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ABSTRACT

Coughetiquette and respiratoryhygieneare formsof source control encouraged toprevent the spread
of respiratory infection. The use of surgical masks as a means of source control has not been quanti-
fied in terms of reducing exposure to others. We designed an in vitromodel using various facepieces
to assess their contribution to exposure reduction when worn at the infectious source (Source) rela-
tive to facepieces worn for primary (Receiver) protection, and the factors that contribute to each. In a
chamber with various airflows, radiolabeled aerosols were exhaled via a ventilated soft-face manikin
head using tidal breathing and cough (Source). Another manikin, containing a filter, quantified recipi-
ent exposure (Receiver). The natural fit surgical mask, fitted (SecureFit) surgical mask and an N95-class
filtering facepiece respirator (commonly known as an “N95 respirator”) with and without a Vaseline-
seal were tested. With cough, source control (mask or respirator on Source) was statistically superior
to mask or unsealed respirator protection on the Receiver (Receiver protection) in all environments.
To equal source control during coughing, the N95 respirator must be Vaseline-sealed. During tidal
breathing, source controlwas comparable or superior tomask or respirator protection on the Receiver.
Source control via surgical masks may be an important adjunct defense against the spread of respi-
ratory infections. The fit of the mask or respirator, in combination with the airflow patterns in a given
setting, are significant contributors to source control efficacy. Future clinical trials should include a sur-
gicalmask source control arm to assess the contribution of source control in overall protection against
airborne infection.

Introduction

Over the past decade, the appearance of novel airborne
viruses and the reemergence of tuberculosis have posed
major public health threats. The most appropriate means
of protection, for health careworkers (HCW) against such
threats, is not well defined.[1,2] Some studies have sug-
gested the use of surgical masks for HCW as inhalational
barrier protection.[3,4] However, surgical masks are nei-
ther tested nor certified for use as respiratory protective
devices. They are classified under United States Food and
Drug Administration (FDA) Code of Federal Regulations
(CFR) Title 21 CFR 878.4040, as a general classification
of medical apparel intended to protect both patients and
persons in contact with patients from transfer of microor-
ganisms, body fluids, and particulate materials. Respira-
tors, in contrast, are designated as inhalational protection
devices.[5-7] Regulatory recommendations are often
based on in vitro assessments of filtration efficiency.[8–10]
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However, clinically relevant in vivo studies are limited and
may not reflect the in vitro data.[11] For example, studies
conducted during the SARS andH1N1 outbreaks failed to
show significant differences in rates of infection between
HCW wearing surgical masks or respirators.[4,12,13] In
addition, in vitro studies have shown that N95 respi-
rators and surgical masks may underperform when
challenged with viruses of smaller particle sizes such as
influenza.[8,14] Reponen et al. reported that the physical
size of the SARS coronavirus and influenza virus classifies
them as highly penetrable through both surgical masks
and N95 respirators.[14] Both masks and respirators are
defined as Personal Protection Equipment (PPE) for their
distinct protective benefits, but both National Institute
for Occupational Safety and Health (NIOSH) and the
Occupational Health and Safety Administration (OSHA)
characterize PPE as “the last line of defense,” encourag-
ing administrative and engineering controls to mitigate
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Figure . Model of source manikin, receiver manikin, and environ-
ment interplay. Model of source manikin, receiver manikin, and
environment interplay. Parameters can be set or measured. Dilu-
tion is an effect of the environment on the concentration of pro-
duced aerosols. Filtration (capture efficiency) is a function of the
maskusedand takesplace atboth the source and receiver. Particles
that are not captured can be deflected (outward leakage around
the faceseal perimeter) by themask at the source and carried away
from the receiver by the environmental flow. Breathing patterns
simulate adults with tidal breathing or coughing.

environmental exposure. Our study assesses the efficacy
of surgical masks in providing secondary protection to
healthcare workers and others in relation to masks and
respirators used for personal protection.

