854. http://dx.doi.org/10.1056/NEJMoa1408636.

10. Butler D. 2015. South Korean MERS outbreak spotlights lack of research.
Nature 522:139 –140. http://dx.doi.org/10.1038/522139a.

11. Ki M. 2015. 2015 MERS outbreak in Korea: hospital-to-hospital transmis-
sion. Epidemiol Health 37:e2015033. http://dx.doi.org/10.4178/epih/
e2015033.

12. Otter JA, Yezli S, Salkeld JAG, French GL. 2013. Evidence that contam-
inated surfaces contribute to the transmission of hospital pathogens and
an overview of strategies to address contaminated surfaces in hospital
settings. Am J Infect Control 41:S6 –S11. http://dx.doi.org/10.1016/
j.ajic.2012.12.004.

13. Bean B, Moore BM, Sterner B, Peterson LR, Gerding DN, Balfour HH,
Jr. 1982. Survival of influenza viruses on environmental surfaces. J Infect
Dis 146:47–51. http://dx.doi.org/10.1093/infdis/146.1.47.

14. Wilks SA, Michels H, Keevil CW. 2005. The survival of Escherichia coli
O157 on a range of metal surfaces. Int J Food Microbiol 105:445– 454.
http://dx.doi.org/10.1016/j.ijfoodmicro.2005.04.021.

15. Noyce JO, Michels H, Keevil CW. 2006. Potential use of copper surfaces
to reduce survival of epidemic meticillin-resistant Staphylococcus aureus in
the healthcare environment. J Hosp Infect 63:289 –297. http://dx.doi.org/
10.1016/j.jhin.2005.12.008.

16. Noyce JO, Michels H, Keevil CW. 2006. Use of copper cast alloys to
control Escherichia coli O157 cross-contamination during food process-
ing. Appl Environ Microbiol 72:4239 – 4244. http://dx.doi.org/10.1128/
AEM.02532-05.

17. Weaver L, Michels HT, Keevil CW. 2008. Survival of Clostridium difficile
on copper and steel: futuristic options for hospital hygiene. J Hosp Infect
68:145–151. http://dx.doi.org/10.1016/j.jhin.2007.11.011.

18. Weaver L, Michels HT, Keevil CW. 2010. Potential for preventing spread
of fungi in air-conditioning systems constructed using copper instead of
aluminium. Lett Appl Microbiol 50:18 –23. http://dx.doi.org/10.1111/
j.1472-765X.2009.02753.x.

19. Warnes SL, Green SM, Michels HT, Keevil CW. 2010. Biocidal efficacy
of copper alloys against pathogenic enterococci involves degradation of
genomic and plasmid DNAs. Appl Environ Microbiol 76:5390 –5401.
http://dx.doi.org/10.1128/AEM.03050-09.

20. Warnes SL, Keevil CW. 2011. Mechanism of copper surface toxicity in
vancomycin-resistant enterococci following wet or dry surface contact.
Appl Environ Microbiol 77:6049 – 6059. http://dx.doi.org/10.1128/
AEM.00597-11.

21. Warnes SL, Caves V, Keevil CW. 2012. Mechanism of copper surface
toxicity in Escherichia coli O157:H7 and Salmonella involves immedi-
ate membrane depolarization followed by slower rate of DNA destruc-
tion which differs from that observed for Gram-positive bacteria. En-
viron Microbiol 14:1730 –1743. http://dx.doi.org/10.1111/j.1462
-2920.2011.02677.x.

22. Casey AL, Adams D, Karpanen TJ, Lambert PA, Cookson BD, Night-
ingale P, Miruszenko L, Shillam R, Christian P, Elliott TSJ. 2010. Role
of copper in reducing hospital environment contamination. J Hosp Infect
74:72–77. http://dx.doi.org/10.1016/j.jhin.2009.08.018.

23. Karpanen TJ, Casey AL, Lambert PA, Cookson BD, Nightingale P,
Miruszenko L, Elliott TSJ. 2012. The antimicrobial efficacy of copper
alloy furnishing in the clinical environment: a crossover study. Infect Con-
trol Hosp Epidemiol 33:3–9. http://dx.doi.org/10.1086/663644.

