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Abstract

Facemasks are part of the hierarchy of interventions used to reduce the transmission of respiratory 

pathogens by providing a barrier. Two types of facemasks used by healthcare workers are N95 

filtering facepiece respirators (FFRs) and surgical masks (SMs). These can become contaminated 

with respiratory pathogens during use, thus serving as potential sources for transmission. 

However, because of the lack of field studies, the hazard associated with pathogen-exposed 

facemasks is unknown. A mathematical model was used to calculate the potential influenza 

contamination of facemasks from aerosol sources in various exposure scenarios. The aerosol 

model was validated with data from previous laboratory studies using facemasks mounted on 

headforms in a simulated healthcare room. The model was then used to estimate facemask 

contamination levels in three scenarios generated with input parameters from the literature. A 

second model estimated facemask contamination from a cough. It was determined that 

contamination levels from a single cough (≈19 viruses) were much less than likely levels from 

aerosols (4,473 viruses on FFRs and 3,476 viruses on SMs). For aerosol contamination, a range of 

input values from the literature resulted in wide variation in estimated facemask contamination 

levels (13–202,549 viruses), depending on the values selected. Overall, these models and 

estimates for facemask contamination levels can be used to inform infection control practice and 

research related to the development of better facemasks, to characterize airborne contamination 

levels, and to assist in assessment of risk from reaerosolization and fomite transfer because of 

handling and reuse of contaminated facemasks.
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1. INTRODUCTION

Facemasks, including National Institute for Occupational Safety and Health (NIOSH)-

certified N95 filtering facepiece respirators (FFRs) and surgical masks (SMs), are 

nonpharmaceutical interventions used to reduce the transmission of respiratory pathogens. 

The designed and intended uses of FFRs and SMs differ in the types of protection provided. 

FFRs are typically composed of electret filter media and seal tightly to the face of the 

wearer, whereas SMs are generally loose fitting and may or may not contain electret filtering 

media. FFRs are designed and worn to reduce the wearer’s inhalation exposure to infectious 

particles. The Centers for Disease Control and Prevention (CDC) recommends that health-

care workers (HCWs) use fit-tested FFRs when in close contact with patients infected with a 

respiratory pathogen that spreads via aerosol transmission, such as Mycobacterium 

tuberculosis.(1) Similar recommendations have been made for respiratory pathogen 

outbreaks, such as the 2009 H1N1 influenza pandemic, in which aerosol transmission was 

considered likely.(2,3) SMs reduce contamination of the environment from particles 

generated by the wearer and provide a barrier to protect HCWs from splashes and sprays of 

body fluids such as blood. Both FFRs and SMs restrict users from touching their mouth and 

nose, which limits opportunities for contact transmission of respiratory pathogens from the 

hands to the mucosa of the wearer. Studies in various workplaces have demonstrated that fit-

tested FFRs, when used in a complete respiratory protection program, are effective at 

reducing inhalation exposures,(4–9) whereas SMs are far less effective for this purpose 

because of their poorer fit and filtration performance.(10–12) Laboratory studies have 

demonstrated the superior filter performance of FFRs over SMs by using various simulants 

for respiratory pathogens.(13–16)

As with many other interventions (such as hand washing and vaccination), the effectiveness 

of FFRs at reducing human-to-human transmission of respiratory pathogens is ultimately 

governed by compliance. Adherence to proper FFR use practices requires careful attention 

to all elements of a respiratory protection program, including training, fit-testing, and proper 

donning/doffing technique. Previous study findings on HCW adherence to proper respirator 

use suggest that compliance is often lacking.(17–19) Another challenge with FFRs is that 

proper technique is required to put them on and take them off. Poor doffing techniques can 

lead to the transfer of infectious material to the user’s hands.(20) Concerns about 

contaminated FFRs contributing to disease transmission (e.g., as fomites) are fairly unique 

to healthcare and emergency response settings, in which the respirator is used to reduce 

exposures to an infectious aerosol that can also cause infection via contact transmission. 

Most particulate hazards, common to other occupational sectors where FFRs are used, such 

as machine shops, construction sites, and other industrial facilities, are noninfectious 

inhalation hazards.

Even within healthcare, the risks of handling a contaminated FFR are complex. Unlike most 

other medical and personal protective devices, FFR and SM contamination is affected by the 

user’s breathing, which causes nearby particles in the air to come in contact with the 

facemask. For most noninvasive medical devices (such as stethoscopes) and other types of 

nonrespiratory personal protective equipment (gloves, lab coats, and eyewear), 

contamination occurs via contact, direct sprays or splashes (from a cough or sneeze, for 
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example), and settling forces. The electret filter medium used in an FFR consists of several 

layers of air-permeable nonwoven fibers. Thus, contamination occurs not only at the surface 

of the FFR but also throughout the depths of the fiber bed within each layer. Laboratory 

studies that have evaluated layer-by-layer deposition have found that aerosolized virus is 

mainly deposited in the middle layers, but deposition also depends on the size and 

composition of the aerosol.(10,21)

To address concerns raised by HCWs and to improve compliance with proper respirator use, 

NIOSH, the Department of Veterans Affairs (VA), and other researchers have proposed 

developing a “B95” respirator specific for HCWs, as part of project BREATHE (Better 

Respiratory Equipment using Advanced Technologies for Healthcare Employees).(22) The 

first draft of the requirements for a proposed B95 respirator describes 28 characteristics, 

including several that focus on the desire to minimize transfer of infectious respiratory 

pathogens from a contaminated respirator to the hands of the wearer. The authors of that 

report recognized that no respirator on the market today could meet all 28 requirements, and 

thus prioritization would enable technologists and manufacturers to focus on those 

characteristics that impact HCWs the most. Unfortunately, few data on FFR contamination 

are available to assist with such prioritization. For example, if actual FFR contamination 

levels are small enough that transfer to the mucosa of the wearer is unlikely (that is, if FFRs 

are not an important fomite concern), then this would suggest that these characteristics 

should be given lower priority than other characteristics such as fit and comfort.