Diaz and Smaldone recently modeled effects of mask-
related aerosol transmission between individuals. Their
model included filtration effects but they also looked at
the interaction of a number of other important factors.[15]

As shown in Figure 1, they included environmental air-
flow in the room and mask protection, both deflection
(e.g., face seal leakage) and filtration effects, with masks
placed on either the infectious Source or the Receiver.
The contribution of deflection (outward leakage around
the faceseal perimeter) was determined comparing N95
with and without a Vaseline seal. They found that source
control (mask on the Source) was often 3–300 times more
effective than amask on theReceiver. Interactive factors in
that study were limited to tidal breathing, negative pres-
sure room effects, and use of a hard plastic manikin. To
further study the model of Diaz and Smaldone, using
a new soft realistic manikin, we expanded the in vitro
bench model to test three airflow environments during
tidal breathing and coughing.

Methods

Exposure chamber

To quantify exposure, the chamber design of Diaz and
Smaldone was modified. We constructed a scale model
of a single patient room in our hospital (204 ft3, 6.25
ft length x 5.25 ft width x 6.25 ft height). Three differ-
ent flow regimes were chosen (Figure 2): (Figure 2A) no
ambient airflow (0 air exchanges per hour), all air move-
ment in the chamber was secondary to the coughing or

Figure . No flow chamber with,  air exchanges per hour (ACH).
Schematic representation illustrating a chamber, containing the
ventilatedmanikin heads  ft apart. Source headwas connected to
a nebulizer and exhaled radioactive aerosols. A filter was attached
to the Receiver head to capture and quantify inhaled radioac-
tive aerosols (exposure) (A). Hospital room chamber, with  ACH.
Schematic representation illustrating a chamber, containing the
ventilatedmanikin heads  ft apart. Source headwas connected to
a nebulizer and exhaled radioactive aerosols. A filter was attached
to the Receiver head to capture and quantify inhaled radioactive
aerosols (exposure) (B). Negative pressure room chamber, with 
ACH. Schematic representation illustrating a chamber, containing
the ventilated manikin heads  ft apart. Source head was con-
nected to a nebulizer and exhaled radioactive aerosols. A filter
was attached to the Receiver head to capture and quantify inhaled
radioactive aerosols (exposure) (C).
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breathing of the Source and the Receiver; (Figure 2B) a
model of a typical Hospital room fitted with an input and
output ceiling fan (6 air exchanges per hour);[16,17] and
(Figure 2C) a typical Hospital negative pressure room, the
chamber was fitted with an exhaust fan behind the Source
manikin head with a defined unidirectional flow from the
entrance to the vent behind the Source (12 air changes
per hour).[18] Proper direction of flow in the negative
pressure room was checked using smoke tests. Cham-
ber flow in ft3/min (CFM) was adjusted by regulating the
fans using a balonometer (model 6200D; Alnor, Hunt-
ington Beach, CA). CFM was converted to air exchanges
per hour (ACH) using the formula: ACH = (CFM x
60 min)/(Room Volume in Cubic Feet). Relative humid-
ity and temperature of the chamber were measured daily
and ranged from 33–58% and 21.0–22.8°C, respectively.
We adjusted airflow in the chamber using a scaling fac-
tor. This factor was defined as the ratio of the volume of a
hospital room to our chamber, e.g., 8.41 to create ventila-
tion at both 6 ACH (171 CFM) and 12 ACH (343 CFM).
This adjustment was necessary because our ventilatory
parameters (e.g., tidal and cough volume)were for normal
individuals but the test chamber volume was smaller than
a standard room.[19,20] As the volume of the test cham-
ber decreases relative to tidal volume, the contribution
of tidal volume per breath increases proportionately, thus
increasing particulate concentration per breath relative to
a decreased room volume. To correct for this air exchange
flow must be proportionately increased.[16]

Within the chamber two Resusci Anne CPR manikins
(No. 310200; Laerdal Medical) were placed just beyond 3
ft apart, immediately outside the area defined by the CDC
as close contact (<3 ft). Within this distance HCW’s are
at higher risk for of infection via aerosols during aerosol
generating activities such as coughing.[3] This mimicked
two individuals in a room. Each manikin was connected
to a Harvard ventilation pump (Harvard Apparatus SN
No. A52587; Millis, MA). Resusci Anne CPR manikin
heads are realistically sized (based on a mold of a real
female face) with soft deformable “skin-textured” faces. A
detailed study, testing mask fit, on this manikin has been
recently published.[21]

Aerosols were released from the Source during tidal
breathing or coughing. An identical ventilated manikin,
the Receiver, contained a filter designed to capture all
inhaled particles quantifying health care worker expo-
sure.

