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Subject: Completed Public Records Request
Date: Friday, February 5, 2021 at 3:28:44 PM Eastern Standard Time
From: Jared Larsen
To: AO Records
CC: Brady Hall
ACachments: FW: mask effecMveness.eml, Mask Mandates Impact Health Affairs 2020.pdf, Professional and

home made masks resp infecMons general public PLOS 2008.pdf, Review of face coverings
physical distancing to prevent transmission Chu et al.pdf, Role of Community Face Mask
Wearing in Hong Kong Kwok-yung.pdf, Universal Masking WITH HIGHLIGHTS Kai et al.pdf,
ACOEM_Use of Cloth or Disposable Face Coverings at Work.pdf, Aerosol filtraMon efficiency of
fabrics in cloth masks Konda et al.pdf, FW_ LI Literature Service_ Face masks_ what the data
say.pdf

EXTERNAL SENDER

Dear Austin,
 
Your public records request (below) is complete and all public records responsive to your request are
attached.
 
Sincerely,
 
Jared
 
 
From: Office of the Governor <no-reply@gov.idaho.gov> 
Sent: Friday, January 8, 2021 1:16 PM
To: Emily Callihan <Emily.Callihan@gov.idaho.gov>; Marissa Morrison <Marissa.Morrison@gov.idaho.gov>;
Jared Larsen <Jared.Larsen@gov.idaho.gov>; Brady Hall <Brady.Hall@gov.idaho.gov>
Subject: Public Records Request received
 

A public records request was received with the following informaMon:

RECORDS REQUESTED
ID-GOV-21-0012
January 8, 2021

VIA ONLINE PORTAL

Office of the Governor
700 W. Jefferson Street, Suite 228
P.O. Box 83720
Boise, Idaho 83720-0034
Via Online Portal

Re: Public Records Act Request

Dear Public Records Custodian:
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Pursuant to Idaho’s Public Records Act, as codified at Chapter 1 of Title 74 of the Idaho Code, I.C. T. 74, Ch. 1,
American Oversight makes the following request for records.

The novel coronavirus has infected more than 21 million people and resulted in more than 365,000 deaths in the
United States alone.1 In recent months, the speed and volume of infecMons have reached record highs across much
of the country, surpassing 200,000 average new daily cases.2 Despite the months-long increase in infecMons, several
state governments are sMll declining to impose or have only recently imposed public health measures such as mask
mandates to miMgate the virus’s spread, including in states where the rate of infecMons is highest.3

American Oversight seeks records with the potenMal to shed light on Idaho’s response to the coronavirus pandemic.

Requested Records
Pursuant to SecMon 74-103(1) of the Idaho Code, American Oversight requests that your office produce the following
records within three working days, or, if a longer period of Mme is needed and American Oversight is so noMfied,
within ten working days:

1. Any final assessments, reports, analyses, recommendaMons, or guidance prepared by your office, other federal,
state, or local offices (including the Idaho Department of Health and Welfare and the U.S. Centers for Disease Control
and PrevenMon), or independent experts, regarding any projected or actual effects or impacts of a statewide mask
mandate on the spread of COVID-19.

2. Any final assessments, reports, analyses, recommendaMons, or guidance prepared by your office, other federal,
state, or local offices (including the Idaho Department of Health and Welfare and the U.S. Centers for Disease Control
and PrevenMon), or independent experts, regarding any projected or actual effects of Idaho’s current public health
measures on the spread of COVID-19.

Please provide all responsive records from July 1, 2020, to the date the search is conducted.

Please noMfy American Oversight of any anMcipated fees or costs in excess of $100 prior to incurring such costs or
fee.

Guidance Regarding the Search & Processing of Requested Records
In connecMon with its request for records, American Oversight provides the following guidance regarding the scope of
the records sought and the search and processing of records:

§ In conducMng your search, please understand the terms “record,” and “document”” in their broadest sense, to
include any wriqen, typed, recorded, graphic, printed, or audio material of any kind. We seek records of any kind,
including electronic records, audiotapes, videotapes, and photographs, as well as leqers, emails, facsimiles,
telephone messages, voice mail messages and transcripts, notes, or minutes of any meeMngs, telephone
conversaMons or discussions.
§ Our request for records includes any aqachments to those records or other materials enclosed with those records
when they were previously transmiqed. To the extent that an email is responsive to our request, our request includes
all prior messages sent or received in that email chain, as well as any aqachments to the email.
§ Please search all relevant records or systems containing records regarding agency business. Do not exclude records
regarding agency business contained in files, email accounts, or devices in the personal custody of your officials, such
as personal email accounts or text messages. Records of official business conducted using unofficial systems or stored
outside of official files are subject to Idaho’s Public Records Act if they were “prepared” by your agency, including by
an employee of your agency.4
§ In the event some porMons of the requested records are properly exempt from disclosure, please disclose any
reasonably segregable non-exempt porMons of the requested records.5 If a request is denied in whole, please state
specifically why it is not reasonable to segregate porMons of the record for release.
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§ Please take appropriate steps to ensure that records responsive to this request are not deleted by the agency
before the compleMon of processing for this request. If records potenMally responsive to this request are likely to be
located on systems where they are subject to potenMal deleMon, including on a scheduled basis, please take steps to
prevent that deleMon, including, as appropriate, by insMtuMng a liMgaMon hold on those records.
If you have any quesMons regarding how to construe this request for records or believe that further discussions
regarding search and processing would facilitate a more efficient producMon of records of interest to American
Oversight, please do not hesitate to contact American Oversight to discuss this request. American Oversight
welcomes an opportunity to discuss its request with you before you undertake your search or incur search or
duplicaMon costs. By working together at the outset, American Oversight and your agency can decrease the likelihood
of costly and Mme-consuming liMgaMon in the future.
Where possible, please provide responsive material in an electronic format by email. AlternaMvely, please provide
responsive material in naMve format or in PDF format on a USB drive. Please send any responsive material being sent
by mail to American Oversight, 1030 15th Street NW, Suite B255, Washington, DC 20005. If it will accelerate release
of responsive records to American Oversight, please also provide responsive material on a rolling basis.

Conclusion
American Oversight is a 501(c)(3) nonprofit with the mission to promote transparency in government, to educate the
public about government acMviMes, and to ensure the accountability of government officials. American Oversight
uses the informaMon gathered, and its analysis of it, to educate the public through reports, press releases, or other
media. American Oversight also makes materials it gathers available on its public website and promotes their
availability on social media plarorms, such as Facebook and Twiqer.6

We share a common mission to promote transparency in government. American Oversight looks forward to working
with your agency on this request. If you do not understand any part of this request, please contact ChrisMne H.
Monahan at records@americanoversight.org or (202) 868-5244.

Sincerely,
AusMn R. Evers
ExecuMve Director
American Oversight

1 Coronavirus Map: Tracking the Global Outbreak, N.Y. Times (Jan. 8, 2021, 7:54 AM),
hqps://www.nyMmes.com/interacMve/2020/world/coronavirus-maps.html?
acMon=click&module=RelatedLinks&pgtype=ArMcle.
2 Coronavirus in the U.S.: Latest Map and Case Count, N.Y. Times (Jan. 8, 2021, 7:54 AM)
hqps://www.nyMmes.com/interacMve/2020/us/coronavirus-us-
cases.html#:~:text=At%20least%202%2C923%20new%20coronavirus,the%20average%20two%20weeks%20earlier.
3 Lea Asmelash et al., Most States Now Require Face Masks to Reduce the Spread of Covid-19. These Are the Ones
That Don’t, CNN (updated Dec. 8, 2020, 2:17 PM), hqps://www.cnn.com/2020/11/09/us/biden-mask-mandate-
naMonwide-trnd/index.html.
4 See I.C. § 74-101(13); cf. Cowles Pub. Co. v. Kootenai Cty. Bd. of Cty. Comm’rs, 144 Idaho 259, 263 (2007).
5 I.C. § 74-112.
6 American Oversight currently has approximately 15,600 page likes on Facebook and 106,00 followers on Twiqer.
American Oversight, Facebook, hqps://www.facebook.com/weareoversight/ (last visited Jan. 4, 2021); American
Oversight (@weareoversight), Twiqer, hqps://twiqer.com/weareoversight (last visited Jan. 4, 2021).