There are other applications for which information about facemask contamination levels are 

important. For example, FFR reuse and extended use have been proposed as possible ways 

to maintain respirator supplies during a pandemic.(23,24) With the current threat of the newly 

identified influenza H7N9 in China,(25,26) concerns over facemask availability, particularly 

FFRs, have again come to the forefront of pandemic preparedness planning. FFR reuse 

would allow the HCW to don and doff the same FFR multiple times, and extended use 

would allow a HCW to wear one FFR for encounters with multiple patients. One possible 

FFR reuse strategy that has been studied extensively is to employ a biological 

decontamination method to kill or inactivate trapped respiratory pathogens.(21,27–35) To 

accurately characterize the risks of FFR reuse and extended use and to develop test methods 

to quantify decontamination performance, FFR contamination levels need to be estimated or 

measured. In the absence of this information, other considerations are used. For example, 

ASTM test methods E2720-10 and E2721-10 set FFR contamination level targets based 

upon the detection limits of the assay, rather than on the likelihood that these FFR 

contamination levels are possible.(36,37) FFR contamination levels are critical to 

understanding the threat of reaerosolization of infectious particles from an FFR. Fisher et al. 

found that the percentage of viruses reaerosolized was dependent upon the type and amount 

of FFR contamination.(38) The authors based their experiments on the detection limits of the 

assay, similar to ASTM methods E2720 and E2721.

Surprisingly few experimental data on facemask contamination levels are available from 

hospital settings, despite the increase in facemask research. In many situations for which 

there are no experimental data, models can be used. For example, a population transmission 

model has been used to explore the impact of population-wide facemask use,(39) and other 
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studies have evaluated models describing influenza transmission, effectiveness of 

interventions, and risk.(40–46)

In our study, the mathematical model used previously by Fisher et al. for assessing risks 

because of reaerosolization of viruses was used to calculate the potential influenza 

contamination of facemasks from aerosol sources for a variety of healthcare settings.(38) The 

aerosol model was validated with previously collected data from laboratory studies in which 

face-masks were mounted on headforms in a simulated healthcare room. The model was 

then used to estimate facemask contamination levels for three scenarios generated with input 

parameters derived from the literature. A second model is also presented, which estimates 

facemask contamination from direct-spray sources. Results from the two models are 

compared.

2. METHODS

2.1. Literature Search Strategy for Model Inputs

We searched via PubMed and Google Scholar for publications on the major topic headings: 

aerosol and influenza and qPCR (quantitative real-time polymerase chain reaction); aerosol 

and influenza and concentration; duration of provider-patient interaction; duration of 

physician-patient interaction; duration of nurse–patient interaction; workplace protection 

factor (WPF); breathing rate; and HCW breathing rate. References were obtained and 

reviewed for relevance. Because not all relevant publications are available through the 

chosen publication databases, references cited within relevant manuscripts were also 

reviewed for relevance and selected for additional scrutiny as necessary. Similarly, technical 

specifications and test standard documents relevant to facemasks were also considered.

2.2. Facemask Contamination Models

In this work, two models were used to estimate facemask contamination. These models 

consider contamination only via deposition of aerosols or direct sprays (such as cough) that 

come in contact with the facemask; they do not consider other sources of contamination, 

such as any virus that gets transferred to the facemask from the hands. A list of parameters 

for the model equations is provided in Table I. Equation (1) is the model used to estimate 

facemask contamination from aerosols (Cfa). This model calculates Cfa from airborne 

influenza virus concentration (Cout, virus/m3) and facemask use factors such as facemask 

user inhalation rate (IRa, m3/hour), duration (t, hour) of facemask use (length of patient 

interaction), and facemask virus barrier efficiency (Eb):

(1)

Eb is the ratio of virus in the inspiratory volume of air that is captured by the facemask and 

can be determined by using Equation (2), where Cin is the concentration of virus inside the 

facemask and Cout is the concentration of virus outside the facemask in the breathing zone 

of the wearer:
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(2)

Equation (3) is the model for estimating face-mask contamination (Cfc) via direct spray 

produced by a cough:

(3)

In this model, Vc is the number of viruses in a cough, Afm is the area of a facemask, and Ac 

is the area of the cough at the distance between the cougher and the HCW. This equation 

was adapted from a risk analysis by Nicas and Jones.(43)

2.3. Facemask Contamination Model Validation

The aerosol model (Equation (1)) was validated with use of a 795-ft3 simulated patient 

examination room. A detailed description of the simulated patient room can be found 

elsewhere.(10) A total of nine data points were used to validate Equation (1). Four of the data 

points were derived from the results reported by Noti et al.(10) The other five data points 

were collected as part of experiments designed to investigate the effect of influenza aerosol 

concentration on facemask contamination, which is the subject of a separate manuscript in 

preparation (J. D. Noti, personal communication). For completeness, a short description will 

be given here. A coughing simulator was used to expel H1N1 influenza strain A/WS/33 into 

the 3.2 m × 3.2 m × 2.3 m chamber. Virus aerosol concentration was measured beside the 

mouth and inside of the facemask of a breathing headform with a previously described 

NIOSH aerosol sampler and used in Equations (1) and (2) for Cout and Cin, 

respectively.(47–49) The breathing headform, positioned 2 m away from the coughing 

simulator, was attached to a breathing simulator and maintained at a rate (IRa) of 1.92 m3/

hour. The breathing headform was fitted with an FFR or SM in sealed and unsealed 

configurations. An FFR or SM was attached to the headform using a silicone sealant or 

fitted on the headform using the tethering straps of the facemask to provide both sealed and 

unsealed conditions, respectively.(10) The Eb of the facemasks was determined for SMs and 

FFRs in sealed and unsealed conditions using Equation (2). Table II lists the input values for 

the variables in Equation (1) used to calculate Cfa. Virus captured by the facemask was 

recovered from 5 cm2 coupons excised from the FFR or SM and quantitated by qPCR. 