Test breathing patterns and aerosols

At the Source, tidal breathing and coughing were tested.
For all experiments the Receiver pump was set for tidal
breathing (tidal volume 500 mL, respiratory rate of 15

Figure . Schematic representation illustrating cascade impaction
experiments.

breaths/min, and duty cycle of 50%).[19,20] The Source
pump was set for either the same tidal breathing pat-
tern or, in a separate series of experiments, for coughing.
A simulated cough was generated by a series of 1.5-liter
breaths generated by the pump, with a peak flow of 5.2
L/sec. As shown in Figure 3, the nebulizer was connected
in series with the Source manikin. For each cough the
nebulizer was triggered first, filling the inspiratory tubing
with aerosol (5 sec), and then theHarvard pumpwas ener-
gized and the full volume expelled rapidly (1 sec). This
maneuver was repeated 20 times over an 8-min collection
period. The Receiver maintained a tidal breathing pattern
during the coughing. The chamber was washed out with
clean air between experiments to prevent cross contami-
nation.

Nebulizers were chosen based upon the aerosol charac-
teristics reported for humans during tidal breathing and
coughing.[22,23] Tidal breathing aerosols were created by
an AeroTech II nebulizer (Biodex, Shirley, NY) powered
by an air tank at 10 L per minute. Located in line with the
Source (Figure 3), the nebulizer was filled with 3 mL of
0.9% normal saline labeled with technetium-99m and run
for 8min. Flow from the air tankwas superimposed on the
ventilator pattern during tidal breathing. Cough aerosols
were generated using three Salter 8900 jet nebulizers, used
in rotation; (Salter Labs, Arvin, CA) connected to a Salter
Aire compressor.

The radiolabeled wet aerosols simulated infectious
particles released during tidal breathing and coughing.
Nebulizer output was constant over the eight minute
period. In separate experiments, the distributions of parti-
cle aerodynamic diameters at the Source and the Receiver
manikin heads were measured by cascade impaction
(Marple 8-stage impactor; Thermo Fischer Scientific,
Waltham, MA; 2 L per minute flow) (Figure 3). Aerosols
near theReceiverweremeasuredwithoutmasks placed on
the Source or Receiver. Distributions were plotted on log
probability paper. Data were reported as MMAD (mass
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median aerodynamic diameter). A cumulative lognormal
distribution of aerodynamic diameters, the 84.1 percentile
divided by the 15.9 percentile defined GSD (geometric
standard deviation).

Exposure andmask protection

Aerosol exposure to the Receiver was quantified by plac-
ing a filter (model No. 041B0522; Pari, Starnberg, Ger-
many) within the Receiver manikin, which captured all
inhaled particles (Figures 2 A,B,C). All inhaled gases and
particles passed through the mouth to the filter via sealed
tubing. No ventilation passed through the nose.

The first series of experiments were performedwith no
masks on either manikin. This defined “Maximum Expo-
sure” (Max Ex) reported as the percent of nebulized par-
ticles captured (i.e., inhaled) by the receiver.

We tested three types of facepieces: an N95-class filter-
ing facepiece respirator (model No. 1860S size small; 3M,
St. Paul, MN), a natural fit earloop surgical mask (model
No. GCFCXS; Crosstex International Inc, Hauppauge,
NY), and a SecureFit Ultra fitted surgical mask (model
No. GCFCXUSF; Crosstex International Inc, Hauppauge,
NY). Both the natural fit and SecureFit surgicalmasks had
identical filtration materials (BFE>99.9% @ 3 microns,
PFE = 99.8% @ 0.1 microns, Delta P <5.0 H2O/cm2)
that meet American Society for Testing and Materials
(ASTM) level 3 standards. Several mask combinations
were assessed: no mask (maximal exposure), the surgi-
cal mask (SMnat), the SecureFit Ultra fitted surgical mask
(SF), an N95 respirator (N95) and the N95 respirator with
a Vaseline seal (N95vas). The seal was created with a seam
of Vaseline placed around the perimeter of the respirator
on either the source or receiver and leak tested with liquid
soap. The surgical masks were never sealed to the face. To
allow comparison between source control and personal
protection effects on the HCW, surgical masks and N95
respirators were tested on the Receiver, the latter, with and
without a Vaseline seal.