RECORDS CREATED
2020-07-01 - 2021-01-08

REQUEST TO: Receive Copies

-- -- - -------------

mailto:records@americanoversight.org
https://www.nytimes.com/interactive/2020/world/coronavirus-maps.html?action=click&module=RelatedLinks&pgtype=Article
https://www.nytimes.com/interactive/2020/us/coronavirus-us-cases.html#:~:text=At%20least%202%2C923%20new%20coronavirus,the%20average%20two%20weeks%20earlier
https://www.cnn.com/2020/11/09/us/biden-mask-mandate-nationwide-trnd/index.html
https://www.facebook.com/weareoversight/
https://twitter.com/weareoversight
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REQUESTOR INFORMATION
Mr. AusMn Evers
1030 15th Street NW
Suite B255
Washington, District of Columbia 20005

Phone: (202) 868-5244
Email: records@americanoversight.org

mailto:records@americanoversight.org
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ACOEM Recommendations for Use of Cloth or Disposable 
Face Coverings in the Workplace During COVID-19 

First detected last year, coronavirus disease 2019 (COVID-19) has now spread throughout the world and is
found in all 50 states and in territories of the United States (U.S.). To help prevent or slow the spread of this 
disease, public health authorities have mandated social distancing, handwashing, and disinfection of surfaces 
as the key infection control techniques. Recent evidence that asymptomatic carriers of the virus can infect 
others, has also led the U.S. Centers for Disease Control and Prevention (CDC) and the U.S. Surgeon General to 
urge the use of face coverings in areas with significant transmission.

Many employees have jobs that require their physical presence at work during this pandemic including, but 
not limited to, public safety personnel, grocery store workers, delivery drivers, utility workers, pharmacists, 
etc.1 Based on the new federal recommendations, the American College of Occupational and Environmental 
Medicine (ACOEM) encourages the use of face coverings in the workplace where respirators have not 
historically been indicated.2 The following checklist summarizes best practices for the use of face coverings to 
maximize safety and stop the spread of COVID-19 to co-workers, family members, and the public.

As the science surrounding COVID-19 is rapidly changing, look to CDC and ACOEM for regular updates. 

ACTION AREAS EMPLOYERS EMPLOYEES 

WHY WEAR A FACE 
COVERING? 
A significant portion 
of people with 
COVID-19 lack 
symptoms, but can 
transmit the virus to 
others. COVID-19 can 
spread between 
people interacting in 
close proximity –
breathing and 
talking, not just 
coughing and 
sneezing.

Face coverings 
protect others by 
catching the spray of 
droplets, and may 
also help prevent 
touching the face 
with contaminated 
hands, one way the 
virus is transmitted.

Provide workers with up-to-date 
education and training on COVID-
19 risk factors and how and why to 
use protective behaviors/barriers 
(e.g., cough etiquette and care of 
face coverings). Training material 
should be clear and available in the 
appropriate language.

Display signs that provide 
instructions on how to select and 
use face coverings.

If you have any COVID-19 symptoms, 
STAY HOME; contact your physician and 
employer. Practice infection control at 
home to avoid exposing others.

Maintain social distancing at work – at 
least 6 feet from co-workers and 
others. Do not congregate in groups.

Wash your hands frequently.

Disinfect high-touch surfaces as per 
your employer’s instructions. 

Wear face covering if working with 
colleagues who cannot maintain social 
distance or if dealing with the public 
and in public spaces. Assume everyone 
is infected, even if they don’t exhibit 
symptoms or if they say they feel well. 

If your employer does not provide a 
face covering, request permission to 
wear one of your own choice.
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CHOICE OF FACE 
COVERING 
It is not known if
certain types of face 
coverings (bandanas, 
homemade masks, 
disposable dust-
filtering masks, etc.), 
are better than others 
in non-health-care 
settings, but it is likely 
the type of material 
and tightness of fit 
makes a difference. 
Consider washable 
multilayer, pleated 
cotton (but 
breathable) materials 
unless disposable face 
coverings are used. 

 Do not purchase surgical masks or 
N95s.2 

 Offer, permit, and encourage 
employees whose job tasks do not 
require respirators to use face 
coverings that are not NIOSH 
certified and do not meet criteria 
of a respirator. Examples:

 

 
 

 Recognize that some workers may 
not tolerate a face covering due to 
discomfort, claustrophobia, 
irritation, or difficulty breathing. 

 A face covering is not intended to be 
used as respiratory protection for the 
wearer. 

 Disposable face coverings may be 
purchased online. Cloth face coverings 
can be made at home. Here are two 
examples: 

1. https://www.cdc.gov/coronavirus/2019
-ncov/prevent-getting-sick/cloth-face-
cover.html 

2. https://www.cdc.gov/coronavirus/2019
-ncov/downloads/DIY-cloth-face-
covering-instructions.pdf 

Face coverings must not be shared.

 Read and follow instructions provided 
by the manufacturer when applicable. 

HOW TO PUT ON 
A FACE COVERING 
SAFELY
Whether using a 
homemade face 
covering or bandana 
or a manufactured 
disposable dust-
filtering mask (see 
examples above), 
improperly donning a 
face covering will 
reduce its 
effectiveness and 
increase the 
likelihood of viral 
transmission.

 Display signs that provide 
instructions on how to put face 
coverings on safely. 

 Provide adequate facilities for hand 
washing. If available, consider 
alcohol-based hand sanitizers as an 
alternative to soap and water as 
appropriate. 

 Wash your hands before putting on 
any face covering.

 If using a disposable covering, inspect 
to assure neither the strap nor 
facepiece has degraded.
1. Place covering over nose and 

mouth. Make sure correct side is 
facing out. If covering has a metal 
piece, shape top edge to the bridge 
of your nose. 

2. Secure top strings or elastics behind 
your head and above your ears and 
bottom strings below your ears. Fit 
covering as tightly as possible while 
being able to breath comfortably. 

 No matter what type of covering you 
are using, once you have the covering 
on, do NOT touch the front. 

WEARING A FACE 
COVERING 

 Display signs that provide 
instructions on how to safely use
face coverings.

Assure adequate availability of 
hand sanitizer or soap and water in 
areas where employees will be 
putting on and removing face 
coverings. 

 Before using and after removing face 
coverings, immediately wash your 
hands. While wearing covering, don’t 
touch mouth, nose, and eyes. Avoid 
touching face covering. 

 Keep covering in its original location 
over your mouth and nose until you 
are ready to remove it.
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 If covering becomes dislodged and no 
longer covers your mouth and nose, 
follow instructions on how to remove it.

 If covering will be used for prolonged 
periods, chance of contamination 
increases. Therefore, remove it if it is 
dislodged, wet, intolerable, or if using 
the restroom. Follow instructions for 
safe removal/re-use. 

REMOVING A FACE 
COVERING SAFELY
Improperly removing 
a face covering will 
increase the 
likelihood of viral 
transmission.

Display signs that provide 
instructions about how to remove 
face coverings safely.

 Assure adequate availability of 
hand sanitizer or soap and water 
where employees will be putting 
on and removing face coverings.

WASH YOUR HANDS! Use soap and 
water or alcohol-based hand sanitizer. 

 Do not touch front of face covering.
Remove by grasping from back of head. 

 Grasp the bottom ties or elastic, then 
the ones at the top and remove 
without touching the face covering. 

 If discarding, drop face covering in a 
plastic trash bag. If it will be re-used, 
see re-use instructions. 

 WASH YOUR HANDS! Use soap and 
water or alcohol-based hand sanitizer. 

REUSE OF CLOTH 
FACE COVERINGS
Cloth face coverings
can be 
decontaminated 
through laundering.
However, over time, 
washing will likely 
degrade whatever 
protective effect the 
covering may have
had. 

If you are providing re-usable cloth 
face coverings to employees, 
assure they are instructed in 
proper approach for re-use.

Follow instructions for putting on and 
removing the face covering. Place 
covering in a sealable plastic bag.

Do not reuse until laundered.

 Empty bag contents into washing 
machine or washtub; use detergent and 
water as hot as material will tolerate.

 Dry face covering in a dryer. 

 Face covering is now ready for reuse.

EXTENDED USE AND 
REUSE OF 
DISPOSABLE FACE 
COVERINGS 
Ideally, if in sufficient 
supply, disposable 
filtering masks should 
not be reused and 
should be safely 
discarded.3

If a disposable face covering will be 
re-used, reserve it for a single
individual identified by name on 
face covering. Provide paper bags 
(NOT PLASTIC) for storage. 

Instruct employees that for 
extended use over one work shift, 
the same disposable face covering 
may be used with attention to 
instructions for re-use. 

 If sufficient supplies or if wet, damaged,
or visibly dirty, discard face covering in 
a plastic trash bag after use.

