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Summary
Background Tight-fitting masks and respirators, in manikin studies, improved aerosol source control compared to
loose-fitting masks. Whether this translates to humans is not known.

Methods We compared efficacy of masks (cloth and surgical) and respirators (KN95 and N95) as source control for
SARS-CoV-2 viral load in exhaled breath of volunteers with COVID-19 using a controlled human experimental study.
Volunteers (N = 44, 43% female) provided paired unmasked and masked breath samples allowing computation of
source-control factors.

Findings All masks and respirators significantly reduced exhaled viral load, without fit tests or training. A duckbill N95
reduced exhaled viral load by 98% (95% CI: 97%–99%), and significantly outperformed a KN95 (p < 0.001) as well as
cloth and surgical masks. Cloth masks outperformed a surgical mask (p = 0.027) and the tested KN95 (p = 0.014).

Interpretation These results suggest that N95 respirators could be the standard of care in nursing homes and
healthcare settings when respiratory viral infections are prevalent in the community and healthcare-associated
transmission risk is elevated.
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Introduction
Development and widespread application of effective
vaccines and antiviral drugs decreased the mortality rate of
coronavirus disease 2019 (COVID-19).1–3 However, the
emergence of the Omicron variant and its sub-lineages,
together with a relaxation of non-pharmaceutical in-
terventions, led to an unprecedented surge in COVID-19
cases and hospitalizations in the United States in 2022.4

The intrinsic transmissibility of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has increased over
time,5–7 which appears in part to be due to an increased
ability to be shed into aerosols8–10 and the ability of the
*Corresponding author. University of Maryland School of Public Health, 42
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latest Omicron subvariants to evade immunity from vac-
cinations and prior infections.11,12 The highly transmissible
nature of rapidly emerging Omicron variants in the
setting of high rates of vaccination and prior infection
underscores the critical role of non-pharmaceutical in-
terventions, such as wearing face masks,13 to reduce
inhalation (airborne) transmission of the virus by
reducing the amount of virus in the air.

Face masks can effectively reduce risk of trans-
mission of respiratory pathogens by limiting the
amount of viral respiratory aerosols emitted into the air
by infected persons. This is known as source control,14
00 Valley Drive, College Park, MD 20742, USA.
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Research in context

Evidence before this study
The high transmissibility of SARS-CoV-2 appears in part to be
due to a high and increasing ability to be shed into aerosols.
Face masks have been shown to be effective in reducing the
amount of viral respiratory aerosols emitted by persons
infected with respiratory pathogens, including SARS-CoV-2.
Lab experiments using manikins demonstrated that N95
respirators were more effective than cotton and surgical
masks in reducing viral aerosol emissions. No human study
has examined the relative efficacy of different types of masks
and respirators as source control for SARS-CoV-2.

Added value of this study
We addressed the relative efficacy knowledge gaps by
performing a controlled human study with volunteers having
community-acquired SARS-CoV-2 infections. We compared
the efficacy of cloth masks, surgical masks, KN95s, and N95
respirators as source control for reducing the viral RNA load in
exhaled breath. Each individual served as their own control
and provided masked and unmasked samples on the same

day, allowing us to show the direct effect of each type of
masks and respirators. We defined source-control factor (SCF
%) as a percentage reduction in viral load released into the
environment when wearing a mask and presented the SCFs
for each of the four categories of masks and respirators. After
controlling for potential confounders, we demonstrated N95
respirators were significantly more efficacious as source
control than all other types of masks and respirators used in
this study.