The surgical mask or N95 respirator, placed only on
the Source, assessed the combined effects of two vari-
ables; capture efficiency (defined as aerosol captured by
the mask) and deflection (defined as outward leakage
around the faceseal perimeter), Figure 1. Pure filtration of
source aerosols was measured by sealing the N95 respira-
tor to the face with Vaseline eliminating all mask leakage.

Measurements

Aerosol exposure was quantified by measuring radioac-
tivity captured by the filter in the Receivermanikin. These
values were normalized for the amount of radioactiv-
ity that left the nebulizer in a given run corrected for
tube losses from the nebulizer to the ‘lips’ of the Source

manikin (Activity Exhaled%). This radioactivity repre-
sents the aerosol presented to the facemask placed on the
Source. Mask filtration (at the Source) was measured by
determining the radioactivity on the various masks as a
percentage of the Activity Exhaled. Measurements were
made with a dose calibrator (0.01 micro Curies (µCi)-
9999 mCi; Biodex, Shirley, NY), a calibrated rate meter
(<10 µCi; Ludlum Measurements Inc, Sweetwater, TX),
or a calibrated microwell (10µCi-10 mCi; Kemble Instru-
ments, Hamden, CT). The capture efficiency is the quan-
tity of radioactivity exhaled by the Source captured on the
filter placed on the Source.

Statistics

Exposure data andmask capture efficiencywere expressed
as percentage of nebulized particles (mean with cor-
responding two-sided 95% confidence intervals [CI]).
Group data were compared using the Kriskal-Wallis one-
way analysis of variance, a p-value <0.05 defined sta-
tistical significance. Calculations were performed using
GraphPad Prism v6.0 for Mac OS X (GraphPad Software,
San Diego, California). For comparison purposes, we cal-
culated a Receiver protection factor (RPF) defined as the
ratio of Max Ex to actual exposure.

Results

Aerosol particle distribution

Particle distributions, MMAD, and GSD are summarized
in Table 1. Particle distributions are presented for all
three rooms at both the Source and Receiver. In all three
rooms, during coughing, at the Source, distributions con-
tained larger particles than during tidal breathing. Dur-
ing coughing,whenparticles reached theReceiver, diame-
ters decreased significantly due to either shrinkage or set-
tling. During tidal breathing, minor, insignificant shrink-
age effects were seen.

Exposure andmask protection: Tidal breathing

Max Ex and exposure data are shown in Figure 4, with the
corresponding RPF for each mask configuration listed in
Table 2. Data on the figure are reported as percentage of
nebulized particles. Max Ex indicates the effect of dilu-
tion due to environmental flow and is assigned an RPF
of 1 representing no protection. Mean values of exposure
data were used to derive RPF. In the No flow, Hospital and
Negative pressure rooms, Max Ex averaged 1.146% (95%
CI: 1.037–1.255%), 0.617% (95% CI: 0.577–0.657%), and
0.0167% (95% CI: 0.0152–0.0182%),a respectively.

The effect of eachmask intervention in reducing expo-
sure is best illustrated by the change in RPF (Table 2).
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Table . Particle distributions described by mass mean aerodynamic diameter (MMAD) and geometric standard deviation (GSD) for tidal
breathing and cough. MMAD are expressed inµm.

Tidal breathing N
Source
MMAD %CI % % GSD N

Receiver
MMAD %CI % % GSD

No Flow Room  . .-. . . .  . .-. . . .
Hospital Room  . .-. . . .  . .-. . . .
Negative Pressure
Room

 . .-. . . .  . .-. . . .

Cough N Source
MMAD

%CI % % GSD N Receiver
MMAD

%CI % % GSD

No Flow Room  . .-. . . .  . .-. . . .
Hospital Room  . .-. . . .  . .-. . . .
Negative Pressure
Room

 . .-. . . .  . .-. . . .

Figure . Exposure data for tidal breathing, expressed as a percent of aerosol exhaled with a two-sided % CI, plotted for different masks
on the Source or Receiver. An asterisk (∗) denotes significance for a p-value <. using the Kruskal-Wallis one-way analysis of variance.
S = Source, R = Receiver, MaxEx = Maximum Exposure, SMnat = natural fit surgical mask, SF = SecureFit Ultra fitted surgical mask,
N= M N respirator, Nvas= M N respirator with a Vaseline seal.