If reusing the disposable face covering, 
write your name and day of the week 
on the covering with indelible ink and 
on the paper bag before its first use.

Follow instructions for safely putting on/
removing covering during work breaks, 
eating, smoking, or using the restroom. 
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1. CISA. Department of Homeland Security. Guidance on the Essential Critical Infrastructure Workforce: Ensuring Community and 
National Resilience in COVID-19 Response Version 2.0. March 28, 2020. Available at: 
https://www.cisa.gov/sites/default/files/publications/CISA_Guidance_on_the_Essential_Critical_Infrastructure_Workforce_Ver
sion_2.0_Updated.pdf. 

2. This guidance does not apply to health care workers or those whose jobs normally require use of respirators. ACOEM directs this 
advice to employers who permit, offer, or require cloth or disposable face coverings, potentially for prolonged period of time. 
Commercial and homemade disposable or cloth face coverings are not respirators. Respirators, such as N95s, are certified by 
the National Institute for Occupational Safety and Health to protect the person wearing them. Their use is regulated by OSHA 
and requires that employers put in place a Respiratory Protection Program with many elements (Standard 1910.134) see 
https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_id=12716&p_table=STANDARDS. Because of insufficient 
supplies of N95 respirators to protect health care workers, employers should not purchase these for their workers who are at 
much lower risk of exposure. This guidance is also offered in the context of a pandemic where there is a crisis in supplies of 
personal protective equipment, including disposable or reusable face coverings that do not meet the criteria of a respirator. 

3. CDC has issued Strategies for Optimizing the Supply of N95 Respirators that can be referenced for guidance about the reuse of 
disposable filtering masks. See https://www.cdc.gov/coronavirus/2019-ncov/hcp/respirators-strategy/index.html. 

4. NIOSH (https://www.cdc.gov/niosh/topics/hcwcontrols/recommendedguidanceextuse.html) an effective strategy to reduce the 
transfer of the virus from the disposable face covering to the wearer. 

5. This guidance is based on studies that indicate that virus contamination diminishes to negligible amounts over 3 days. 
 
 
 

About ACOEM
Founded in 1916, the American College of Occupational and Environmental Medicine (www.acoem.org) is 
an international society of 4,000 occupational physicians and other health care professionals. The College 
provides leadership to promote optimal health and safety of workers, workplaces, and environments. The 
College is located in Elk Grove Village, Illinois. 

 
Contact ACOEM
American College of Occupational and Environmental Medicine 
25 Northwest Point Blvd., Suite 700 
Elk Grove Village, IL 60007 
Telephone: 847/818-1800 
E-mail: info@acoem.org 
Website: www.acoem.org 

The surfaces of a face 
covering may be 
contaminated and 
could transfer virus to 
the wearer upon 
contact with it during 
activities such as 
adjusting, improper 
doffing or when 
redonning a 
previously worn face 
covering.4 

For breaks in use, instruct workers
to follow instructions for re-using 
the disposable face coverings 
during the same day.

If the disposable face covering will 
be reused over multiple shifts, 
issue each worker a minimum of 
one disposable covering and small 
paper bag for its storage, for each 
work shift per week.5 If it is not 
possible to provide 5 disposable 
coverings, a better alternative is to 
use washable ones.

 After removing, place in labelled paper 
bag.

Avoid touching inside of the covering. 
If contact is made with the inside,
discard covering and wash your hands. 

 If the disposable covering will be re-
used over multiple shifts, at the end of 
the shift, drop it in a paper bag labelled 
with your name/day of the week. 
Rotate disposable coverings each day 
of a work week; leave at least 4 days 
between each use for virus to die. 
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From: Sara Stover <Sara.Stover@dfm.idaho.gov> 
Sent: Wednesday, January 13, 2021 6:10 PM EST 
To: Jared Larsen <Jared.Larsen@gov.idaho.gov> 
Subject: FW: mask effectiveness 
Attachment(s): "EIPH Mask Order Charts.pdf" 
 
 
Sara Stover
Senior Policy Advisor | Governor Brad Little
phone: 208-854-3031
email: sara.stover@gov.idaho.gov
Facebook | Twitter | Instagram
 
From: Geri Rackow <grackow@eiph.idaho.gov> 
Sent: Tuesday, November 3, 2020 8:46 AM
To: Sara Stover <Sara.Stover@dfm.idaho.gov>
Subject: RE: mask effectiveness
 
Sara,
I was able to pull this together for you….it doesn’t paint a very good picture.  I just pulled 4 counties – the others are all so small with
cases so variable it’s hard to draw any conclusion from them.  At the present time, we have mask orders in effect in 7/8 of our
counties.  However, we do not see good compliance with the orders and we all know that unless people comply, they Order won’t do
any good.
 
Let me know if you have questions.
 
Geri
 
From: Sara Stover <Sara.Stover@dfm.idaho.gov> 
Sent: Monday, November 2, 2020 12:33 PM
To: Lora Whalen <LWhalen@phd1.idaho.gov>; Carol Moehrle <CMoehrle@phd2.idaho.gov>; Zogg, Nikole
<Nikole.Zogg@phd3.idaho.gov>; Russell Duke (rduke@cdhd.idaho.gov) <rduke@cdhd.idaho.gov>; Melody Bowyer - South Central
Public Health Department (mbowyer@phd5.idaho.gov) <mbowyer@phd5.idaho.gov>; MMann@siph.idaho.gov; Geri Rackow
<grackow@eiph.idaho.gov>
Cc: Shaw-Tulloch, Elke D. (Elke.Shaw-Tulloch@dhw.idaho.gov) <Elke.Shaw-Tulloch@dhw.idaho.gov>; Christine Hahn
<christine.hahn@dhw.idaho.gov>
Subject: mask effectiveness
 
Do any of you have charts or graphs to show what mask use has done in any of the counties or cities in your districts when mask mandates were
adopted? I think I saw one early on that Central District Health had put together when the Ada County mandate was implemented.
 
Sara Stover
Senior Policy Advisor | Governor Brad Little
phone: 208-854-3031
email: sara.stover@gov.idaho.gov
Facebook | Twitter | Instagram
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Public Health Order requiring masks and limiting gatherings issued 7/21/20. 

Schools in Bonneville County are requiring face coverings. 

Compliance with the with Order appeared to go up initially, but waned over time.   

With the recent uptick in cases in the County, anecdotal reports are that compliance has increased slightly. 
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Bonneville Cases & Rates 

.. 
Cl .. 
"' ~ E, 
C: 
Cl 

"'O 
V 
C: 

£1 
> 
Cl 
C: 
C: 
0 

Ill 

Bonneville Active Rate 

■ Bonneville Incident Cases 

:::1--. 
ate 



Public Health Order requiring masks and limiting gatherings issued 9/14/20. 

Community compliance with Order observed to be very minimal. 

K-12 schools in the County have NOT require face coverings since the start of school in late Au-
gust; however, on October 11, began requiring them of teachers, and recommended them for 
students.   

BYU-Idaho has required face coverings on campus since school started on September 14. 

With the significant surge in cases in the County, on 10/8/20 the City of Rexburg began a cam-
paign asking businesses to require masks.  Level of compliance is unknown. 
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Public Health Order requiring masks and limiting gatherings issued 10/01/20. 

Community compliance with Order observed to be very minimal. 

Historically no support from any local elected officials throughout the pandemic—has contin-
ued with all mass gatherings. 

