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The Effect of Mask Use on the Spread of Influenza
During a Pandemic

Nicole C. J. Brienen,'* Aura Timen,! Jacco Wallinga,'-? Jim E. van Steenbergen,!
and Peter F. M. Teunis'-?

Face masks have traditionally been used in general infection control, but their efficacy at
the population level in preventing transmission of influenza viruses has not been studied in
detail. Data from published clinical studies indicate that the infectivity of influenza A virus
is probably very high, so that transmission of infection may involve low doses of virus. At
low doses, the relation between dose and the probability of infection is approximately lin-
ear, so that the reduction in infection risk is proportional to the reduction in exposure due
to particle retention of the mask. A population transmission model was set up to explore the
impact of population-wide mask use, allowing estimation of the effects of mask efficacy and
coverage (fraction of the population wearing masks) on the basic reproduction number and
the infection attack rate. We conclude that population-wide use of face masks could make an
important contribution in delaying an influenza pandemic. Mask use also reduces the repro-

duction number, possibly even to levels sufficient for containing an influenza outbreak.
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1. INTRODUCTION

Pandemic preparedness involves implementa-
tion of both pharmaceutical (vaccination and an-
tiviral drugs) and nonpharmaceutical countermea-
sures. As adequate pharmaceutical supplies will not
be available immediately and may be insufficient for
the total population, the WHO working group for
public health interventions recommends nonpharma-
ceutical interventions as an important additional con-
trol measure.() Such measures fall into four groups,
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aiming to (1) limit international spread of the virus;
(2) reduce spread within populations; (3) reduce the
individual risk of infection (through personal pro-
tection and hygiene measures); and (4) raise public
awareness of the risks.)

Masks have traditionally been used for centuries,
for example, during the 17th-century plagues,® the
1918 influenza pandemic® and, more recently, the
SARS epidemic in 2003. Retrospective case-control
studies showed that mask use by the general pub-
lic may have offered significant protection against
SARS.C9 Nevertheless, no studies have assessed the
efficacy of such mask use in preventing transmission
of influenza viruses.®)

This article addresses the following questions:

e What is the efficacy of mask use by healthy
uninfected persons in protecting themselves
against infection with influenza?
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e What might be the effect of population-wide
mask use on the total impact of an influenza
pandemic? Does it contain infection, delay
spread, and/or reduce the total numbers of
people infected?

Applying a mathematical model, we show that
mask use at population level can play an impor-
tant role in delaying and containing an influenza
pandemic.

2. METHODS
2.1. Literature Search

A literature search using various search strate-
gies was performed to answer the following ques-
tions:

e What are the characteristics of the main trans-
mission routes of the influenza virus?

e What is the efficacy of mask use by a healthy
person in preventing infection with influenza
virus?

We applied two approaches to quantify infections,
considering the risk of infection after exposure at
the individual level and modeling the effect of
population-wide mask use on transmission of infec-
tion (transmission modeling).

2.2. Virus Infectivity

For exploring the risk of individual infection af-
ter exposure, the single hit model of microbial infec-
tion”) provides a general framework for studying the
relation between exposure to a certain dose of virus
and the probability of becoming infected (= Pjpt.).

Experimental studies show that influenza A virus
is more infectious in humans exposed by aerosol than
in humans exposed by nasopharyngeal instillation of
droplets.(8-10)

Aerosol inoculation of a few virus particles has
been shown to potentially lead to infection while
intranasal droplet inoculation requires several hun-
dreds of viruses for infection. Nicas and Jones!!) in-
fer that aerosol inoculation may be 3,200 times more
efficient than intranasal inoculation, but because of
the high uncertainty in their dose-response estimates
they cannot exclude that these two inoculation routes
are equally efficient.