Given the coupon sampled was 5 cm2 of an approximate 200 cm2 face-mask, the number of 

viruses detected on the coupon by qPCR was multiplied by 40 to give a total number of 

viruses on the facemask assuming equal deposition of virus across the surface of the 

facemask. This value was compared to the predicted value. Unfortunately, no data are 

available to validate the model described in Equation (2) to estimate FFR contamination by 

a direct spray from cough or sneeze.
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2.4. Experimental Design: Application of the Models

To better understand how the input parameters affect estimated facemask contamination 

levels, Equation (1) was applied for three scenarios (termed “low,” “high,” and “likely”) 

designed to span the gamut of situations that a facemask would be used in a typical 

healthcare setting. These calculations were done for both an FFR and an SM. Published data 

were used to obtain low, high, and likely values for Cout, IRa, Eb, and t. Another calculation 

was performed using Equation (3) to estimate Cfc. The input variable Vc was chosen from 

data found in the peer-reviewed literature,(50) whereas Afm was estimated from area 

measurements of facemasks in our laboratory supplies and the value selected for Ac was 

based upon previous work by Nicas and Jones.(43) Because of the paucity of data available 

related to these input variables, Equation (3) was applied for only a single scenario with use 

of likely values.

2.5. Data Analysis

A statistical comparison of the laboratory-measured contamination and the estimated FFR 

contamination was performed with a two-tailed t-test (Microsoft Excel 2010). The 

correlation curve, correlation equation, and R2 value were determined with Microsoft Excel 

(2010).

3. RESULTS

3.1. Literature Review

The PubMed and Google Scholar searches for the major topic headings resulted in 151 

citations for peer-reviewed articles. The 151 references were perused for relevant data, 

preferably from healthcare settings, for the model inputs. Of the 151 references retrieved, 18 

provided potential values for the inputs to our models. All potential input data were 

evaluated to assign low, high, and likely values. Two additional relevant sources were 

obtained by reviewing references of the original 18 manuscripts. One of these, ISO/TS 

16976-1, a technical specification that provides respiratory and metabolic values intended 

for the preparation of standards for performance requirements, testing, and use of respiratory 

protective devices, provided the values for inhalation rates. The references used as inputs to 

the models to calculate Cfa and Cfc are summarized in Table III.

3.2. Model-Predicted Facemask Contamination for Various Scenarios

Fig. 1 and Table II show the comparison of the predicted and measured facemask 

contamination values for the validation experiments demonstrated significant (p < 0.05) 

correlation (R2 = 0.95).

Predicted facemask contamination levels from the low, high, and likely simulated aerosol 

and likely direct spray scenarios based on inputs from the literature can be found in Table IV 

and Table V, respectively. For the simulated aerosol contamination scenarios, estimated 

facemask contamination ranged from 19 to 202,549 viruses and from 13 to 182,477 viruses 

for FFRs and SMs, respectively. The Cout, IRa, and t values were the same for both the SM 

and FFR contamination calculations, whereas values for Eb were different between the FFR 

and SM scenarios.
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Contamination by droplet spray produced by a direct cough would lead to 19 viruses 

becoming trapped on the FFR, given a distance of 0.6 m, a concentration of 355 virus/cough, 

a particle spread of 3,800 cm2, and an FFR area of 200 cm2. On the basis of assumed equal 

sizes (Afm) for the SM and the FFR, the cough contamination for an SM would be the same 

value as for the FFR.

4. DISCUSSION

There are numerous situations, in particular healthcare settings, where information regarding 

facemask contamination levels is necessary. In the absence of experimental data, ideally 

collected from actual workplaces, models can serve a useful purpose if properly validated 

(where possible) and if assumptions are clearly disclosed. In this study, two models were 

described to estimate facemask contamination from aerosol and direct-spray (cough) 

sources. These models were then applied to calculate potential face-mask contamination 

levels in various scenarios representing typical HCW use. We chose to focus on influenza as 

a target respiratory pathogen because of continued concerns about newly emerging influenza 

strains (H5N1, H7N9, etc.) and the lack of aerosol data for other respiratory pathogens.

Laboratory data from a simulated patient room were used to validate Equation (1) (see Table 

II and Fig. 1). The slope of the linear equation of the best fit line is close to 1; however, 

many factors could account for the deviation. Cfa is directly proportional to Cout, IRa, Er, and 

t. Cout and Eb, although measured during laboratory experiments, are input values that may 

fluctuate during experimentation. Virus aerosol concentration varies over time and across 

the volume of a room. Although the Cout was measured with aerosol samplers placed right 

beside the headform, it is expected that the Cout directly exposed to the mask is not 

equivalent to the measured Cout, as the model assumes because of the spatial variability of 

virus concentration.(10) For the laboratory data, Eb are subject to the spatial variations of 

both Cin and Cout in Equation (2). Recovery and detection of viruses from facemasks are not 

100% efficient. Loss of virus during experimental procedures was not considered when 

applying the laboratory determined input values into Equation (1); therefore, it is expected 

that the model predicted Cfa would be greater than the laboratory measured Cfa.

Facemask contamination was determined with use of FFRs and SMs in sealed and unsealed 

configurations exposed to various concentrations of aerosols; therefore, the model was 

validated with a range of values for two of the model inputs (Cout and Eb). The other two 

variables for the aerosol equation, breathing rate (IRa) and patient interaction time (t), 

remained unchanged during facemask contamination experiments, and thus the effects of 

these variables were not determined. However, the product of breathing rate (m3/hour) and 

patient interaction/facemask use (hour) is volume (m3). An increase in aerosol volume 

passing through respirator samples has been shown in previous work to increase respirator 

contamination in a small test chamber.(21) This is consistent with the aerosol model 

(Equation (1)), where facemask contamination is directly proportional to each variable.

In application of the aerosol contamination model (Equation (1)) to the three different 

scenarios, the estimated influenza contamination of an FFR ranged from approximately 19 

to 202,549 viruses, whereas the SM contamination ranged from 13 to 182,477 viruses. On 
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the basis of the most realistic set of input parameters to simulate a typical situation (scenario 

#3), the aerosol model suggests that an FFR would become contaminated with 

approximately 3,482 viruses, whereas an SM would contain approximately 2,744 viruses 

when used by a HCW with direct patient care during flu season. Simulations using the 

cough model (Equation (2)) suggest that direct spray via coughs (19 viruses) may not cause 

high levels of contamination, a finding suggesting that aerosol contamination is the most 

likely source of facemask contamination.