With uptick in cases, on 10/21/20, Salmon City Council voted (4-3) to have businesses put up 
signage requiring masks (don’t know what compliance has been).  The largest retailer in the 
city, Saveway Market, does not support masking and is not requiring masks of employees or 
customers. 
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City of Driggs—Mask Order (Ordinance) in effect 7/3/20—present 

City of Victor—Mask Order (Ordinance) in effect 7/8/20—present 

Teton County—had an Mask Resolution, but I am not able to find a 
copy on their website 

EIPH Mask 
Order Effective 

City Mask     
Orders Effective 

EIPH Public Health Order requiring masks and limiting gatherings: 

• Initially issued 7/16/20 

• Rescinded 9/10/20 in accordance with our Response Plan and 
active cases falling below a specified threshold 

• Re-Issued 10/1/20—remains in effect 

EIPH Mask            
Order Rescinded 

EIPH Mask Order 
Reissued 
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Aerosol Filtration Efficiency of Common
Fabrics Used in Respiratory Cloth Masks
Abhiteja Konda,⊥ Abhinav Prakash,⊥ Gregory A. Moss, Michael Schmoldt, Gregory D. Grant,
and Supratik Guha*

Cite This: https://dx.doi.org/10.1021/acsnano.0c03252 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The emergence of a pandemic affecting the respiratory
system can result in a significant demand for face masks. This includes
the use of cloth masks by large sections of the public, as can be seen
during the current global spread of COVID-19. However, there is
limited knowledge available on the performance of various commonly
available fabrics used in cloth masks. Importantly, there is a need to
evaluate filtration efficiencies as a function of aerosol particulate sizes
in the 10 nm to 10 μm range, which is particularly relevant for
respiratory virus transmission. We have carried out these studies for
several common fabrics including cotton, silk, chiffon, flannel, various
synthetics, and their combinations. Although the filtration efficiencies
for various fabrics when a single layer was used ranged from 5 to 80% and 5 to 95% for particle sizes of <300 nm and >300 nm,
respectively, the efficiencies improved when multiple layers were used and when using a specific combination of different
fabrics. Filtration efficiencies of the hybrids (such as cotton−silk, cotton−chiffon, cotton−flannel) was >80% (for particles
<300 nm) and >90% (for particles >300 nm). We speculate that the enhanced performance of the hybrids is likely due to the
combined effect of mechanical and electrostatic-based filtration. Cotton, the most widely used material for cloth masks
performs better at higher weave densities (i.e., thread count) and can make a significant difference in filtration efficiencies. Our
studies also imply that gaps (as caused by an improper fit of the mask) can result in over a 60% decrease in the filtration
efficiency, implying the need for future cloth mask design studies to take into account issues of “fit” and leakage, while
allowing the exhaled air to vent efficiently. Overall, we find that combinations of various commonly available fabrics used in
cloth masks can potentially provide significant protection against the transmission of aerosol particles.
KEYWORDS: cloth masks, personal protection, aerosols, SARS-CoV-2, face masks, respiratory protection, COVID-19

The use of cloth masks, many of them homemade,1,2 has
become widely prevalent in response to the 2019−
2020 SARS-CoV-2 outbreak, where the virus can be

transmitted via respiratory droplets.3−6 The use of such masks
is also an anticipated response of the public in the face of
future pandemics related to the respiratory tract. However,
there is limited data available today on the performance of
common cloth materials used in such cloth masks,7−12

particularly their filtration efficiencies as a function of different
aerosol sizes ranging from ∼10 nm to ∼10 μm scale sizes. This
is also of current significance as the relative effectiveness of
different droplet sizes in transmitting the SARS-CoV-2 virus is
not clear, and understanding the filtration response across a
large bracketed size distribution is therefore important.13−16 In
this paper, we report the results of experiments where we
measure the filtration efficiencies of a number of common
fabrics, as well as selective combinations for use as hybrid cloth
masks, as a function of aerosol sizes ranging from ∼10 nm to 6
μm. These include cotton, the most widely used fabric in cloth

masks, as well as fabric fibers that can be electrostatically
charged, such as natural silk.
Respiratory droplets can be of various sizes17,18 and are

commonly classified as aerosols (made of droplets that are <5
μm) and droplets that are greater than 5 μm.3 Although the
fate of these droplets largely depends on environmental factors
such as humidity, temperature, etc., in general, the larger
droplets settle due to gravity and do not travel distances more
than 1−2 m.19 However, aerosols remain suspended in the air
for longer durations due to their small size and play a key role
in spreading infection.14−16 The use of physical barriers such as
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respiratory masks can be highly effective in mitigating this
spread via respiratory droplets.20−22 Filtration of aerosols
follows five basic mechanisms: gravity sedimentation, inertial
impaction, interception, diffusion, and electrostatic attrac-
tion.23,24 For aerosols larger than ∼1 μm to 10 μm, the first
two mechanisms play a role, where ballistic energy or gravity
forces are the primary influence on the large exhaled droplets.
As the aerosol size decreases, diffusion by Brownian motion
and mechanical interception of particles by the filter fibers is a
predominant mechanism in the 100 nm to 1 μm range. For
nanometer-sized particles, which can easily slip between the
openings in the network of filter fibers, electrostatic attraction
predominates the removal of low mass particles which are
attracted to and bind to the fibers. Electrostatic filters are
generally most efficient at low velocities such as the velocity
encountered by breathing through a face mask.25

There have been a few studies reported on the use of cloth
face masks mainly during or after the Influenza Pandemic in
2009;8−12,26 However, there is still a lack of information that
includes (i) the performance of various fabrics as a function of
particle size from the nanoscale to the micron sized
(particularly important because this covers the ∼10 nm to
∼5 μm size scale for aerosols) and (ii) the effect of hybrid
multilayer approaches for masks that can combine the benefits
of different filtering mechanisms across different aerosol size
ranges.9,26 These have been the objectives of the experimental
work described in this paper. In addition, we also point out the
importance of fit (that leads to gaps) while using the face
mask.27,28

The experimental apparatus (see Figure 1) consists of an
aerosol generation and mixing chamber and a downstream
collection chamber. The air flows from the generation chamber
to the collection chamber through the cloth sample that is
mounted on a tube connecting the two chambers. The aerosol
particles are generated using a commercial sodium chloride
(NaCl) aerosol generator (TSI Particle Generator, model
#8026), producing particles in the range of a few tens of
nanometers to approximately 10 μm. The NaCl aerosol based

testing is widely used for testing face respirators in compliance
with the NIOSH 42 CFR Part 84 test protocol.29,30 Two
different particle analyzers are used to determine particle size
dimensions and concentrations: a TSI Nanoscan SMPS
nanoparticle sizer (Nanoscan, model #3910) and a TSI optical
particle sizer (OPS, model #3330) for measurements in the
range of 10 to 300 nm and 300 nm to 6 μm, respectively.
Particles are generated upstream of the cloth sample, whose

filtration properties are to be tested, and the air is drawn
through the cloth using a blower fan which can be controlled
in order to vary the airflow rate. Effective area of the cloth
sample during the tests was ∼59 cm2. Measurements of particle
size and distribution were made by sampling air at a distance of
7.5 cm upstream and 15 cm downstream of the cloth sample.
The differential pressures and air velocities were measured
using a TSI digital manometer (model #AXD620) and a TSI
Hot Wire anemometer (model #AVM410). The differential
pressure (ΔP) across the sample material is an indicator of the
comfort and breathability of the material when used as a face
mask.31 Tests were carried out at two different airflows: 1.2
and 3.2 CFM, representative of respiration rates at rest (∼35
L/min) and during moderate exertion (∼90 L/min),
respectively.32

The effect of gaps between the contour of the face and the
mask as caused by an improper fit will affect the efficiency of
any face mask.21,27,28,33 This is of particular relevance to cloth
and surgical masks that are used by the public and which are
generally not “fitted”, unlike N95 masks or elastomeric
respirators. A preliminary study of this effect was explored by
drilling holes (symmetrically) in the connecting tube onto
which the fabric (or a N95 or surgical mask) is mounted. The
holes, in proximity to the sample (Figure 1), resulted
in openings of area ∼0.5−2% of the active sample area. This,
therefore, represented “leakage” of the air around the mask.
Although the detailed transmission specifics of SARS-CoV-2

virus are not well understood yet, droplets that are below 5 μm
are considered the primary source of transmission in a
respiratory infection,13,15,34 and droplets that are smaller than

Figure 1. Schematic of the experimental setup. A polydisperse NaCl aerosol is introduced into the mixing chamber, where it is mixed and
passed through the material being tested (“test specimen”). The test specimen is held in place using a clamp for a better seal. The aerosol is
sampled before (upstream, Cu) and after (downstream, Cd) it passes through the specimen. The pressure difference is measured using a
manometer, and the aerosol flow velocity is measured using a velocity meter. We use two circular holes with a diameter of 0.635 cm to
simulate the effect of gaps on the filtration efficiency. The sampled aerosols are analyzed using particle analyzers (OPS and Nanoscan), and
the resultant particle concentrations are used to determine filter efficiencies.
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1 μm tend to stay in the environment as aerosols for longer
durations of up to 8 h.19 Aerosol droplets containing the
SARS-CoV-2 virus have been shown to remain suspended in
air for ∼3 h.13,35 We have therefore targeted our experimental
measurements in the important particle size range between
∼10 nm and 6 μm.
We tested the performance of over 15 natural and synthetic

fabrics that included materials such as cotton with different
thread counts, silk, flannel, and chiffon. The complete list is
provided in the Materials and Methods section. For
comparison, we also tested a N95 respirator and surgical
masks. Additionally, as appropriate, we tested the efficiency of
multiple layers of a single fabric or a combination of multiple
fabrics for hybrid cloth masks in order to explore combinations
of physical filtering as well as electrostatic filtering.