If the virus is released in an entirely susceptible
population (as during an influenza pandemic), the av-
erage number of secondary cases caused by any in-

fectious subject during the complete infectious pe-
riod (the basic reproduction number, Ry) is estimated
to range from 1.5 to 3.0.(12=17)

2.3. Virus Transmission

To estimate the impact of face mask use by the
public during an influenza pandemic, a determinis-
tic SIR model was employed. Assuming pandemic
spread of the virus, initial immunity was assumed to
be absent.

The basic equation we used to predict the basic
reproduction number R of an influenza pandemic is:

R():b‘K'D,

where b is the risk of transmission per contact, « is
the number of such contacts that an average person
in the population would normally have per time unit
(in the absence of any disease), and D is the duration
of infectivity of an infected person, measured in the
same time units as used for «.(1®)

Based on this equation, we estimated the effects
of mask use (and the inherent reduction of Pj,s) on
the Ry of the pandemic.

The presumed effect of mask use was a de-
crease in the risk of acquiring infection during con-
tact, depending on the filter efficiency (= Meg) of
the mask. In case of a low transferred dose it is
likely that any decrease in exposure due to mask use
causes an approximately proportional decrease in in-
fection risk(!®) and hence also in transmission of the
virus. Given the high infectivity of the influenzavirus
and its relatively low reproduction number, it seems
likely that transmission may involve small doses of
influenza virus.

Therefore, the probability of transmission per
contact b will be reduced by this same fraction Mg
and thus R, will be reduced with this same fraction as
well, on the condition that masks are properly used
during all contacts. We will refer to this new Ry that
changes due to interventions as Rjy.

Therefore,

Rintz(l—Meff)'b'K’D.

As masks will probably not be properly used dur-
ing all contacts with the risk of transmission, we use
the “mask coverage” within a population to indicate
the proportion of mask use within this population.
This mask coverage (= M.yy.) is defined as the pro-
portion of contacts that are taking place with the
proper use of a certain mask (compared to the total
of all contacts within the population).
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Only those who wear the mask properly are pro-
tected with its mask efficiency (M.¢). The remaining
proportion (1 — M,y ) will not be protected by a mask.
This changes the equation for the reproduction num-
ber to:

Rinl - (1 - Meff . Mcov) . RO

In estimating the possible effects of mask use on
the infection attack rate we used the following equa-
tion:

a=1—e *Rn,

Here, the infection attack rate a is the proportion
of the population that is infected after the first pan-
demic wave has passed through a completely suscep-
tible population. During this first wave, the number
of infectious contacts per infection is R, and the to-
tal number of infectious contacts during the wave per
person is a R;;;. Assuming random mixing, the prob-
ability that an individual is not contacted by any in-
fectious person is e ““®n. Hence, the probability that
an individual is contacted by at least one infectious
person is 1 — e *®_ And because all individuals are
susceptible at the start, this same term 1 — e %= also
gives the probability that an individual is infected.
This probability that an individual is infected is, by
definition, equal to the infection attack rate a.

3. RESULTS
3.1. Transmission of Influenza

Influenza is spread mainly by direct or indi-
rect contact transmission, droplet transmission, and
aerosol transmission.

3.1.1. Contact Transmission

Contact transmission can occur as influenza
viruses can survive on hard, nonporous surfaces
(such as stainless steel and plastic) for 2448 hours;
on cloth, paper, and tissues for up to 8-12 hours;
and (after transfer from these environmental sur-
faces) on hands for up to 5 minutes. However, the
importance of contact transmission probably varies
with the amount of virus present and the type of
surface.(??

The effect of mask use on contact transmission is
unknown, but it seems reasonable that a face mask
reduces contact transmission by preventing wearers
from touching their mouths or noses with their hands
or other objects potentially contaminated with virus.

Brienen et al.

As face masks are not a standard intervention for the
prevention of contact transmission, we focus in this
study on the possible effect of mask use on the spread
of influenza, transmitted by droplet or aerosol.