The input level for airborne influenza virus concentration had the largest impact on Cfa. The 

likely virus aerosol concentration used for the input was 12,000 viruses/m3, which is the 

number of viruses detected by Lindsley et al.(49) Yang et al. detected 16,000 viruses/m3, the 

high value input, in a health-care facility and reported similar results for child-care facilities 

and planes.(51) They also reported a concentration of 37,000 viruses/m3 for a childcare 

facility; however, this value was not used as an input because childcare facilities do not have 

the ventilation requirements of hospitals. Tseng et al. measured influenza concentrations in a 

pediatric emergency room during flu season.(52) The lowest level of virus detected was 168 

viruses/m3. It should be noted that those researchers reported a significant correlation 

between patients with lower respiratory infections and influenza A counts. There were 

approximately seven patients with lower respiratory infections in the emergency room when 

the value of 168 viruses/m3 was measured. All Cout values were obtained by collecting 

aerosol samples in emergency departments. Because the Cout inputs were reported as 

concentrations, sampling time differences among the references can be ignored.

Among the four variables in the model, Cout is the most sensitive to the user’s specific 

workplace environment. For example, aerosol-generating procedures (such as bronchoscopy, 

intubation, ventilation, and nebulization) and source control (SM placement on the patient, 

bedside air filters, etc.) have the potential to significantly increase or decrease levels of 

airborne respiratory pathogens, respectively.(15,53–57) Thompson et al. reported that 

bronchoscopies produced exceedingly high levels (284,875 viruses/L) of detected 

influenza.(53) If the value given for Cout produced during a bronchoscopy were used in 

Equation (1), with all other variables kept at their likely level, the estimated FFR 

contamination would be over 100 million viruses, which is much higher than in any of the 

typical scenarios modeled in Table IV. Milton et al. determined that the use of SMs on 

patients (source control) produced 25-fold and 2.8-fold reductions in the detected influenza 

RNA copy number for coarse and fine particles, respectively.(57) Using a conservative 

estimate of a 2× reduction in Cout because of masking patients would result in a significant 

reduction to the estimated facemask contamination level. However, additional research is 

needed before we can confidently apply the models for these scenarios.

The input level for duration of facemask wear had the second largest impact on Cfa. For our 

simulations, we estimated the most likely duration of patient interaction to be 20 minutes, 

which is supported by multiple literature sources.(58,59) However, the high-value-input 

scenario (6.6 hours) is unlikely in practice. An extended length of time of respirator wear is 

not consistent with the requirements that FFRs be discarded after each patient encounter, 

except for cases of tuberculosis, where reuse is permitted.(3) Most HCWs need to take 

breaks during the day, and there are very few situations where more than two hours of 
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continuous wear is likely to occur. The input value we selected for patient interaction in this 

scenario, 6.6 hours, was based on the findings of Radonovich et al. In their study, the 

purpose was to determine the maximum time a HCW could tolerate an FFR in the event that 

extended use was required to maintain FFR supplies in periods of high demand.(60) The 

value 6.6 was chosen because this was the maximum time that HCWs were able to tolerate 

an N95 FFR. During this experiment, the HCWs were permitted breaks in which they doffed 

their FFRs for 15–30 minutes, which would further reduce t.

The input level for inhalation rate had only a small impact on Cfa. The inputs for IRa were 

selected from ISO/TS 16976-1. This document is intended for the preparation of standards 

for performance requirements, testing, and use of respiratory protective devices and provides 

respiratory responses for various metabolic rates associated with mainly industrial activities, 

as defined in ISO8996. The inputs for IRa were based on individuals at rest and with light 

and moderate metabolic rates, which correspond to low, likely, and high input values for the 

model. The low IRa is associated with sedentary work, typical of office settings. The likely 

IRa value is associated with activities of laboratory assistants and teachers, who (like HCWs) 

are often standing for long periods of time. The high-value IRa input is associated with the 

activities of craftsmen such as brick layers and carpenters but could be achieved by HCWs 

during activities such as patient lifting. The IRa values used in the model are based on a 

person with a weight of 85 kg, which may be higher than the mean weight of the HCW 

population. Lower IRa values were reported in the literature for sleeping or resting and 

therefore were not included in the estimate.

The relatively small range of input values for facemask barrier efficiency used in Table III 

caused this variable to have the least change in estimated Cfa. As expected, the simulations 

using the aerosol model predict that FFRs capture more viruses than SMs because they 

provide a tighter seal around the face and contain filter media with higher levels of filtration 

performance. Although the relative difference between the highest value and low value 

inputs is minimal, this variable was the most difficult for which to find useful input values. 

The input values selected for the simulation required careful assumptions, and there are no 

published data on Eb from actual healthcare settings or that have Cin data (i.e., virus 

concentrations inside the facemask) that can be used directly in Equation (2). Instead, we 

selected N95 FFR-specific WPF data from other workplace settings for the FFR simulations 

and laboratory data with human test subjects for the SM simulations. The most likely Eb for 

FFRs was determined by calculating the median WPF across all of the reported geometric 

mean WPF values in each study.(5–9,61) The low value was based on OSHA’s minimum 

required assigned protection factor of 10 for N95 FFRs. The high value input for Eb was 

determined from the highest WPF (9,100) measured for an FFR wearer in a grinding 

operation.(9) All Eb values for SMs were selected from a study by Oberg and Brosseau, who 

assessed SM performance using quantitative fit tests.(11) The average overall fit factor (FF) 

for SMs donned without assistance represented the most likely Eb of a SM for the model. 

The low and high values represent the worst and best FFs reported in the Oberg and 

Brosseau study. A modified version of Equation (2) was used to convert the reported WPF 

and FF values to Eb (e.g., ). The likely Eb values selected for FFRs and SMs 
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were 0.991 and 0.77, respectively, which represent a WPF = 120 and an average FF of 4.4, 

respectively.