RESULTS AND DISCUSSION

We determine the filtration efficiency of a particular cloth as a
function of particle size (Figure 2) by measuring the
concentration of the particles upstream, Cu (Figure 2a,b) and

the concentration of the particle downstream, Cd (Figure 2c,d).
Concentrations were measured in the size ranges of 10−178
nm (using the nanoscan tool) and 300 nm to 6 μm (using the
optical particle sizer tool). The representative example in
Figure 2 shows the case for a single layer of silk fabric, where
the measurements of Cu and Cd were carried out at a flow rate
of 1.2 CFM. Following the procedure detailed in the Materials
and Methods section, we then estimated the filtration
efficiency of a cloth from Cu and Cd as a function of aerosol
particle size.
The results plotted in Figure 3a are the filtration efficiencies

for cotton (the most common material used in cloth masks)
with different thread counts (rated in threads per inchTPI
and representative of the coarseness or fineness of the fabric).
We compare a moderate (80 TPI) thread count quilter’s
cotton (often used in do-it-yourself masks) with a high (600
TPI) cotton fabric sample. Additionally, we also measured the
transmission through a traditional cotton quilt where two 120
TPI quilter’s cotton sheets sandwich a ∼0.5 cm batting (90%
cotton−5% polyester−5% other fibers). Comparing the two

Figure 2. Particle concentration as a function of particle size at a flow rate of 1.2 CFM. Plots showing the particle concentration (in arbitrary
units) upstream and downstream through a single layer of natural silk for particle sizes <300 nm (a,c) and between 300 nm and 6 μm (b,d).
Each bin shows the particle concentration for at least six trials. The particle concentrations in panels (b) and (d) are given in log scale for
better representation of the data. The y-axis scales are the same for panels "a" and "c"; and for panels "b" and "d".
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cotton sheets with different thread counts, the 600 TPI cotton
is clearly superior with >65% efficiency at <300 nm and >90%
efficiency at >300 nm, which implies a tighter woven cotton
fabric may be preferable. In comparison, the single-layer 80
TPI cotton does not perform as well, with efficiencies varying
from ∼5 to ∼55% depending on the particle size across the
entire range. The quilt, a commonly available household
material, with a fibrous cotton batting also provided excellent
filtration across the range of particle sizes (>80% for <300 nm
and >90% for >300 nm).
Electrostatic interactions are commonly observed in various

natural and synthetic fabrics.36,37 For instance, polyester woven
fabrics can retain more static charge compared to natural fibers
or cotton due to their lower water adsorption properties.36 The

electrostatic filtering of aerosols have been well studied.38 As a
result, we investigated three fabrics expected to possess
moderate electrostatic discharge value: natural silk, chiffon
(polyester−Spandex), and flannel (cotton−polyester).36 The
results for these are shown in Figure 3b. In the case of silk, we
made measurements through one, two, and four layers of the
fabric as silk scarves are often wrapped in multiple layers
around the face (the results for two layers of silk are presented
in Figure S1 (Supporting Information) and omitted from this
figure). In all of these cases, the performance in filtering
nanosized particles <300 nm is superior to performance in the
300 nm to 6 μm range and particularly effective below ∼30
nm, consistent with the expectations from the electrostatic
effects of these materials. Increasing the number of layers (as

Figure 3. Filtration efficiency of individual fabrics at a flow rate of 1.2 CFM (without gap). (a) Plot showing the filtration efficiencies of a
cotton quilt consisting of two 120 threads per inch (TPI) cotton sheets enclosing a ∼0.5 cm thick cotton batting, 80 TPI quilters cotton (Q
Cotton 80 TPI), and a 600 TPI cotton (cotton 600 TPI). (b) Plot showing the filtration efficiencies of one layer of natural silk (Silk-1L),
four layers of natural silk (Silk-4L), one layer of flannel, and one layer of chiffon. The error bars on the <300 nm measurements are higher,
particularly for samples with high filtration efficiencies because of the small number of particles generated in this size range, the relatively
poorer counting efficiency of the detector at <300 nm particle size, and the very small counts downstream of the sample. The sizes of the
error bars for some of the data points (>300 nm) are smaller than the symbol size and hence not clearly visible.
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shown for silk in Figure 3b), as expected, improves the
performance. We performed additional experiments to validate
this using the 600 TPI cotton and chiffon (Figure S1). We
note that the performance of a four-layer silk composite offers
>80% filtration efficiency across the entire range, from 10 nm
to 6 μm.
In Figure 4a, we combine the nanometer-sized aerosol

effectiveness (for silk, chiffon, and flannel) and wearability (of
silk and chiffon because of their sheer nature) with the overall
high performance of the 600 TPI cotton to examine the
filtration performance of hybrid approaches. We made
measurements for three variations: combining one layer 600
TPI cotton with two layers of silk, two layers of chiffon, and

one layer of flannel. The results are also compared with the
performance of a standard N95 mask. All three hybrid
combinations performed well, exceeding 80% efficiency in
the <300 nm range, and >90% in the >300 nm range. These
cloth hybrids are slightly inferior to the N95 mask above 300
nm, but superior for particles smaller than 300 nm. The N95
respirators are designed and engineered to capture more than
95% of the particles that are above 300 nm,39,40 and therefore,
their underperformance in filtering particles below 300 nm is
not surprising.
It is important to note that in the realistic situation of masks

worn on the face without elastomeric gasket fittings (such as
the commonly available cloth and surgical masks), the

Figure 4. Filtration efficiency of hybrid fabrics at a flow rate of 1.2 CFM. (a) Plot showing the filtration efficiencies without gap for an N95
respirator and a combination of different fabrics: 1 layer of 600 threads per inch (TPI) cotton and 2 layers of silk (cotton/silk), 1 layer of
600 TPI cotton and 2 layers of chiffon (cotton/chiffon), and 1 layer of 600 TPI cotton and 1 layer of flannel (cotton/flannel). (b) Plot
showing the filtration efficiencies of a surgical mask and cotton/silk with (dashed) and without a gap (solid). The gap used is ∼1% of the
active mask surface area. The error bars on the <300 nm measurements are higher, particularly for samples with high filtration efficiencies
because of the small number of particles generated in this size range, the relatively poorer counting efficiency of the detector at <300 nm
particle size, and the very small counts downstream of the sample. The sizes of the error bars for some of the data points (>300 nm) are
smaller than the symbol size and hence not clearly visible.
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presence of gaps between the mask and the facial contours will
result in “leakage” reducing the effectiveness of the masks. It is
well recognized that the “fit” is a critical aspect of a high-
performance mask.27,28,33,41 Earlier researchers have attempted
to examine this qualitatively in cloth and other masks through
feedback on “fit” from human trials.11,12 In our case, we have
made a preliminary examination of this effect via the use of
cross-drilled holes on the tube holding the mask material (see
Figure 1) that represents leakage of air. For example, in Figure
4b, we compare the performance of the surgical mask and the
cotton/silk hybrid sample with and without a hole that
represents about ∼1% of the mask area. Whereas the surgical
mask provides moderate (>60%) and excellent (close to 100%)
particle exclusion below and above 300 nm, respectively, the
tests carried out with the 1% opening surprisingly resulted in
significant drops in the mask efficiencies across the entire size
range (60% drop in the >300 nm range). In this case, the two
holes were ∼0.635 cm in diameter and the mask area was ∼59
cm2. Similar trends in efficiency drops are seen in the cotton/
silk hybrid sample, as well. Hole size also had an influence on
the filtration efficiency. In the case of an N95 mask, increasing
hole size from 0.5 to 2% of the cloth sample area reduced the
weighted average filtration efficiency from ∼60 to 50% for a
particle of size <300 nm. It is unclear at this point whether
specific aerodynamic effects exacerbate the “leakage” effects
when simulated by holes. Its determination is outside the
scope of this paper. However, our measurements at both the
high flow (3.2 CFM) and low flow (1.2 CFM) rates show
substantial drop in effectiveness when holes are present. The
results in Figures 2−4 highlight materials with good perform-
ance. Several fabrics were tested that did not provide strong
filtration protection (<30%), and examples include satin and
synthetic silk (Table S1). The filtration efficiencies of all of the
samples that we measured at both 1.2 CFM and 3.2 CFM are
detailed in the Supporting Information (Figures S2−S4).