3.1.2. Droplet and Aerosol Transmission

Droplet and aerosol transmission occur when
contagious droplets or aerosols are produced by
an infected host during talking, coughing, or sneez-
ing. Droplets are particles large enough to settle
quickly, while aerosols are small enough to remain
suspended in air for an indefinite period.(!?) Fabian
et al. showed that regular exhalation mainly results
in aerosol production (>99% of exhaled particles
<5 pm), with most people exhaling more than 500
particles per liter of air and influenza virus RNA
being detected in the exhaled breath of 33% of in-
fluenza patients.>!)

Droplets smaller in diameter than a few micro-
meters are believed to evaporate to about half their
initial size. These small liquid particles are usually re-
ferred to as “droplet nuclei.”*?

Many guidelines and review articles state that
droplet transmission may be the main mode of in-
fluenza transmission. However, compelling scientific
evidence supports the occurrence and significance of
aerosol transmission®"-?® and suggests that it plays
an important role in the spread of influenza® or
may even be the dominant way of transmission.(®>)

Certainly, the different features of droplets and
aerosols may affect these types of transmission, thus
influencing also the expected mask efficiency in ei-
ther case. In Table I we summarize the main features
for these two types of transmission.

Influenza virus administered via aerosol appears
to be more infectious than via intranasal applica-
tion of droplets, but this difference is difficult to
quantify.()

In establishing the importance of droplet versus
aerosol transmission for influenza, two more factors
need to be considered. First, sedimenting droplets
are bigger than nonsedimenting aerosols, thus con-
taining more virus than an aerosol produced from
the same virus suspension. For example, the vol-
ume of a particle with diameter 5 um is 1,000 times
smaller than the volume of a droplet of 50 um, and
thus likely contains a proportionally smaller num-
ber of virus particles. Second, virus in nonsediment-
ing aerosol resides in a closed (indoors) environ-
ment for hours while virus in sedimenting droplets
remains suspended in air only for seconds after
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Table I. Main Features of Aerosol Transmission Versus Droplet Transmission

Features

Aerosol Transmission

Droplet Transmission

Definition

Transmission vehicle

Mean particle size (diameter) of
transmission vehicle

Particle suspension time in the air

Distance at which the virus can be spread

Inoculation site

Dose of virus required to induce infection

% of particles of this size emitted during

exhalation

% of particles of this size emitted during
cough or sneeze

Infection via inhalation of
pathogen-carrying aerosol??

Aerosol

< 5 pum in diameter0-22)

However, there is no consensus on the
exact size criterion of an aerosol(??)

Sufficiently small to remain suspended in
air for several minutes or more10-22)

Can be disseminated by air currents
throughout a room or facility(!?)

Lower respiratory tract is thought to be
the main inoculation site(8-10)

Low doses of virus may be sufficient(®)

70% between 0.3 and < 0.5 um, 17%
between 0.5 and < 1 um, and 13%
between 1 um and < 5 um@D

Approximately equal numbers of
particles in aerosol and droplet

Infection via exposure to droplets
sprayed by coughing or sneezing onto
conjunctiva or mucous membranes(??)

Droplet

-~ 10 Mm(lO,ZZ)

However, there is no consensus on the
exact size criterion of a droplet®?)

Do not stay suspended in the air but
rapidly settle out(!0-22)

Short distance(!?)

Conjunctiva or mucous membranes(10-22)

Compared to aerosol inoculation, a
higher dose of virus seems to be
needed®%1)

< 0.1% of particles larger than 5 pm®V

Most emitted pathogens are carried in
droplets because of their greater

classes?)

volume®2)

expulsion. Aerosolized virus can be inhaled as long
as a subject is in a room, whereas droplets have a
much smaller time window during which they are ac-
cessible for deposition on mucosal surfaces. These
three factors—higher infectivity of aerosolized virus,
higher virus content of larger droplets, and longer
residence times of smaller aerosols—tend to balance
each other. Thus the dominance of droplet transmis-
sion versus aerosol transmission cannot be easily es-
tablished.