24. Schmidt MG, Attaway HH, Sharpe PA, John J, Jr, Sepkowitz KA,
Morgan A, Fairey SE, Singh S, Steed LL, Cantey JR, Freeman KD,
Michels HT, Salgado CD. 2012. Sustained reduction of microbial burden
on common hospital surfaces through introduction of copper. J Clin Mi-
crobiol 50:2217–2223. http://dx.doi.org/10.1128/JCM.01032-12.

25. Salgado CD, Sepkowitz KA, John JF, Cantey JR, Attaway HH, Freeman
KD, Sharpe PA, Michels HT, Schmidt MG. 2013. Copper surfaces reduce
the rate of healthcare-acquired infections in the intensive care unit. Infect
Control Hosp Epidemiol 34:479 – 486. http://dx.doi.org/10.1086/670207.

26. Warnes SL, Keevil CW. 2013. Inactivation of norovirus on dry copper
alloy surfaces. PLoS One 8:e75017. http://dx.doi.org/10.1371/
journal.pone.0075017.

27. Warnes SL, Summersgill EN, Keevil CW. 2015. Inactivation of murine

Coronavirus Persistence on Common Surface Materials

November/December 2015 Volume 6 Issue 6 e01697-15 ® mbio.asm.org 9

 on January 29, 2020 by guest
http://m

bio.asm
.org/

D
ow

nloaded from
 

http://www.ncbi.nlm.nih.gov/nuccore?term=NC_002645
http://dx.doi.org/10.1016/j.mpmed.2013.10.017
http://dx.doi.org/10.1016/S0140-6736(10)61459-6
http://dx.doi.org/10.1016/S0140-6736(10)61459-6
http://dx.doi.org/10.1002/path.4458
http://dx.doi.org/10.1002/path.4454
http://dx.doi.org/10.1002/path.4454
http://dx.doi.org/10.1128/JVI.03488-13
http://dx.doi.org/10.1128/JVI.03488-13
http://dx.doi.org/10.1128/CMR.00102-14
http://dx.doi.org/10.1002/rmv.1792
http://dx.doi.org/10.1002/rmv.1792
http://dx.doi.org/10.3201/eid2104.141949
http://dx.doi.org/10.3201/eid2104.141949
http://dx.doi.org/10.1056/NEJMoa1408636
http://dx.doi.org/10.1038/522139a
http://dx.doi.org/10.4178/epih/e2015033
http://dx.doi.org/10.4178/epih/e2015033
http://dx.doi.org/10.1016/j.ajic.2012.12.004
http://dx.doi.org/10.1016/j.ajic.2012.12.004
http://dx.doi.org/10.1093/infdis/146.1.47
http://dx.doi.org/10.1016/j.ijfoodmicro.2005.04.021
http://dx.doi.org/10.1016/j.jhin.2005.12.008
http://dx.doi.org/10.1016/j.jhin.2005.12.008
http://dx.doi.org/10.1128/AEM.02532-05
http://dx.doi.org/10.1128/AEM.02532-05
http://dx.doi.org/10.1016/j.jhin.2007.11.011
http://dx.doi.org/10.1111/j.1472-765X.2009.02753.x
http://dx.doi.org/10.1111/j.1472-765X.2009.02753.x
http://dx.doi.org/10.1128/AEM.03050-09
http://dx.doi.org/10.1128/AEM.00597-11
http://dx.doi.org/10.1128/AEM.00597-11
http://dx.doi.org/10.1111/j.1462-2920.2011.02677.x
http://dx.doi.org/10.1111/j.1462-2920.2011.02677.x
http://dx.doi.org/10.1016/j.jhin.2009.08.018
http://dx.doi.org/10.1086/663644
http://dx.doi.org/10.1128/JCM.01032-12
http://dx.doi.org/10.1086/670207
http://dx.doi.org/10.1371/journal.pone.0075017
http://dx.doi.org/10.1371/journal.pone.0075017
mbio.asm.org
http://mbio.asm.org/