In Table 1, we summarize the key findings from the various
fabrics and approaches that we find promising. Average
filtration efficiencies (see Materials and Methods section for
further detail) in the 10−178 nm and 300 nm to 6 μm range
are presented along with the differential pressures measured
across the cloths, which represents the breathability and degree
of comfort of the masks. The average differential pressure
across all of the fabrics at a flow rate of 1.2 CFM was found to
be 2.5 ± 0.4 Pa, indicating a low resistance and represent
conditions for good breathability (Table 1).31 As expected, we
observed an increase in the average differential pressures for
the higher flow rate (3.2 CFM) case (Table S1).

Guidance. We highlight a few observations from our
studies for cloth mask design:
Fabric with tight weaves and low porosity, such as those

found in cotton sheets with high thread count, are preferable.
For instance, a 600 TPI cotton performed better than an 80
TPI cotton. Fabrics that are porous should be avoided.
Materials such as natural silk, a chiffon weave (we tested a

90% polyester−10% Spandex fabric), and flannel (we tested a
65% cotton−35% polyester blend) can likely provide good
electrostatic filtering of particles. We found that four layers of
silk (as maybe the case for a wrapped scarf) provided good
protection across the 10 nm to 6 μm range of particulates.
Combining layers to form hybrid masks, leveraging

mechanical and electrostatic filtering may be an effective
approach. This could include high thread count cotton
combined with two layers of natural silk or chiffon, for
instance. A quilt consisting of two layers of cotton sandwiching
a cotton−polyester batting also worked well. In all of these
cases, the filtration efficiency was >80% for <300 nm and >90%
for >300 nm sized particles.
The filtration properties noted in (i) through (iii) pertain to

the intrinsic properties of the mask material and do not take
into account the effect of air leaks that arise due to improper

Table 1. Filtration Efficiencies of Various Test Specimens at a Flow Rate of 1.2 CFM and the Corresponding Differential
Pressure (ΔP) across the Specimena

flow rate: 1.2 CFM

filter efficiency (%) pressure differential

sample/fabric <300 nm average ± error >300 nm average ± error ΔP (Pa)

N95 (no gap) 85 ± 15 99.9 ± 0.1 2.2
N95 (with gap) 34 ± 15 12 ± 3 2.2
surgical mask (no gap) 76 ± 22 99.6 ± 0.1 2.5
surgical mask (with gap) 50 ± 7 44 ± 3 2.5
cotton quilt 96 ± 2 96.1 ± 0.3 2.7
quilter’s cotton (80 TPI), 1 layer 9 ± 13 14 ± 1 2.2
quilter’s cotton (80 TPI), 2 layers 38 ± 11 49 ± 3 2.5
flannel 57 ± 8 44 ± 2 2.2
cotton (600 TPI), 1 layer 79 ± 23 98.4 ± 0.2 2.5
cotton (600 TPI), 2 layers 82 ± 19 99.5 ± 0.1 2.5
chiffon, 1 layer 67 ± 16 73 ± 2 2.7
chiffon, 2 layers 83 ± 9 90 ± 1 3.0
natural silk, 1 layer 54 ± 8 56 ± 2 2.5
natural silk, 2 layers 65 ± 10 65 ± 2 2.7
natural silk, 4 layers 86 ± 5 88 ± 1 2.7
hybrid 1: cotton/chiffon 97 ± 2 99.2 ± 0.2 3.0
hybrid 2: cotton/silk (no gap) 94 ± 2 98.5 ± 0.2 3.0
hybrid 2: cotton/silk (gap) 37 ± 7 32 ± 3 3.0
hybrid 3: cotton/flannel 95 ± 2 96 ± 1 3.0

aThe filtration efficiencies are the weighted averages for each size rangeless than 300 nm and more than 300 nm.
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“fit” of a mask on the user’s face. It is critically important that
cloth mask designs also take into account the quality of this
“fit” to minimize leakage of air between the mask and the
contours of the face, while still allowing the exhaled air to be
vented effectively. Such leakage can significantly reduce mask
effectiveness and are a reason why properly worn N95 masks
and masks with elastomeric fittings work so well.

CONCLUSIONS

In conclusion, we have measured the filtration efficiencies of
various commonly available fabrics for use as cloth masks in
filtering particles in the significant (for aerosol-based virus
transmission) size range of ∼10 nm to ∼6 μm and have
presented filtration efficiency data as a function of aerosol
particle size. We find that cotton, natural silk, and chiffon can
provide good protection, typically above 50% in the entire 10
nm to 6.0 μm range, provided they have a tight weave. Higher
threads per inch cotton with tighter weaves resulted in better
filtration efficiencies. For instance, a 600 TPI cotton sheet can
provide average filtration efficiencies of 79 ± 23% (in the 10
nm to 300 nm range) and 98.4 ± 0.2% (in the 300 nm to 6 μm
range). A cotton quilt with batting provides 96 ± 2% (10 nm
to 300 nm) and 96.1 ± 0.3% (300 nm to 6 μm). Likely the
highly tangled fibrous nature of the batting aids in the superior
performance at small particle sizes. Materials such as silk and
chiffon are particularly effective (considering their sheerness)
at excluding particles in the nanoscale regime (<∼100 nm),
likely due to electrostatic effects that result in charge transfer
with nanoscale aerosol particles. A four-layer silk (used, for
instance, as a scarf) was surprisingly effective with an average
efficiency of >85% across the 10 nm −6 μm particle size range.
As a result, we found that hybrid combinations of cloths such
as high threads-per-inch cotton along with silk, chiffon, or
flannel can provide broad filtration coverage across both the
nanoscale (<300 nm) and micron scale (300 nm to 6 μm)
range, likely due to the combined effects of electrostatic and
physical filtering. Finally, it is important to note that openings
and gaps (such as those between the mask edge and the facial
contours) can degrade the performance. Our findings indicate
that leakages around the mask area can degrade efficiencies by
∼50% or more, pointing out the importance of “fit”.
Opportunities for future studies include cloth mask design
for better “fit” and the role of factors such as humidity (arising
from exhalation) and the role of repeated use and washing of
cloth masks. In summary, we find that the use of cloth masks
can potentially provide significant protection against the
transmission of particles in the aerosol size range.

MATERIALS AND METHODS
Materials. All of the fabrics used as well as the surgical masks and

N95 respirators tested are commercially available. We used 15
different types of fabrics. This included different types of cotton (80
and 600 threads per inch), cotton quilt, flannel (65% cotton and 35%
polyester), synthetic silk (100% polyester), natural silk, Spandex (52%
nylon, 39% polyester, and 9% Spandex), satin (97% polyester and 3%
Spandex), chiffon (90% polyester and 10% Spandex), and different
polyester and polyester−cotton blends. Specific information on the
composition, microstructure, and other parameters can be found in
the Supporting Information (Table S2).
Polydisperse Aerosol Generation. A polydisperse, nontoxic

NaCl aerosol was generated using a particle generator and introduced
into the mixing chamber along with an inlet for air. The aerosol is
then mixed in the mixing chamber with the help of a portable fan. The

particle generator produces particles sizes in the ranges of 10 nm to 10
μm.

Detection of Aerosol Particles. The particles were sampled both
upstream (Cu, before the aerosol passes through the test specimen)
and downstream (Cd, after the aerosol passes through the test
specimen) for 1 min. The samples collected from the upstream and
downstream are separately sent to the two particle sizers to determine
a particle concentration (pt/cc). Each sample is tested seven times
following the minimum sample size recommended by the American
Industrial Hygiene Association exposure assessment sampling guide-
lines.42 We observed a significantly lower particle count in the upper
size distribution for both of the data sets, that is, for particles greater
than 178 nm for the data from the TSI Nanoscan analyzer and greater
than 6 μm for the data from TSI OPS analyzer. We exclude the data
above these thresholds for all of the studies reported due to the
extremely low counts. We categorize our data based on these two
particle analyzersindividually the two plots (Figure 2a,b) show two
size distributionsparticles smaller than 300 nm and particles larger
than 300 nm. Two different flow rates of 1.2 CFM (a face velocity of
0.1 m/s) and 3.2 CFM (a face velocity of 0.26 m/s) were used that
corresponded to rates observed at rest to moderate activity,
respectively. The velocity of the aerosol stream was measured at ∼5
cm behind where the test specimen would be mounted using a
velocity meter.