Implications of all the available evidence
Our findings, together with previous studies showing the
effectiveness of general masking, support the
recommendation for people to wear masks in areas where
there is a high risk of transmission of respiratory infections.
N95 respirators could become the standard of care for source
control in healthcare settings. They should be worn by
healthcare workers to protect their vulnerable patients, as well
as themselves, when community rates of respiratory
infections are high.
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and has been demonstrated to significantly reduce
aerosol emission of influenza, seasonal coronaviruses,
and SARS-CoV-28,15,16 and effectively reduce community
transmission.13,17–19 In a controlled trial, loose-fitting face
masks reduced the viral load (as measured by qRT-PCR
for viral RNA) in fine and coarse aerosol samples by
48% and 77%, respectively, when worn by mildly
symptomatic COVID-19 patients while singing and
shouting.8

Few studies have examined the relative efficacy of
different types of masks and respirators as source con-
trol for SARS-CoV-2. A series of laboratory experiments
using manikins conducted by the U.S. Centres for
Disease Control and Prevention found that tight-fitting,
knotted medical masks provided more effective source
control for SARS-CoV-2 than unknotted masks.20 When
doubled or knotted/tucked, masks were found to block a
greater percentage of particles from simulated cough-
ing. Manikin experiments also demonstrated that N95
respirators were more effective than cotton and surgical
masks in reducing general and infectious viral aerosol
emissions, with the effect being even greater when the
N95 respirators was properly fitted.21,22 To our knowl-
edge, no human study has yet compared the efficacy of
different mask and respirators as source control for
SARS-CoV-2.

Our primary objective was to compare the efficacy of
cloth masks, surgical masks, KN95s, and N95 respira-
tors as source control for reducing the viral load (esti-
mated by RNA copy number) in exhaled breath aerosol
(EBA) samples collected from individuals with
community-acquired SARS-CoV-2 infection. In this
human study, individuals served as their own controls.
We hypothesized that KN95 and N95 respirators would
be superior to cloth and surgical masks.
Methods
Ethics
This controlled human exhaled breath aerosol experi-
mental study was conducted at the University of Mary-
land, College Park (UMD). It was approved by the
University of Maryland Institutional Review Board and
the Human Research Protection Office of the Depart-
ment of the Navy (Reference: 1556127). This study was
conducted in accordance with the principles of Good
Clinical Practice and the ethical guidelines of the
Declaration of Helsinki. Informed consent was obtained
from all study participants.

Study design
Beginning in May 2020, we actively recruited COVID-19
cases and their close contacts from UMD and the sur-
rounding community for sample collection.8,9 Upon
identifying a volunteer with an active SARS-CoV-2
infection, we invited them to a research clinic to pro-
vide 30-min EBA samples with a Gesundheit-II (G-II)
human exhaled bioaerosol collector,23 as previously
described.8,9 We tested all volunteers with SARS-CoV-2
infections that we were able to recruit to provide
samples.

To assess the efficacy of masks as source control,
volunteers were asked to provide paired breath samples
at each visit, first with a mask on and then without, so
they served as their own matched control. Volunteers
received no prior training in the proper use of
www.thelancet.com Vol 104 June, 2024
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respirators. Among the volunteers included here, two
cases studied before September 2020 were asked to
repeat the alphabet three times within the 30-min
sampling period, whereas subsequent cases were
asked to shout “Go Terps” 30 times and sing “Happy
Birthday” loudly three times at 5, 15, and 25 min into
each 30-min sampling period. In instances where vol-
unteers were too unwell to provide two sets of samples,
a single 30-min breath sample was collected.

Mask and respirator assignment and instructions
Between June 2020 and December 2021, volunteers
were assigned to wear either their own mask (mostly
cloth masks), if available, or a surgical mask (Kimberly–
Clark Professional™ Kimtech™ M3) for the masked
session during their first shedding visit. If a second visit
occurred, volunteers would wear the alternate mask
type. The cloth masks were all brought by the volun-
teers, included a wide variety of types and materials, and
information about brands and sources was frequently
not available. Some participants came in with double
masks, which included a mix of different mask types
such as double cloth masks or a cloth mask combined
with a surgical mask or KN95 respirator. Because each
sub-category had very few samples, we excluded double
masks from our analysis.