3.2. Mask Efficiency in Virus Transmission

An overview of published studies on face mask
protection against influenza viruses and or other res-
piratory viruses is shown in Table II.

Most of these studies focus on the efficiency of
face masks in virus transmission when used during
contact with patients, while only a few studies look
into the possible reduction of infection risk when us-
ing a face mask in the general population.

For protection against nonbiological particles,
standards specify the minimum requirements for dif-
ferent classes of masks.®® Classifications depend
mainly on the efficiency of the filter material and
the maximum total inward leakage, that is, face-seal
leakage, exhalation valve leakage, and filter penetra-
tion.®) The testing procedures and criteria are stan-

dardized for a given laboratory setting and can differ
from country to country. In order of increasing ef-
ficacy, these classes are the FFP1, FFP2, and FFP3
masks in Europe® and N95, N99, and N100 masks
in the United States.%)

Apart from these certified masks, there are many
types of masks not certified as respiratory protective
devices. Their exact protective effect against particles
is unknown, as is their efficiency.

Van der Sande er al. showed that uncertified
masks such as surgical masks and home-made masks
can still give a considerable reduction in aerosol
exposure.?)

As Balazy et al. found that nonbiological par-
ticle simulants can be used to assess mask protec-
tion against biological particles of similar shape and
size,®® the minimum filtering efficiency of masks
for nonbiological particles may be applied for virus-
containing particles as well.

Mask efficiency for sedimenting droplets is
likely to be better than for aerosol particles:
proper mask use completely blocks droplet trans-
mission to the mucous membranes of the upper
respiratory tract, although it cannot prevent infec-
tion through the conjunctivae. We therefore pre-
sume mask protection factors for aerosols to repre-
sent a worst-case assumption for protection against
droplets.
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Fig. 1. (A) Effect of mask efficiency and mask coverage on the reproduction number Rjy; upper line: Meg = 0.3; middle line: Meg = 0.7;
lower line: M¢g = 1.0. (B) The effect of mask use on the infection attack rate; upper line: M¢g = 0.3; middle line: Mg = 0.7; lower line:

Mg =1.0.

3.3. Effect of Mask Use at Population Level

Assuming an Ry of 2.0 during an influenza pan-
demic, we show in Fig. 1 the effect of mask coverage
Mo, and mask efficiency M.¢ on the value of the re-
production number Rj,; (Fig. 1A) and the infection
attack rate (Fig. 1B).

A recent study shows that uncertified masks such
as surgical masks and home-made masks used by un-
trained subjects may have a median protection factor
of 2.4 to 6.5,0% or a mask efficiency M. of 58-85%.
In Fig. 1 we can see these masks can still give a con-
siderable reduction of the reproduction number Rjy,
and the infection attack rate.

Fig. 1A shows that, depending on mask effi-
ciency and mask coverage, Rj,; might decrease below
the threshold level of 1.0, effectively containing the
pandemic.

These results are based on the reduction of
aerosol exposure: the effect of mask use with droplet
transmission is expected to be stronger.

4. DISCUSSION

This study attempts to predict the possible effects
of population-wide mask use on the development of
an influenza pandemic. Comparing aerosols (nonsed-
imenting particles) and droplets (sedimenting parti-
cles), we argue that in case of droplet transmission
mask use may be at least as effective as for aerosol
transmission.

Our results suggest that the use of face masks
at the population level can delay an influenza pan-

demic, decrease the infection attack rate, and may
reduce transmission sufficiently to contain the pan-
demic. The effect on final size of the epidemic de-
pends on features of virus transmission, mask effi-
ciency, and coverage of mask use in the population.

Our findings are based on data from published
literature and mathematical models. As such models
imply highly simplified situations in which only few
variables can be studied, we focused on the effect of
population-wide mask use in reducing the risk of in-
fection in healthy individuals.