Differential Pressure. The differential pressure (ΔP) across the
test specimen was measured ∼7.5 cm away on either side of the
material being tested using a micromanometer. The ΔP value is an
estimate of the breathability of the fabric.

Data Analysis. The particle concentrations from seven consec-
utive measurements were recorded and divided into multiple bins
10 for nanoparticle sizer (dimensions in nm: 10−13, 13−18, 18−24,
24−32, 32−42, 42−56, 56−75, 75−100, 100−133, 133−178) and 6
for optical particle sizer (dimensions in μm: 0.3−0.6, 0.6−1.0, 1.0−
2.0, 2.0−3.0, 3.0−4.0, 4.0−6.0). The seven measurements for each bin
were subjected to one iteration of the Grubbs’ test with a 95%
confidence interval to remove at most one outlier per bin. This
improves the statistical viability of the data. Following Grubbs’ test,
average concentrations were used to calculate the filtration efficiencies
as described below.

Filtration Efficiency. The filtration efficiency (FE) of different
masks was calculated using the following formula:

C C
C

FE u d

u
=

−

where Cu and Cd are the mean particle concentrations per bin
upstream and downstream, respectively. To account for any possible
drifts in the aerosol generation, we measured upstream concentrations
before and after the downstream measurement and used the average
of these two upstream values to calculate Cu (for runs that did not
include a gap). We do not measure upstream concentration twice
when the run included a gap. The error in FE was calculated using the
quadrature rule of error propagation. Due to noise in the
measurements, some FE values were below 0, which is unrealistic.
As such, negative FE values were removed from consideration in
figures and further calculations. In addition to the FE curves, we
computed an aggregate filter efficiency for each test specimen. To do
this, we took a weighted average of FE values weighted by the bin
width for the two particle size ranges (<300 nm and >300 nm). These
values are reported in Table 1 and Table S1.
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Cartoon of a person parachuting using a surgical mask through a sky filled with viruses

Illustration by Bex Glendining

 

When her Danish colleagues first suggested distributing protective cloth face masks
to people in Guinea-Bissau to stem the spread of the coronavirus, Christine Benn
wasn’t so sure.

“I said, ‘Yeah, that might be good, but there’s limited data on whether face masks are
actually effective,’” says Benn, a global-health researcher at the University of
Southern Denmark in Copenhagen, who for decades has co-led public-health
campaigns in the West African country, one of the world’s poorest.

That was in March. But by July, Benn and her team had worked out how to possibly
provide some needed data on masks, and hopefully help people in Guinea-Bissau.
They distributed thousands of locally produced cloth face coverings to people as part
of a randomized controlled trial that might be the world’s largest test of masks’
effectiveness against the spread of COVID-19.

Face masks are the ubiquitous symbol of a pandemic that has sickened 35 million
people and killed more than 1 million. In hospitals and other health-care facilities,
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the use of medical-grade masks clearly cuts down transmission of the SARS-CoV-2
virus. But for the variety of masks in use by the public, the data are messy, disparate
and often hastily assembled. Add to that a divisive political discourse that included a
US president disparaging their use, just days before being diagnosed with COVID-19
himself. “People looking at the evidence are understanding it differently,” says
Baruch Fischhoff, a psychologist at Carnegie Mellon University in Pittsburgh,
Pennsylvania, who specializes in public policy. “It’s legitimately confusing.”

To be clear, the science supports using masks, with recent studies suggesting that
they could save lives in different ways: research shows that they cut down the
chances of both transmitting and catching the coronavirus, and some studies hint
that masks might reduce the severity of infection if people do contract the disease.

But being more definitive about how well they work or when to use them gets
complicated. There are many types of mask, worn in a variety of environments. There
are questions about people’s willingness to wear them, or wear them properly. Even
the question of what kinds of study would provide definitive proof that they work is
hard to answer.

“How good does the evidence need to be?” asks Fischhoff. “It’s a vital question.”

Beyond gold standards

At the beginning of the pandemic, medical experts lacked good evidence on how
SARS-CoV-2 spreads, and they didn’t know enough to make strong public-health
recommendations about masks.

The standard mask for use in health-care settings is the N95 respirator, which is
designed to protect the wearer by filtering out 95% of airborne particles that measure
0.3 micrometres (µm) and larger. As the pandemic ramped up, these respirators
quickly fell into short supply. That raised the now contentious question: should
members of the public bother wearing basic surgical masks or cloth masks? If so,
under what conditions? “Those are the things we normally [sort out] in clinical
trials,” says Kate Grabowski, an infectious-disease epidemiologist at Johns Hopkins
School of Medicine in Baltimore, Maryland. “But we just didn’t have time for that.”

So, scientists have relied on observational and laboratory studies. There is also
indirect evidence from other infectious diseases. “If you look at any one paper — it’s
not a slam dunk. But, taken all together, I’m convinced that they are working,” says
Grabowski.
 

Confidence in masks grew in June with news about two hair stylists in Missouri who
tested positive for COVID-191. Both wore a double-layered cotton face covering or
surgical mask while working. And although they passed on the infection to members
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of their households, their clients seem to have been spared (more than half
reportedly declined free tests). Other hints of effectiveness emerged from mass
gatherings. At Black Lives Matter protests in US cities, most attendees wore masks.
The events did not seem to trigger spikes in infections2, yet the virus ran rampant in
late June at a Georgia summer camp, where children who attended were not required
to wear face coverings3. Caveats abound: the protests were outdoors, which poses a
lower risk of COVID-19 spread, whereas the campers shared cabins at night, for
example. And because many non-protesters stayed in their homes during the
gatherings, that might have reduced virus transmission in the community.
Nevertheless, the anecdotal evidence “builds up the picture”, says Theo Vos, a health-
policy researcher at the University of Washington in Seattle.

More-rigorous analyses added direct evidence. A preprint study4 posted in early
August (and not yet peer reviewed), found that weekly increases in per-capita
mortality were four times lower in places where masks were the norm or
recommended by the government, compared with other regions. Researchers looked
at 200 countries, including Mongolia, which adopted mask use in January and, as of
May, had recorded no deaths related to COVID-19. Another study5 looked at the
effects of US state-government mandates for mask use in April and May. Researchers
estimated that those reduced the growth of COVID-19 cases by up to 2 percentage
points per day. They cautiously suggest that mandates might have averted as many as
450,000 cases, after controlling for other mitigation measures, such as physical
distancing.

“You don’t have to do much math to say this is obviously a good idea,” says Jeremy
Howard, a research scientist at the University of San Francisco in California, who is
part of a team that reviewed the evidence for wearing face masks in a preprint article
that has been widely circulated6.

But such studies do rely on assumptions that mask mandates are being enforced and
that people are wearing them correctly. Furthermore, mask use often coincides with
other changes, such as limits on gatherings. As restrictions lift, further observational
studies might begin to separate the impact of masks from those of other
interventions, suggests Grabowski. “It will become easier to see what is doing what,”
she says.

Although scientists can’t control many confounding variables in human populations,
they can in animal studies. Researchers led by microbiologist Kwok-Yung Yuen at the
University of Hong Kong housed infected and healthy hamsters in adjoining cages,
with surgical-mask partitions separating some of the animals. Without a barrier,
about two-thirds of the uninfected animals caught SARS-CoV-2, according to the
paper7 published in May. But only about 25% of the animals protected by mask
material got infected, and those that did were less sick than their mask-free
neighbours (as measured by clinical scores and tissue changes).
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The findings provide justification for the emerging consensus that mask use protects
the wearer as well as other people. The work also points to another potentially game-
changing idea: “Masking may not only protect you from infection but also from
severe illness,” says Monica Gandhi, an infectious-disease physician at the University
of California, San Francisco.

Gandhi co-authored a paper8 published in late July suggesting that masking reduces
the dose of virus a wearer might receive, resulting in infections that are milder or
even asymptomatic. A larger viral dose results in a more aggressive inflammatory
response, she suggests.

She and her colleagues are currently analysing hospitalization rates for COVID-19
before and after mask mandates in 1,000 US counties, to determine whether the
severity of disease decreased after public masking guidelines were brought in.

The idea that exposure to more virus results in a worse infection makes “absolute
sense”, says Paul Digard, a virologist at the University of Edinburgh, UK, who was
not involved in the research. “It’s another argument for masks.”

Gandhi suggests another possible benefit: if more people get mild cases, that might
help to enhance immunity at the population level without increasing the burden of
severe illness and death. “As we’re awaiting a vaccine, could driving up rates of
asymptomatic infection do good for population-level immunity?” she asks.