The aerosol and cough models have a variety of potential uses.

• Manufacturers and researchers can use the model to develop better facemasks. 

Recently, there has been an interest in developing technologies to mediate the 

fomite hazards of face-masks used in healthcare facilities. The requirement to 

incorporate such technologies in future standards (for example, Project 

BREATHE’s B95 standard) is being debated. Research has been conducted on 

facemasks with integrated antimicrobial technology, and the FDA has cleared a few 

antimicrobial FFRs.(16,62,63) Research has also examined the efficacy of chemical 

and energetic methods to decontaminate FFRs. Both integrated antimicrobial 

technologies and decontamination methods can be tested with use of ASTM 

E2720-10 and E2721-10, which are aerosol- and droplet-based methods, 

respectively, designed for use with air-permeable materials such as facemasks. To 

allow for demonstration of a 3-log10TCID50 efficacy in the reduction of viral 

contamination, these methods require a viral challenge of 4-log10TCID50/cm on the 

facemask samples. This is equivalent to 200,000 TCID50 on the facemask, which is 

highly unlikely in typical situations, as determined by the models. Using models to 

predict facemask contamination would allow manufacturers and researchers to 

better assess the efficacy and/or cost effectiveness of antimicrobial, chemical, and 

energetic technologies for facemask decontamination in hospital settings.

• Policymakers can use the models to better understand reaerosolization and fomite 

hazards resulting from the reuse of influenza-contaminated facemasks. As an 

example, during the H1N1 pandemic of 2009, FFR reuse and extended use were 

considered as possible ways to save FFR supplies. Concerns about the safety of 

such policies were debated. It was speculated that reuse could lead to self-

inoculation, transmission to a patient, or contamination of other surfaces such as 

doorknobs, bedrails, and computers, which could then be picked up by other HCWs 

or patients.

• And finally, researchers and epidemiologists may be able to use derivatives of the 

model to characterize contamination levels in hospitals based on the level of 

facemask contamination (for example, by solving for Cout with use of measured 

values for Cfa). It may be possible that facemasks, collected from HCWs and 

analyzed for the presence of influenza, could provide information about the 

concentrations of influenza within a healthcare facility and could be used to 

compare contamination levels on the basis of location within the facility, procedure 

conducted by the HCW while wearing the facemask, job description, or other 

aspects of the HCWs and healthcare facilities.

5. LIMITATIONS AND FUTURE STUDIES

The application of the models to estimate facemask contamination is not without limitations. 

The cough model was not validated by laboratory studies. The aerosol and cough models do 

not reflect all aspects affecting facemask contamination in the healthcare environment, such 
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as aerosol concentration variability (resulting from an aerosol-generating procedure or 

application of some method of source control, for instance), virus viability, user-generated 

virus particles, or contact contamination from touching the facemask with contaminated 

gloves or hands. The model does not consider the additive nature of simultaneous direct-

spray and aerosol contamination. The model was not validated with data from an actual 

healthcare facility or with other infectious aerosols. Data for model inputs were limited and 

may not accurately depict the typical conditions seen in all healthcare facilities.

In the future, we will be analyzing the risks associated with reusing a contaminated 

facemask and will consider other factors such as virus viability, transfer efficiency, and 

transport to the targeted cells of the respiratory tract. For example, an estimate of viable 

virus captured on the facemask at the end of a given facemask wearing period could be 

calculated using the equation , where constant capture rate of 

infectious virus is denoted as I, first-order loss of infectivity is α, and facemask wear 

duration as t.

6. CONCLUSIONS

In this work, models were used to estimate facemask influenza contamination levels via 

aerosol deposition for three scenarios and deposition via direct spray (cough). These models 

suggest that influenza contamination levels from a single cough are much less than 

contamination levels from aerosol sources. Even for aerosol contamination, wide variation 

was found in estimated facemask contamination levels, depending on the input values 

selected. Overall, these models and the estimates for facemask contamination levels can be 

used to inform current infection control practice and future research related to the 

development of better facemasks, to characterize airborne contamination levels, and to assist 

in the assessment of risk from reaerosolization and fomite transfer from the handling and 

reuse of contaminated facemasks.

Acknowledgments

The authors thank Brian Heimbuch, Marie De Perio, and Michael Bergman for their helpful comments and 
suggestions. The findings and conclusions in this article are those of the authors and do not necessarily represent 
the views of the National Institute for Occupational Safety and Health. Mention of any company names or products 
does not constitute endorsement by the National Institute for Occupational Safety and Health.

References

1. CDC. [Accessed March 2010] TB Respiratory Protection Program in Health Care Facilities 
Administrator’s Guide. Available at: http://www.cdc.gov/niosh/docs/99-143/

2. CDC. [Accessed March 2010] Interim Domestic Guidance on the Use of Respirator to Prevent the 
Transmission of SARS. Available at: http://www.cdc.gov/ncidod/sars/respirators.htm

3. CDC. [Accessed September 2009] Interim Recommendations for Facemask and Respirator Use to 
Reduce Novel Influenza a (H1N1) Virus Transmission. Available at: http://www.cdc.gov/h1n1flu/
masks.htm

4. Janssen LL, Nelson TJ, Cuta KT. Workplace protection factors for an N95 filtering facepiece 
respirator. Journal of Occupational and Environmental Hygiene. 2007; 4:698–707. [PubMed: 
17654225] 

Fisher et al. Page 11

Risk Anal. Author manuscript; available in PMC 2015 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.cdc.gov/niosh/docs/99-143/
http://www.cdc.gov/ncidod/sars/respirators.htm
http://www.cdc.gov/h1n1flu/masks.htm
http://www.cdc.gov/h1n1flu/masks.htm


5. Bidwell J, Janssen L. Workplace performance of an N95 respirator in a concrete block 
manusfacturing plant. Journal of the International Society for Respiratory Protection. 2004; 21:94–
102.