Additional effects, not included in the model,
might render the effect of population-wide mask use
even stronger than estimated in this study, as illus-
trated by the following three examples.

First, mask use not only protects healthy indi-
viduals but also reduces the infectiousness of symp-
tomatic and asymptomatic carriers, thus reducing the
number and effectiveness of transmission sources
within the population. Since masks are not nor-
mally tested on their properties in preventing “out-
going infections,” we did a separate study to estimate
this secondary effect, and found considerably lower,
but still measurable, retention factors,*?) indicating
that masks worn by infectious subjects may increase
the protective effect of population-wide use of face
masks.

Second, mask use is expected to influence behav-
ior. Wearing a mask can raise awareness of the in-
fection risk and the importance of additional preven-
tive behaviors such as more frequent hand-washing
or avoiding physical contact and avoiding crowded
public places. A face mask may also reduce contact
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transmission by preventing wearers from touching
their mouths or noses with their hands or other ob-
jects potentially contaminated with virus.

However, on the other hand, face mask use
might engender a false sense of security and lead
to reduced use of other measures such as personal
hygiene.

Finally, mask use is virtually the only way to pre-
vent aerosol transmission, which may cause the most
severe cases of influenza. Experimental aerosol in-
oculation displayed the spectrum of symptoms seen
in natural infections, whereas experimental infec-
tion with intranasal drops produced milder disease,
usually without involvement of the lower respira-
tory tract.3-1029) General sanitary interventions and
social distancing can largely prevent transmission
by contact and droplets, but is much less effective
against transmission by aerosols.

The magnitude of such additional effects is un-
known. More research on influenza transmission is
needed to improve insight into the impact of mask
use.

This study is based on the features (infectivity,
route of transmission) most commonly expected in
influenza. Changes in these features can change the
effect of mask use within the population. If, for ex-
ample, the pandemic virus spreads mainly by contact
transmission, the preventive contribution of mask
use might be small compared to routine hygienic
measures.

We have not distinguished between different
subpopulations (children vs. adults) or environments
(open air vs. small rooms). If transmission depends
more on some groups or environments than others,
high mask coverage and mask efficiency within those
groups or situations may have a disproportional ef-
fect on the course of the pandemic. The specification
of such conditions depends on virus properties, such
as transmission route and survival rate, and on host
properties, such as risky behavior.

For example, we expect infectivity, mask effi-
ciency, mask coverage, and virus transmission to be
different for children than for adults. The impact of
heterogeneity can only be estimated when more is
known about the transmission features of the partic-
ular influenza virus and the specific risk groups for
this virus. If small children (with a lower mask cover-
age and mask efficiency) play a more important role
in transmission than adults, population-wide use of
masks might be less effective than found in this study.

Mask efficiency might also be lower if the devices
are used improperly or by people with aberrant face

shapes or features such as facial hair. Respiratory
protective devices are usually tested on healthy adult
males who are clean-shaven. On the other hand, the
mask efficiency indicated for a specific type of mask
indicates the minimum needed for certification, and
actual mask efficiency often exceeds the minimum.

Mask protection factors are characterized for
nonbiological particles. Because even few pathogenic
organisms passing through the filter may cause seri-
ous problems,®*” more information on infectivity and
exposure is needed to refine our estimates of protec-
tion against respiratory infection.

Any outcome of a study like this mainly depends
on the proportion of the population that is actually
going to use a mask during an influenza pandemic.
Past experience indicates considerable willingness to
use face masks in case of such a threat. The propor-
tion of people using masks in Hong Kong during the
SARS epidemic ranged from 61.2%“? to more than
90%.) Compliance with mask use in other times and
other places to prevent other diseases is unknown but
is expected to depend on the perceived threat of the
pandemic.

In conclusion, the population-wide use of face
masks can be a valuable strategy to delay or contain
an influenza pandemic, or at least decrease the infec-
tion attack rate. We therefore strongly recommend
including the use of face masks within pandemic con-
trol guidelines.
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