Table . Respiratory protection factors (RPF) for tidal breathing and cough. An asterisk (∗) denotes significance for a p-value<. using
the Kruskal-Wallis one-way analysis of variance.
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There were important differences observed between the
rooms. For the roomwith no airflow, mask on Source was
statistically superior for the SecureFit Ultra fitted surgical
mask andN95 respirator with andwithout a Vaseline seal.
The only mask to provide significantly different results
on the Receiver was the N95 with a Vaseline seal. Differ-
ences betweenmask types were significant indicating that
the major mechanism of protection was filtration. Similar
findings were seen in the Hospital room, that is, with bet-
ter filtration, exposure was reduced with an N95 with and
without a Vaseline seal on Source or Receiver. Review of
RPF data for the Hospital room indicates that, in general,
exposure was lower (higher RPF) when the respirator was
on the Source. However, this was not statistically signifi-
cant. In the Negative pressure room applying either surgi-
calmask or respirator to the Source resulted in statistically
significant reductions in exposure, while on the Receiver
only the N95 with or without a Vaseline seal afforded sim-
ilar protection. While there were significant differences
between somemasks (e.g., capture efficiency effect, SMnat
vs. N95 vs. N95vas), in the Negative pressure room, the
major differences in exposure were due to outward leak-
age of particles around the faceseal perimeter (deflection)
at the Source. In this environment, deflected particles are
rapidly carried away by the airstream. This observation
is most evident by comparing RPF between the Source
and Receiver. Eachmask on the Source markedly reduced
receiver exposure even if themask had a poor capture effi-
ciency. Here, deflection was the important mechanism in
reducing receiver exposure.

Exposure andmask protection: cough

Data for cough are shown in Figure 5 and the lower panel
of Table 2. Compared to tidal breathing there are major

differences in magnitude and mechanisms of exposure.
In general, for all rooms, mask on Source was superior
to mask on Receiver. Results were relatively insensitive
to capture efficiency, that is, compared to an N95 on the
Receiver, the natural fit surgical mask on the Source was
either as effective (No flow room and Hospital room) or
more effective (Negative pressure room). Compared to
tidal breathing, the reduction of exposure from coughing
is likely a function of impaction of larger particles in any
mask or respirator placed on the Source.

Filtration at the source

Mask capture efficiency (capture of particles exiting at
the Source) for the various facepieces is demonstrated in
Figure 6. For tidal breathing (upper panel) a typical cap-
ture efficiency pattern was observed. That is, the natu-
ral fit surgical mask captured particles poorly due to out-
ward leakage around the faceseal perimeter (∼ 5–20%).
With a better-fit and reduced mask leakage using the SF
surgical mask filters ∼ 50%, the N95 ∼ 80–90%, and a
sealed N95 ∼100%. During coughing a different pattern
was observed (Figure 6 - lower panel). Capture efficiency
of particles was increased for both surgical masks and res-
pirators, such that with the increased fit provided by the
SF, both the SF surgicalmask and theN95 capture∼ 100%
of the exhaled aerosol.

Discussion

Our data quantifies the potential synergy of source con-
trol using facepieces and personal protection using respi-
ratory protection devices. Combined with environmental
controls, source control can be more effective than per-
sonal protection alone.

Figure . Exposure data for cough, expressed as a percent of aerosol exhaled with a two-sided % CI, plotted for different masks on the
Source or Receiver. An asterisk (∗) denotes significance for a p-value <. using the Kruskal-Wallis one-way analysis of variance. S =
Source, R= Receiver, MaxEx=Maximum Exposure, SMnat= natural fit surgical mask, SF= SecureFit Ultra fitted surgical mask, N= M
N respirator, Nvas= M N respirator with a Vaseline seal.
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Figure . Mask capture efficiency (percent of aerosol exhaled with
a two-sided %CI)mask on Source. (Upper Panel) Tidal Breathing.
(Lower Panel) Cough.