6. Cho HW, Yoon CS. Workplace field testing of the pressure drop of particulate respirators using 
welding fumes. Annals of Occupational Hygiene. 2012; 56:948–958. [PubMed: 22539557] 

7. Cho KJ, Jones S, Jones G, McKay R, Grinshpun SA, Dwivedi A, Shukla R, Singh U, Reponen T. 
Effect of particle size on respiratory protection provided by two types of N95 respirators used in 
agricultural settings. Journal of Occupational and Environmental Hygiene. 2010; 7:622–627. 
[PubMed: 20835946] 

8. Han DH. Correlations between workplace protection factors and fit factors for filtering facepieces in 
the welding workplace. Industrial Health. 2002; 40:328–334. [PubMed: 12502235] 

9. Janssen L, Bidwell J, McCullough N. Performance of an N95 filtering facepiece respirator in a 
grinding operation. Journal of the International Society for Respiratory Protection. 2007; 24:21–31.

10. Noti JD, Lindsley WG, Blachere FM, Cao G, Kashon ML, Thewlis RE, McMillen CM, King WP, 
Szalajda JV, Beezhold DH. Detection of infectious influenza virus in cough aerosols generated in 
a simulated patient examination room. Clinical Infectious Diseases. 2012; 54:1569–1577. 
[PubMed: 22460981] 

11. Oberg T, Brosseau LM. Surgical mask filter and fit performance. American Journal of Infection 
Control. 2008; 36:276–282. [PubMed: 18455048] 

12. Lindsley WG, King WP, Thewlis RE, Reynolds JS, Panday K, Cao G, Szalajda JV. Dispersion and 
exposure to a cough-generated aerosol in a simulated medical examination room. Journal of 
Occupational and Environmental Hygiene. 2012; 9:681–690. [PubMed: 23033849] 

13. Balazy A, Toivola M, Adhikari A, Sivasubramani SK, Reponen T, Grinshpun SA. Do N95 
respirators provide 95% protection level against airborne viruses, and how adequate are surgical 
masks? American Journal of Infection Control. 2006; 34:51–57. [PubMed: 16490606] 

14. Eninger RM, Honda T, Adhikari A, Heinonen-Tanski H, Reponen T, Grinshpun SA. Filter 
performance of N99 and N95 facepiece respirators against viruses and ultrafine particles. Annals 
of Occupational Hygiene. 2008; 52:385–396. [PubMed: 18477653] 

15. Johnson DF, Druce JD, Birch C, Grayson ML. A quantitative assessment of the efficacy of surgical 
and N95 masks to filter influenza virus in patients with acute influenza infection. Clinical 
Infectious Diseases. 2009; 49:275–277. [PubMed: 19522650] 

16. Harnish DA, Heimbuch BK, Husband M, Lumley AE, Kinney K, Shaffer RE, Wander JD. 
Challenge of N95 filtering facepiece respirators with viable H1N1 influenza aerosols. Infection 
Control and Hospital Epidemiology. 2013; 34:494–499. [PubMed: 23571366] 

17. Mitchell R, Ogunremi T, Astrakianakis G, Bryce E, Gervais R, Gravel D, Johnston L, Leduc S, 
Roth V, Taylor G, Vearncombe M, Weir C. Canadian Nosocomial Infection Surveillance Program. 
Impact of the 2009 influenza a (H1N1) pandemic on Canadian health care workers: A survey on 
vaccination, illness, absenteeism, and personal protective equipment. American Journal of 
Infection Control. 2012; 40:611–616. [PubMed: 22575285] 

18. Chor JS, Pada SK, Stephenson I, Goggins WB, Tambyah PA, Medina M, Lee N, Leung TF, Ngai 
KL, Law SK, Rainer TH, Griffiths S, Chan PK. Differences in the compliance with hospital 
infection control practices during the 2009 influenza H1N1 pandemic in three countries. Journal of 
Hospital Infection. 2012; 81:98–103. [PubMed: 22560251] 

19. Baig AS, Knapp C, Eagan AE, Radonovich LJ Jr. Health care workers’ views about respirator use 
and features that should be included in the next generation of respirators. American Journal of 
Infection Control. 2010; 38:18–25. [PubMed: 20036443] 

20. Casanova L, Alfano-Sobsey E, Rutala WA, Weber DJ, Sobsey M. Virus transfer from personal 
protective equipment to healthcare employees’ skin and clothing. Emerging Infectious Diseases. 
2008; 14:1291–1293. [PubMed: 18680659] 

21. Fisher E, Rengasamy S, Viscusi D, Vo E, Shaffer R. Development of a test system to apply virus-
containing particles to filtering facepiece respirators for the evaluation of decontamination 
procedures. Applied and Environmental Microbiology. 2009; 75:1500–1507. [PubMed: 19139225] 

22. Radonovich, J.; Roberge, R.; Levinson, A.; Baig, A.; Davey, V.; Shaffer, RE. [Accessed March 
2010] Better Respiratory Equipment Using Advanced Technologies for Healthcare Employees 

Fisher et al. Page 12

Risk Anal. Author manuscript; available in PMC 2015 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Project B.R.E.A.T.H.E.). A Report of an Interagency Working Group of the US Federal 
Government. Available at: http://www.publichealth.va.gov/docs/cohic/project-breathe-
report-2009.pdf

23. Committee on the Development of Reusable Facemasks for Use During an Influenza Pandemic, 
Institute of Medicine. Reusability of Facemasks During an Influenza Pandemic. Washington, DC: 
National Academy Press; 2006. 