In December 2021, we stopped testing cloth masks
and introduced testing with KN95 respirators from the
supply of Powecom KN95s being distributed by our
campus. We also include in the analysis KN95s brought
by participants when used without another layer. Par-
ticipants were randomized to wear a surgical mask or
KN95 respirator in the masked session for their first
shedding visit and the other option at a possible second
visit. Starting in March 2022, inexpensive duckbill N95
respirators (ACI 3120 Surgical N95, Armbrustusa.com)
popular with our lab staff were added to the mask cat-
egories. We then randomized participants to wear either
a surgical mask or a respirator (KN95 or N95) at their
first shedding visit until March 10, when we stopped
testing surgical masks. After March 11, we only tested
N95s. Most surgical masks, KN95 respirators, and all
the N95 respirators used in the study were provided by
our research team, while some volunteers used their
own masks if study personnel judged them to be well-
fitted. Volunteers who were provided with respirators
having a nose wire were instructed to pinch it to fit their
nose. Those wearing N95 respirators were instructed to
place one strap around their neck and another over the
top of their head. No other respiratory protection
training was provided.

We previously reported both masked and unmasked
data from participants enrolled up to April 30, 2021,8

and the unmasked data only for those enrolled up un-
til March 11, 2022.9 The prior publications included the
unmasked samples from those wearing cloth/surgical
masks, KN95 respirators, and two persons wearing N95
www.thelancet.com Vol 104 June, 2024
respirators, and a portion of the masked samples from
those wearing cloth masks (7/8), surgical masks (16/23),
and KN95 respirators (1/12). The previously published
data are included here for comparison with the N95 and
most of the KN95 masked sample data that are reported
here for the first time.

Laboratory analysis
The viral load in EBA was estimated by measurement of
SARS-CoV-2 RNA, quantified using a multiplex real-time
RT-PCR assay–TaqPath COVID-19 Combo Kit (Applied
Biosystems # A47814). RNA copy numbers were reported
per sample for the EBA samples, with a limit of detection
(LOD, 95% probability of detection) as 75 copies/sample.
Genome sequencing was carried out using mid-turbinate
swab samples with an Illumina MiSeq platform
(RRID:SCR_016379) for cases enrolled up until April 30,
2021 and an Oxford Nanopore Technologies MinION
sequencing system (RRID:SCR_017985) for cases
enrolled afterwards. Additional details on sample pro-
cessing and laboratory analyses were described in our
previous publications.8,9

Statistics
We included all the participants who provided paired
masked and unmasked samples on the same day, with
at least one sample having detectable SARS-CoV-2 RNA
in each pair. We analysed the two aerosol size fractions
collected by the G-II, fine (≤5 μm in diameter) and
coarse (>5 μm in diameter) and combined them for
analysis of total EBA (Fine + Coarse EBAs).

Descriptive analyses were conducted for all sample
pairs and participants. We used box plots to visualize the
viral load in EBA and Wilcoxon signed rank tests in
crude paired analyses to compare the viral load between
masked and unmasked samples for different masks and
respirators. A Mann–Whitney U test was used for the
pair-wise comparison of unmasked samples among
different variants. We assigned a value of 1 to samples
with viral load below the limit of detection for visuali-
zations and in the crude analyses as done in previous
studies.8,9

We used a linear mixed effect model for censored
responses (R package ‘lmec’, version 1.024), if some of
the viral loads were below the limit of detection, and a
linear mixed effect model, if all the viral loads were
above the limit of detection, to calculate the geometric
mean of the viral load in separate models and data
subsets for each aerosol size, mask type, and mask
wearing condition. We also used lmec to estimate the
effect of masks and respirators (exposure) on EBA viral
RNA load (outcome) using the full paired dataset for
each aerosol size including all mask types (with “no
mask” serving as the reference group). To account for
the effect of cough and other potential confounders on
EBA, we controlled for the number of coughs during
the 30-min sampling period, age, sex, BMI, and
3
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SARS-CoV-2 variants as confounders in the comparison
model. These models accounted for censoring of the
outcome by the limit of detection and nested random
effects of participants and samples within participants.
In these models, the viral RNA load was log-
transformed, and the estimates from the models were
exponentiated to get the ratios.