Our study focused on the use of masks and respira-
tors as a means to reduce environmental contamination
via barrier protection at the source and does not suggest
or support the use of surgical masks as a means of res-
piratory protection. Nor does it address the many vari-
ables associated with such protection, such as infectious
dose and transmission modes, all of which may vary sig-
nificantly with each infectious threat. Rather, we utilize in
vitro respiratory protection measurements such as RPF as
a means to correlate exposure reduction with source con-
trol to that achieved through the use of different masks or
respirators on the Receiver. Our findings support the use
of facemasks as a potentially reliable and consistentmeans
of infection control, akin to other environmental con-
trols such as respiratory etiquette, hand washing, physi-
cal partitions and engineering controls such as negative
pressure isolation rooms. While “patients” and “HCW”
are used here to identify the most obvious “Sources”
and “Receivers” within a hospital setting, our data would
likely apply to any combination of potential “Sources” and
“Receivers,” e.g., hospital visitors, HCW who have not
received influenza flu shots or patients within healthcare
settings such as emergency rooms and physician office
waiting rooms.

While clinical studies are needed to confirm our
observations, analysis of the mechanisms of exposure
illustrated in Figure 1 combined with our quantitative

data suggests source control as an approach to reduc-
ing exposure. For example, if the patient in a negative
pressure room were to wear a surgical mask for a period
of time prior to the entry of a HCW, e.g., for several air
exchanges, exposure would be significantly reduced. This
observation applies to all the rooms but the magnitude
of the effect depends on the interaction of source control
and the room’s environment, as observed in the Negative
pressure room.

Our data may help in designing better masks. In the
Hospital room, when there was an increased outward
leakage at the Source (e.g., less aerosol captured by the
mask) there was reduced protection (reduced RPF) at the
Receiver. Reducing facepiece resistancewould reduce out-
ward leakage andmay compensate for flaws with the fit of
a mask.[24]

During coughing, source control was clearly superior
to masking the Receiver. In the Negative pressure cham-
ber, placing a natural fit surgical mask (S-SMnat) on the
Source during coughing reduced exposure approximately
1,500-fold (RPF = 1587), compared to the extreme of
sealing an N95 respirator (R-N95-vas) to the face of the
receiver (RPF= 17). This observationwas due to the com-
bined effects of the impaction of expelled particles on the
mask (Figure 6) and extraction of deflected particles by
the flow of air in the room. These findings were consis-
tent with the results reported by Cheong and Phua[18]

who found that, in a negative pressure room, placing the
exhaust vent on the wall behind the patient’s bed, as in
our experiments, was more effective in removing pollu-
tants than having the exhaust vent in the ceiling above the
patient.[18]

Our study has several limitations. Directions of airflow
and head position were fixed and changes in direction
may affect our observations. In addition, in an actual hos-
pital setting, the airflow and ventilationmay vary based on
room design, location of vents and position of the patient
andHCW.Our head positions and airflowwere in an opti-
mized direction for HCW protection, from Receiver to
Source. This may enhance the reported effect of Source
control. However, the parameters we have chosen for ven-
tilation and airflow magnitude and direction are typi-
cal for those reported for hospital rooms in previous
studies.[25] In addition, Lindsley et al. found that exposure
to potentially infectious aerosols anywhere in the room
was unaffected by head position.[25]

Our aerosols are aqueous andparticle distributionswill
be affected by changes in ambient relative humidity.While
relative humidity of the ambient air varied, wet nebulizers
provide saturated air so the aerosols leaving the Source
manikin always are insensitive to room air humidity.

Our study does not use formal fit-testing methods
to arrive at protective RPF values, but we utilize set of
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measurements to arrive at an equivalent fit factor (e.g., a
reduction in exposure due to use of a mask). Fit testing
of manikins is complex as reported in our previous study,
which focused on the effects of testing different types of
manikins on our measurement of fit.[21] As we reported
in that study, improved fit was readily quantified by our
techniques allowing a separation of effects caused by
changes in Source control and/or changes in fit at the
Receiver. Many manikin studies simply seal the facepiece
to the manikin to avoid this issue. We feel that our sealed
and unsealed results provide an increased understanding
of the interaction between factors involved with actual
exposures beyond that of only Receiver protection alone.

Our data should help design future clinical trials. A
source control arm should be included in tests of mask
and respirator effectiveness.
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