24. CDC. [Accessed March 2010] Questions and Answers Regarding Respiratory Protection for 
Preventing. H1N1 Influenza Among Health-care Personnel. 2009. Available at: http://
www.cdc.gov/h1n1flu/guidelinesinfectioncontrolqa.htm

25. Gao R, Cao B, Hu Y, Feng Z, Wang D, Hu W, Chen J, Jie Z, Qiu H, Xu K, Xu X, Lu H, Zhu W, 
Gao Z, Xiang N, Shen Y, He Z, Gu Y, Zhang Z, Yang Y, Zhao X, Zhou L, Li X, Zou S, Zhang Y, 
Li X, Yang L, Guo J, Dong J, Li Q, Dong L, Zhu Y, Bai T, Wang S, Hao P, Yang W, Zhang Y, 
Han J, Yu H, Li D, Gao GF, Wu G, Wang Y, Yuan Z, Shu Y. Human infection with a novel avian-
origin influenza a (H7N9) virus. New England Journal of Medicine. 2013; 368:1888–1897. 
[PubMed: 23577628] 

26. Uyeki TM, Cox NJ. Global concerns regarding novel Influenza A (H7N9) virus infections. New 
England Journal of Medicine. 2013; 368:1862–1864. [PubMed: 23577629] 

27. Fisher EM, Shaffer RE. A method to determine the available UV-C dose for the decontamination 
of filtering face-piece respirators. Journal of Applied Microbiology. 2011; 110:287–295. 
[PubMed: 21054699] 

28. Fisher EM, Williams JL, Shaffer RE. The effect of soil accumulation on multiple decontamination 
processing of N95 filtering facepiece respirator coupons using physical methods. Journal of the 
International Society for Respiratory Protection. 2010; 27:16–26.

29. Fisher EM, Williams JL, Shaffer RE. Evaluation of microwave steam bags for the decontamination 
of filtering facepiece respirators. PLoS One. 2011; 6:e18585. [PubMed: 21525995] 

30. Heimbuch BK, Wallace WH, Kinney KR, Lumley AE, Wu CY, Woo MH, Wander JD. A 
pandemic influenza preparedness study: Use of energetic methods to decontaminate filtering 
facepiece respirators contaminated with H1N1 aerosols and droplets. American Journal of 
Infection Control. 2011; 39:e1–9. [PubMed: 21145624] 

31. Viscusi DJ, Bergman M, Sinkule E, Shaffer RE. Evaluation of the filtration performance of 21 N95 
filtering face piece respirators after prolonged storage. American Journal of Infection Control. 
2009; 37:381–386. [PubMed: 19188003] 

32. Viscusi DJ, Bergman MS, Eimer BC, Shaffer RE. Evaluation of five decontamination methods for 
filtering facepiece respirators. Annals of Occupational Hygiene. 2009; 53:815–827. [PubMed: 
19805391] 

33. Viscusi DJ, Bergman MS, Novak DA, Faulkner KA, Palmiero AJ, Powell JB, Shaffer RE. Impact 
of three biological decontamination methods on filtering facepiece respirator fit, odor, comfort, 
and donning ease. Journal of Occupational and Environmental Hygiene. 2011; 8:426–436. 
[PubMed: 21732856] 

34. Viscusi DJ, King WP, Shaffer RE. Effect of decontamination on the filtration efficiency of two 
filtering facepiece respirator models. Journal of the International Society for Respiratory 
Protection. 2007; 24:93–107.

35. Vo E, Rengasamy S, Shaffer R. Development of a test system to evaluate procedures for 
decontamination of respirators containing viral droplets. Applied and Environmental 
Microbiology. 2009; 75:7303–7309. [PubMed: 19801477] 

36. ASTM Standard E2720-10. Evaluation of the effectiveness of decontamination procedures for air 
permeable materials when challenged with biological aerosols containing human pathogenic 
viruses. ASTM International; West Conshohocken, PA: 2010. Available at: www.astm.org

37. ASTM Standard E2721-10. Evaluation of the effectiveness of decontamination procedures for 
surfaces when challenged with droplets containing human pathogenic viruses. ASTM 
International; West Conshohocken, PA: 2010. Available at: www.astm.org

38. Fisher EM, Richardson AW, Harpest SD, Hofacre KC, Shaffer RE. Reaerosolization of MS2 
bacteriophage from an N95 filtering facepiece respirator by simulated coughing. Annals of 
Occupational Hygiene. 2012; 56:315–325. [PubMed: 22127875] 

Fisher et al. Page 13

Risk Anal. Author manuscript; available in PMC 2015 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.publichealth.va.gov/docs/cohic/project-breathe-report-2009.pdf
http://www.publichealth.va.gov/docs/cohic/project-breathe-report-2009.pdf
http://www.cdc.gov/h1n1flu/guidelinesinfectioncontrolqa.htm
http://www.cdc.gov/h1n1flu/guidelinesinfectioncontrolqa.htm


39. Brienen NC, Timen A, Wallinga J, van Steenbergen JE, Teunis PF. The effect of mask use on the 
spread of influenza during a pandemic. Risk Analysis. 2010; 30:1210–1218. [PubMed: 20497389] 

40. Atkinson MP, Wein LM. Quantifying the routes of transmission for pandemic influenza. Bulletin 
of Mathematical Biology. 2008; 70:820–867. [PubMed: 18278533] 

41. Jones RM, Adida E. Influenza infection risk and predominate exposure route: Uncertainty analysis. 
Risk Analysis. 2011; 31:1622–1631. [PubMed: 21418085] 

42. Lai AC, Poon CK, Cheung AC. Effectiveness of facemasks to reduce exposure hazards for 
airborne infections among general populations. Journal of the Royal Society Interface. 2012; 
9:938–948.

43. Nicas M, Jones RM. Relative contributions of four exposure pathways to influenza infection risk. 
Risk Analysis. 2009; 29:1292–1303. [PubMed: 19558389] 

44. Nicas M, Sun G. An integrated model of infection risk in a health-care environment. Risk 
Analysis. 2006; 26:1085–1096. [PubMed: 16948699] 

45. Tracht SM, Del Valle SY, Hyman JM. Mathematical modeling of the effectiveness of facemasks in 
reducing the spread of novel influenza a (H1N1). PLoS One. 2010; 5:e9018. [PubMed: 20161764] 

46. Wein LM, Atkinson MP. Assessing infection control measures for pandemic influenza. Risk 
Analysis. 2009; 29:949–962. [PubMed: 19392673] 

47. Blachere FM, Lindsley WG, Slaven JE, Green BJ, Anderson SE, Chen BT, Beezhold DH. 
Bioaerosol sampling for the detection of aerosolized influenza virus. Influenza and Other 
Respiratory Viruses. 2007; 1:113–120. [PubMed: 19453416] 