We used forest plots to show effect estimates, the
ratio of masked to unmasked viral load (i.e., fraction of
unmasked aerosol detected in masked samples). We
defined source-control factor (SCF%) as a percentage
reduction in viral load released into the environment
when wearing a mask similar to a fit factor,25 computed
from the outward leak fraction (i.e., masked/unmasked
viral load):

SCF (%) = (1− masked

unmasked
) ∗ 100

The improvement (%) was defined as the relative
efficacy of one mask type in source control compared to
the other, computed from the ratio of outward leak
fractions:

Improvement (%) =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝1−

masked1
unmasked1
masked2

unmasked2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ ∗ 100

We conducted all analyses in R version 4.2.3 (R
Foundation for Statistical Computing, Vienna, Austria)
and RStudio.

Role of funders
The funders had no role in study design, data collection,
analysis, interpretation of data, preparation of the
manuscript, or decision to publish.
Results
Study population
From June 2020 to May 2022, among 106 volunteers
who provided EBA samples, 44 provided 60 same-day
paired (with and without mask or respirator) EBA
samples where at least one of the paired samples con-
tained detectable SARS-CoV-2 RNA (Supplementary
Fig. S1). There was no significance difference between
our study population and those excluded volunteers in
terms of their characteristics except that those excluded
were younger and had a higher proportion of SARS-
CoV-2 variants other than Alpha, Delta, and Omicron.

The analysed paired samples included 8 with cloth
masks, 26 with surgical masks (25 Kimtech™ M3 and 1
unknown brand), 13 with KN95 respirators (10 Powe-
com and 3 unknown brands), and 13 with N95
respirators (Table 1; Supplementary Tables S1 and S2).
Among the 44 volunteers, 16 volunteers provided two
sample pairs on different days, while the remaining
volunteers provided only one pair.

Among the sample pairs, four were from Alpha in-
fections, four from Delta, 29 from Omicron (14 from
BA.1 and 15 from BA.2), and 23 from other SARS-CoV-
2 variants (Table 1). The samples were predominantly
collected from young adults, who all had mild symp-
toms at the time of testing with a mean age of 30 years
(range: 17–66 years) (Table 1; Supplementary Table S1).
Cloth and surgical mask pairs were mainly collected
before the emergence of Delta and Omicron and from
unvaccinated volunteers. Conversely, most KN95 and
N95 pairs were collected during the Delta and Omicron
waves from volunteers who had completed the initial
vaccination series (fully vaccinated) and/or had received
at least one booster dose (Table 1; Supplementary
Fig. S2).

Viral load in the EBA samples
The viral load in the unmasked aerosol samples ranged
from non-detect to 1.77 × 107 RNA copies for fine
aerosols, and from non-detect to 1.82 × 105 for coarse
aerosols, significantly differing by variants, as previous
reported9 (Supplementary Fig. S3). Volunteers who
provided paired samples for KN95 respirators shed a
higher amount of viral RNA when they were not wear-
ing a mask compared to the other three masked groups
(Fig. 1; Supplementary Fig. S4). The highest viral RNA
shedder in our study was infected with Omicron BA.1.1,
and the sample pair was provided on the day when they
wore a KN95 respirator.

Fig. 1 shows geometric mean viral RNA copy
numbers measured in aerosols collected per 30-min
sampling period. In the crude paired analysis (Fig. 2),
all masks and respirators conferred statistically signifi-
cant reductions (p < 0.05) in viral load for fine, coarse,
and total aerosols, except that cloth mask was only
borderline significant (p = 0.063) for coarse aerosols.

Source-control factors
In the paired modelling analyses, all types of masks
significantly reduced viral RNA copies in both aerosol
fractions and total EBA (Fig. 3; Supplementary Fig. S5).
N95 respirators were significantly more efficacious (i.e.,
produced higher source-control factors) than the other
three types of masks for total EBA (Table 2) and for the
fine and coarse aerosol fractions (Supplementary
Tables S3a and 3b).

After controlling for the number of coughs during
the sampling period, age, sex, BMI, and SARS-CoV-2
variants, N95 respirators reduced viral load in total
exhaled breath aerosol by 98% (95% CI: 97–99%), fol-
lowed by cloth masks with a reduction of 87% (95% CI:
77–92%) (Table 2). Surgical masks reduced exhaled viral
load by 74% (95% CI: 65–81%). KN95 respirators
reduced exhaled viral load by 71% (95% CI: 59–79%),
www.thelancet.com Vol 104 June, 2024
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Cloth Mask Surgical Mask KN95 N95 All sample pairs

Number of positive exhaled breath sample pairs 8 26 13 13 60

Variant, N (%)b

Other 6 (75) 17 (65) 0 (0) 0 (0) 23 (38)

Alpha 1 (12) 2 (8) 1 (8) 0 (0) 4 (7)

Delta 1 (12) 1 (4) 2 (15) 0 (0) 4 (7)

Omicron BA.1 0 (0) 5 (19) 8 (62) 1 (8) 14 (23)

Omicron BA.2 0 (0) 1 (4) 2 (15) 12 (92) 15 (25)

Sex, N (%)c

Female 2 (25) 10 (38) 4 (31) 9 (69) 25 (42)

Male 6 (75) 16 (62) 9 (69) 4 (31) 35 (58)

Age, mean ± SD 28.4 ± 14.9 23.3 ± 8.4 38 ± 19.5 33.7 ± 17.5 29.4 ± 15.3

Age group, N (%)

<18 0 (0) 0 (0) 0 (0) 2 (15) 2 (3)

18–45 7 (88) 25 (96) 8 (62) 7 (54) 47 (78)

>45 1 (12) 1 (4) 5 (38) 4 (31) 11 (18)

White 7 (88) 20 (77) 12 (92) 7 (54) 46 (77)

BMI, mean ± SD 23.4 ± 2.5 23.5 ± 3.1 27.9 ± 6.8 22.7 ± 2.4 24.3 ± 4.4

Chronic respiratory illness, N (%) 0 (0) 7 (27) 5 (38) 1 (8) 13 (22)

Vaccination status, N (%)

Boosted 0 (0) 2 (8) 8 (62) 13 (100) 23 (38)

Fully vaccinated, not boosted 1 (12) 5 (19) 4 (31) 0 (0) 10 (17)

Partially vaccinated 1 (12) 4 (15) 1 (8) 0 (0) 6 (10)

Unvaccinated 6 (75) 15 (58) 0 (0) 0 (0) 21 (35)

Symptomatic, N (%) 8 (100) 26 (100) 13 (100) 13 (100) 60 (100)

Days post symptom onset, mean ± SD (range) 4 ± 2 (1–6) 4 ± 1 (1–7) 3 ± 1 (1–5) 3 ± 1 (1–5) 4 ± 1 (1–7)

Coughs per 30 min, mean ± SD (range) 1 ± 2 (0–6) 4 ± 14 (0–69) 13 ± 17 (0–64) 6 ± 10 (0–32) 6 ± 13 (0–69)

Median upper respiratory symptoms (IQR) 2.5 (1.8–4.2) 3 (2–4) 2 (1–5) 4 (2–7) 3 (2–5)

Median lower respiratory symptoms (IQR) 0 (0–0.2) 1 (0–2) 2 (1–2) 2 (1–3) 1 (0–2)

Median systemic symptoms (IQR) 3 (0–6.5) 3 (1–6) 5 (1–7) 3 (1–6) 3 (1–6)

Median gastrointestinal symptoms (IQR) 1 (0–2) 0 (0–1) 2 (0–3) 0 (0–2) 0 (0–1.2)

Temperature (C), mean ± SD 37.2 ± 0.2 37.1 ± 0.2 37.3 ± 0.4 36.9 ± 0.2 37.1 ± 0.3

Oxygen saturation (SpO2), mean ± SD 97.8 ± 1 98 ± 0.8 97.2 ± 0.8 97.8 ± 1 97.8 ± 0.9

aAmong the 44 volunteers included in this study, 16 volunteers provided two sample pairs, while the remaining volunteers provide 1 pair. Characteristics of the 44
volunteers are presented in Supplementary Table S1. bBA.1 includes seven BA.1 and seven BA.1.1; BA.2 includes eight BA.2, five BA.2.12.1, and two BA.2.3. cSex information
was self-reported by study volunteers.