48. Lindsley WG, Schmechel D, Chen BT. A two-stage cyclone using microcentrifuge tubes for 
personal bioaerosol sampling. Journal of Environmental Monitoring. 2006; 8:1136–1142. 
[PubMed: 17075620] 

49. Lindsley WG, Blachere FM, Davis KA, Pearce TA, Fisher MA, Khakoo R, Davis SM, Rogers ME, 
Thewlis RE, Posada JA, Redrow JB, Celik IB, Chen BT, Beezhold DH. Distribution of airborne 
influenza virus and respiratory syncytial virus in an urgent care medical clinic. Clinical Infectious 
Diseases. 2010; 50:693–698. [PubMed: 20100093] 

50. Lindsley WG, Pearce TA, Hudnall JB, Davis KA, Davis SM, Fisher MA, Khakoo R, Palmer JE, 
Clark KE, Celik I, Coffey CC, Blachere FM, Beezhold DH. Quantity and size distribution of 
cough-generated aerosol particles produced by influenza patients during and after illness. Journal 
of Occupational and Environmental Hygiene. 2012; 9:443–449. [PubMed: 22651099] 

51. Yang W, Elankumaran S, Marr LC. Concentrations and size distributions of airborne influenza a 
viruses measured indoors at a health centre, a day-care centre and on aeroplanes. Journal of the 
Royal Society Interface. 2011; 8:1176–1184.

52. Tseng CC, Chang LY, Li CS. Detection of airborne viruses in a pedeatrics department measured 
using real-time qpcr coupled to an air sampling filter method. Journal of Environmental Health. 
2010; 73:22–28. [PubMed: 21133312] 

53. Thompson KA, Pappachan JV, Bennett AM, Mittal H, Macken S, Dove BK, Nguyen-Van-Tam JS, 
Copley VR, O’Brien S, Hoffman P, Parks S, Bentley A, Isalska B, Thomson G, Consortium ES. 
Influenza aerosols in UK hospitals during the H1N1 (2009) pandemic—The risk of aerosol 
generation during medical procedures. PLoS One. 2013; 8:e56278. [PubMed: 23418548] 

54. Bischoff WE, Swett K, Leng I, Peters TR. Exposure to influenza virus aerosols during routine 
patient care. Journal of Infectious Diseases. 2013; 207:1037–1046. [PubMed: 23372182] 

55. Dharmadhikari AS, Mphahlele M, Stoltz A, Venter K, Mathebula R, Masotla T, Lubbe W, Pagano 
M, First M, Jensen PA, van der Walt M, Nardell EA. Surgical face masks worn by patients with 
multidrug-resistant tuberculosis: Impact on infectivity of air on a hospital ward. American Journal 
of Respiratory and Critical Care Medicine. 2012; 185:1104–1109. [PubMed: 22323300] 

56. Mansour MM, Smaldone GC. Respiratory source control versus receiver protection: Impact of 
facemask fit. Journal of Aerosol Medicine and Pulmonary Drug Delivery. 2013; 26:131–137. 
[PubMed: 23544951] 

57. Milton DK, Fabian MP, Cowling BJ, Grantham ML, McDevitt JJ. Influenza virus aerosols in 
human exhaled breath: Particle size, culturability, and effect of surgical masks. PLoS Pathogens. 
2013; 9:e1003205. [PubMed: 23505369] 

Fisher et al. Page 14

Risk Anal. Author manuscript; available in PMC 2015 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



58. Epstein RM, Franks P, Shields CG, Meldrum SC, Miller KN, Campbell TL, Fiscella K. Patient-
centered communication and diagnostic testing. Annals of Family Medicine. 2005; 3:415–421. 
[PubMed: 16189057] 

59. Detmar SB, Muller MJ, Schornagel JH, Wever LD, Aaronson NK. Health-related quality-of-life 
assessments and patient–physician communication: A randomized controlled trial. Journal of the 
American Medical Association. 2002; 288:3027–3034. [PubMed: 12479768] 

60. Radonovich LJ, Cheng J, Shenal BV, Hodgson M, Bender BS. Respirator tolerance in health care 
workers. Journal of the American Medical Association. 2009; 301:36–38. [PubMed: 19126810] 

61. Cho KJ, Reponen T, McKay R, Dwivedi A, Adhikari A, Singh U, Shukla R, Jones S, Jones G, 
Grinshpun SA. Comparison of workplace protection factors for different biological contaminants. 
Journal of Occupational and Environmental Hygiene. 2011; 8:417–425. [PubMed: 21732855] 

62. Lore MB, Sebastian JM, Brown TL, Viner AS, Mc-Cullough NV, Hinrichs SH. Performance of 
conventional and antimicrobial-treated filtering facepiece respirators challenged with biological 
aerosols. Journal of Occupational and Environmental Hygiene. 2012; 9:69–80. [PubMed: 
22206440] 

63. Rengasamy S, Fisher E, Shaffer RE. Evaluation of the survivability of MS2 viral aerosols 
deposited on filtering face piece respirator samples incorporating antimicrobial technologies. 
American Journal of Infection Control. 2010; 38:9–17. [PubMed: 19896238] 

Fisher et al. Page 15

Risk Anal. Author manuscript; available in PMC 2015 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Correlation between model predicted contamination and laboratory measured facemask 

contamination. The squares represent data points for N95 FFRs coupons. The triangles 

represent data for SMs coupons. Sealed and unsealed configurations of face-mask 

attachment to the headform are represented as black and white symbols, respectively.
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Table I

List of Model Parameters

Parameter Description Units

Afm Area of the facemask cm2

Cfa Contamination on the facemask from aerosol exposure Virus/facemask

Cfc Contamination on the facemask from a cough Virus/facemask

Cin Concentration of particles inside the facemask Virus/m3

Cout Aerosols concentration of virus in the environment (outside of facemask) Virus/m3

AC Area of a cough cm2

Eb Barrier efficiency of the facemask –

IRa Inhalation rate of facemask user m3/hour

t Duration of facemask use Hour

Vc Viruses in a cough Viruses
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