Table 1: Characteristics of the volunteers at the level of sample pairs.a
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and by 76% (95% CI 64–84%) after excluding the three
with unknown brands (Supplementary Table S3c).

The source-control factors for total viral RNA aerosol
that we observed for cloth masks were superior to those
for both surgical masks (p = 0.027) and KN95 respirators
(p = 0.014), when including the unknown brand KN95s.
The direction of the effect was consistent, but the
comparison did not reach statistical significance when
analysis was restricted to the individual fine and coarse
aerosol size fractions (Supplementary Tables S3a and
3b) and for total aerosol RNA when the off-brand
KN95s were excluded (Supplementary Table S3c).
Discussion
Our study demonstrated that N95 respirators were
significantly more efficacious as source control than all
other types of masks and respirators used in this study.
www.thelancet.com Vol 104 June, 2024
Conversely, the KN95s that we used did not perform any
better as source control than loose-fitting cloth and
surgical masks. The finding regarding N95 respirators is
consistent with a previous experimental study with
manikins21 showing that N95 reduced more viral load
compared to cotton and surgical masks. Another study
also showed that N95 respirators blocked more cough-
generated aerosols than cloth and medical procedure
masks as well as neck gaiters.22 Importantly, our study
further demonstrated that the inexpensive duckbill N95
respirators we used were highly efficacious even when
used by untrained study participants who did not un-
dergo respirator training or a prior fit test.

High viral RNA load in exhaled breath is associated
with increased probability of breath aerosol containing
culturable virus.8,9 A recent study estimated that the
Omicron variant, specifically B.1.1.529, required at least
1200 viral RNA copies to infect 63% of a susceptible
5
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Fig. 1: Geometric means of viral load in EBA samples. a) Fine aerosol, b) Coarse aerosol, c) Total aerosol. The geometric means and standard
deviations were estimated using linear mixed effect models for censored responses (R package ‘lmec’, version 1.024), controlling for the random
effects of participants and samples within participant. The triangles denote the geometric means of the SARS-CoV-2 RNA copy numbers in each
sample types. The error bars show the 95% confidence interval of each geometric means. Dashed lines and hollow triangles were used for
unmasked samples, while solid lines and solid triangles were used for masked samples. GM = Geometric means, and GSD = Geometric standard
deviations.
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population.26 This dose, described by Wells27 as a
quantum of airborne infection is similar to an infectious
dose 50%. Using the geometric means calculated in our
study (Fig. 1), our data suggest that a mildly
symptomatic person with COVID-19, not wearing a
mask or respirator, would exhale on average 2800 RNA
copies per hour in their total exhaled aerosol or a little
more than two infectious doses, quanta, per hour.
www.thelancet.com Vol 104 June, 2024
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Fig. 2: Viral load in paired masked and unmasked EBA samples for aerosol fraction and total exhaled breath aerosol by mask type. a) Fine
aerosol, b) Coarse aerosol, c) Total aerosol. Boxplots present raw data on viral RNA copies in masked and unmasked EBA samples by mask type
and aerosol fraction. A value of 1 was assigned to samples with viral load below the limit of detection. N indicates the number of samples
included in each boxplot.
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However, wearing a N95 respirator would reduce the
aerosol shedding rate to less than one tenth of a quan-
tum per hour. This suggests that wearing a N95 respi-
rator can lower the risk of transmission by a factor of 20,
provided that the other transmission risk factors (e.g.,
proximity between the infected and the susceptible,
poor ventilation, etc.)28 remain the same.

The majority of the KN95 respirators used in our
study (reported by an N95docon.org29 to have consis-
tently high filtration efficiency but variable and high
flow resistance) did not outperform loose-fitting masks
and when including other brands, KN95s met inferiority
criteria compared to cloth masks for total viral aerosol.
One possible explanation is that we noted that the KN95
respirators we provided were relatively stiff and did not
seal consistently along the entire perimeter of the mask.
By contrast, the cloth masks brought by our volunteers
tended to wrap farther around the face possibly
providing better fit and lower flow resistance. We used
one surgical mask brand for these tests so that result
may not be representative of all masks30; the same brand
used in prior CDC-funded studies of masks for influ-
enza source control.16 The relatively high flow resistance
of KN95 filters, compared with surgical and cloth
masks, combined with poor fit tended to promote leaks
www.thelancet.com Vol 104 June, 2024
around the face seal. This finding is consistent with a
previous human study of exhaled particle counts31 sug-
gesting that surgical masks with a flexible fit are more
efficacious than poorly fitting KN95 respirators in
reducing micron-scale aerosol particles, with a reduction
of particle emission by 90% and 74%, respectively,
compared to no mask. Notably, they found that cloth
masks did not reduce, or even increased, particle
emission, due to particle shedding by the cloth masks
themselves.31 This finding points to a strength of
measuring viral RNA over particle emission when
examining the efficacy of cloth mask use. The
effectiveness of negative pressure face coverings as
respiratory protection is primarily determined by two
factors: filtration efficiency and fit.32 Our finding implies
that these two factors are similarly important in the
context of source control. However, the KN95 respirator
used in this study should not be considered represen-
tative of all KN95s—and the duckbill N95 we used
should also not be considered representative of all N95s.
Additionally, our study focused on source control,14 so
these findings cannot be directly applied to personal
protection.

All of the masks and respirators used in this study
were efficacious as source control for SARS-CoV-2. They
7
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Fig. 3: Ratio of viral RNA in EBA with to without mask controlling for cough, age, sex, BMI, and SARS-CoV-2 variants. a) Fine aerosol, b)
Coarse aerosol, c) Total aerosol. The solid diamonds denote the effect estimates, and the error bars show the 95% confidence interval of each
estimate. We estimated the ratio of masked to unmasked EBA viral load by aerosol size using linear mixed effect models for censored responses
(R package ‘lmec’, version 1.024), controlling for numbers of coughs during the 30-min sampling period, age, sex, BMI, SARS-CoV-2 variants, and
random effects of participants and samples within the participant. In a post-hoc test, the difference between N95 and cloth mask in coarse EBA
was confirmed to be statistically significant despite a slight overlap in confidence intervals in the lower panel.
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all demonstrate a source control factor of over 70, sug-
gesting a substantial reduction in the viral RNA load
when wearing a mask or respirator. This is consistent
with our previous studies8,15,16 showing that loose-fitting
masks reduced the viral load in EBA from volunteers
infected with influenza virus, seasonal coronaviruses,
and SARS-CoV-2. These findings support strong rec-
ommendations that face masks should be worn in
settings where there is high risk of inhalation trans-
mission of highly pathogenic organisms.

Our study has several strengths. This study ad-
dresses the lack of controlled human studies to directly
assess the efficacy of various mask types as source
control for SARS-CoV-2 (or any other respiratory
virus). We only included participants who provided
paired masked and unmasked samples during the
www.thelancet.com Vol 104 June, 2024
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N95 KN95 Cloth Surgical

N95 98 (97–99)a 94 (<10−15)b 87 (<10−7) 93 (<10−15)

KN95 71 (59–79) −120 (0.014) −12 (0.61)

Cloth 87 (77–92) 49 (0.027)

Surgical 74 (65–81)

aSource-control factors (SCF%) are shown in italics on the diagonal (95% confidence
interval). They are defined as a percentage reduction in viral load released into the
environment when wearing a mask, computed from the outward leak fraction (i.e.,

masked/unmasked viral load): SCF = (1 − masked

unmasked
) ∗ 100 . bThe improvement (%)

compares row versus column as percentage increase or decrease (p-value). Statistically
significant (p < 0.05) changes are shown in bold. They are defined as the relative
efficacy of one mask type in source control compared to the other, computed from

the ratio of outward leak fractions: Improvement (%) = (1 −
masked1

unmasked1
masked2

unmasked2

) ∗ 100.

Table 2: Source-control factors and improvement in source control for
viral RNA in total exhaled breath aerosol.

Articles
same visit. Therefore, individuals acted as their own
controls, eliminating the need to control for con-
founding variables (such as age and sex) other than the
number of coughs during each sampling period when
we are comparing masked versus unmasked samples.
Most importantly, we tried to mimic real-world mask
use by not providing volunteers with prior training in
proper use of and self-fit tests for the masks and res-
pirators. Additionally, we used a G-II human exhaled
bioaerosol collector23 to collect exhaled breath samples
and compared the viral RNA in the masked and
unmasked EBA samples directly. The impact of masks
as source control can be studied with human subjects
using aerosol particle counting33,34 and by droplet im-
aging.35 These methods offer an advantage of not
having to work with infectious agents and ill persons.
However, the low particle numbers in exhaled breath
and low flow of particle measurement devices require
testing in a particle free atmosphere. Use of low flows
and small cones also requires careful accounting for
incomplete capture and orientation of the subject
relative to the collector. Imaging is relatively insensi-
tive to smaller aerosols. Here, we employed a combi-
nation of high flow rate, large cone, and high
sensitivity measurements using molecular assays to
avoid the uncertainties inherent in particle counting-
and image-based methods.

However, our study does have some limitations.
Our study population were mostly young adults, and all
had mild symptoms at the time of testing. Therefore,
our results may not be generalizable to those who are
older or have more symptoms. The types of N95, KN95
respirators, and surgical masks that we included were
limited and should not be considered representative of
all N95, KN95 respirators, and surgical masks. All of
the cloth masks were brought by volunteers and were
mostly without brand information or homemade. The
www.thelancet.com Vol 104 June, 2024
numbers of each sub-type were too small to analyse
separately, which limited our capacity to assess the
efficacy of specific types or brand of masks. We did not
assess the efficacy of double masks in this study. As
mentioned earlier, those wearing double masks came
in with a mix of different types of masks or respirators,
and the sample size for each sub-category was too
small to have statistical power. In addition, we could
not ask people with COVID-19 to provide more than
two 30-min breath samples during one visit. So, we
could not test different types of face masks at the same
visit, although in future studies we could consider
collecting paired samples with two different mask
types rather than an unmasked control.

We randomly assigned participants to particular
types of masks for each visit, however, we changed the
types of mask included in the randomization over the
course of the pandemic as improved masks and respi-
rators became available. This resulted in greater viral
loads in the unmasked samples for those wearing N95
and K95 because most of these samples were collected
during Delta and Omicron waves, while most cloth and
surgical unmasked samples were collected during
earlier waves.

Overall, our findings, together with previous
studies showing the effectiveness of general
masking,8,13,15–19 support the recommendation for
people to wear masks in areas where there is a high
risk of transmission of respiratory infections. The risk
of transmission can be minimized through several
interventions including air hygiene (ventilation, filtra-
tion, and germicidal UV) and source control, including
but not limited to wearing masks and respirators.28

Further research is needed to develop improved res-
piratory protection policies graded and adapted to the
risks of infection, morbidity, and mortality. Our results
show that N95 respirators were superior to other face
coverings, even when worn by untrained individuals.
Therefore, N95 respirators could become the standard
of care for source control in healthcare settings—em-
ployees and visitors are major sources of infection
transmission, especially in long-term care facilities.36,37

They should be worn by healthcare workers to protect
their vulnerable patients, as well as themselves, when
community rates of respiratory infections are high.28
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