Back to ballistics

The masks debate is closely linked to another divisive question: how does the virus
travel through the air and spread infection?

The moment a person breathes or talks, sneezes or coughs, a fine spray of liquid
particles takes flight. Some are large — visible, even — and referred to as droplets;
others are microscopic, and categorized as aerosols. Viruses including SARS-CoV-2
hitch rides on these particles; their size dictates their behaviour.

Droplets can shoot through the air and land on a nearby person’s eyes, nose or mouth
to cause infection. But gravity quickly pulls them down. Aerosols, by contrast, can
float in the air for minutes to hours, spreading through an unventilated room like
cigarette smoke.

What does this imply for the ability of masks to impede COVID-19 transmission? The
virus itself is only about 0.1 µm in diameter. But because viruses don’t leave the body
on their own, a mask doesn’t need to block particles that small to be effective. More
relevant are the pathogen-transporting droplets and aerosols, which range from
about 0.2 µm to hundreds of micrometres across. (An average human hair has a
diameter of about 80 µm.) The majority are 1–10 µm in diameter and can linger in
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the air a long time, says Jose-Luis Jimenez, an environmental chemist at the
University of Colorado Boulder. “That is where the action is.”

Scientists are still unsure which size of particle is most important in COVID-19
transmission. Some can’t even agree on the cut-off that should define aerosols. For
the same reasons, scientists still don’t know the major form of transmission for
influenza, which has been studied for much longer.

Many believe that asymptomatic transmission is driving much of the COVID-19
pandemic, which would suggest that viruses aren’t typically riding out on coughs or
sneezes. By this reasoning, aerosols could prove to be the most important
transmission vehicle. So, it is worth looking at which masks can stop aerosols.

All in the fabric

Even well-fitting N95 respirators fall slightly short of their 95% rating in real-world
use, actually filtering out around 90% of incoming aerosols down to 0.3 µm. And,
according to unpublished research, N95 masks that don’t have exhalation valves —
which expel unfiltered exhaled air — block a similar proportion of outgoing aerosols.
Much less is known about surgical and cloth masks, says Kevin Fennelly, a
pulmonologist at the US National Heart, Lung, and Blood Institute in Bethesda,
Maryland.

In a review9 of observational studies, an international research team estimates that
surgical and comparable cloth masks are 67% effective in protecting the wearer.

In unpublished work, Linsey Marr, an environmental engineer at Virginia Tech in
Blacksburg, and her colleagues found that even a cotton T-shirt can block half of
inhaled aerosols and almost 80% of exhaled aerosols measuring 2 µm across. Once
you get to aerosols of 4–5 µm, almost any fabric can block more than 80% in both
directions, she says.

Multiple layers of fabric, she adds, are more effective, and the tighter the weave, the
better. Another study10 found that masks with layers of different materials — such as
cotton and silk — could catch aerosols more efficiently than those made from a single
material.

Benn worked with Danish engineers at her university to test their two-layered cloth
mask design using the same criteria as for medical-grade ventilators. They found that
their mask blocked only 11–19% of aerosols down to the 0.3 µm mark, according to
Benn. But because most transmission is probably occurring through particles of at
least 1 µm, according to Marr and Jimenez, the actual difference in effectiveness
between N95 and other masks might not be huge.
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Eric Westman, a clinical researcher at Duke University School of Medicine in
Durham, North Carolina, co-authored an August study11 that demonstrated a
method for testing mask effectiveness. His team used lasers and smartphone cameras
to compare how well 14 different cloth and surgical face coverings stopped droplets
while a person spoke. “I was reassured that a lot of the masks we use did work,” he
says, referring to the performance of cloth and surgical masks. But thin polyester-
and-spandex neck gaiters — stretchable scarves that can be pulled up over the mouth
and nose — seemed to actually reduce the size of droplets being released. “That could
be worse than wearing nothing at all,” Westman says.

Some scientists advise not making too much of the finding, which was based on just
one person talking. Marr and her team were among the scientists who responded
with experiments of their own, finding that neck gaiters blocked most large droplets.
Marr says she is writing up her results for publication.

“There’s a lot of information out there, but it’s confusing to put all the lines of
evidence together,” says Angela Rasmussen, a virologist at Columbia University’s
Mailman School of Public Health in New York City. “When it comes down to it, we
still don’t know a lot.”

Minding human minds

Questions about masks go beyond biology, epidemiology and physics. Human
behaviour is core to how well masks work in the real world. “I don’t want someone
who is infected in a crowded area being confident while wearing one of these cloth
coverings,” says Michael Osterholm, director of the Center for Infectious Disease
Research and Policy at the University of Minnesota in Minneapolis.
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US baseball players wore masks while playing during the 1918 influenza epidemic.Credit: Underwood And Underwood/LIFE Images
Collection/Getty

Perhaps fortunately, some evidence12 suggests that donning a face mask might drive
the wearer and those around them to adhere better to other measures, such as social
distancing. The masks remind them of shared responsibility, perhaps. But that
requires that people wear them.

Across the United States, mask use has held steady around 50% since late July. This
is a substantial increase from the 20% usage seen in March and April, according to
data from the Institute for Health Metrics and Evaluation at the University of
Washington in Seattle (see go.nature.com/30n6kxv). The institute’s models also
predicted that, as of 23 September, increasing US mask use to 95% — a level
observed in Singapore and some other countries — could save nearly 100,000 lives in
the period up to 1 January 2021.

“There’s a lot more we would like to know,” says Vos, who contributed to the analysis.
“But given that it is such a simple, low-cost intervention with potentially such a large
impact, who would not want to use it?”

Further confusing the public are controversial studies and mixed messages. One
study13 in April found masks to be ineffective, but was retracted in July. Another,
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published in June14, supported the use of masks before dozens of scientists wrote a
letter attacking its methods (see go.nature.com/3jpvxpt). The authors are pushing
back against calls for a retraction. Meanwhile, the World Health Organization
(WHO) and the US Centers for Disease Control and Prevention (CDC) initially
refrained from recommending widespread mask usage, in part because of some
hesitancy about depleting supplies for health-care workers. In April, the CDC
recommended that masks be worn when physical distancing isn’t an option; the
WHO followed suit in June.

There’s been a lack of consistency among political leaders, too. US President Donald
Trump voiced support for masks, but rarely wore one. He even ridiculed political
rival Joe Biden for consistently using a mask — just days before Trump himself tested
positive for the coronavirus, on 2 October. Other world leaders, including the
president and prime minister of Slovakia, Zuzana Čaputová and Igor Matovič,
sported masks early in the pandemic, reportedly to set an example for their country.

Denmark was one of the last nations to mandate face masks — requiring their use on
public transport from 22 August. It has maintained generally good control of the
virus through early stay-at-home orders, testing and contact tracing. It is also at the
forefront of COVID-19 face-mask research, in the form of two large, randomly
controlled trials. A research group in Denmark enrolled some 6,000 participants,
asking half to use surgical face masks when going to a workplace. Although the study
is completed, Thomas Benfield, a clinical researcher at the University of Copenhagen
and one of the principal investigators on the trial, says that his team is not ready to
share any results.
 

Benn’s team, working independently of Benfield’s group, is in the process of enrolling
around 40,000 people in Guinea-Bissau, randomly selecting half of the households
to receive bilayer cloth masks — two for each family member aged ten or over. The
team will then follow everyone over several months to compare rates of mask use
with rates of COVID-like illness. She notes that each household will receive advice on
how to protect themselves from COVID-19 — except that those in the control group
will not get information on the use of masks. The team expects to complete
enrolment in November.

Several scientists say that they are excited to see the results. But others worry that
such experiments are wasteful and potentially exploit a vulnerable population. “If
this was a gentler pathogen, it would be great,” says Eric Topol, director of the
Scripps Research Translational Institute in La Jolla, California. “You can’t do
randomized trials for everything — and you shouldn’t.” As clinical researchers are
sometimes fond of saying, parachutes have never been tested in a randomized
controlled trial, either.

But Benn defends her work, explaining that people in the control group will still
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benefit from information about COVID-19, and they will get masks at the end of the
study. Given the challenge of manufacturing and distributing the masks, “under no
circumstances”, she says, could her team have handed out enough for everyone at the
study’s outset. In fact, they had to scale back their original plans to enrol 70,000
people. She is hopeful that the trial will provide some benefits for everyone involved.
“But no one in the community should be worse off than if we hadn’t done this trial,”
she says. The resulting data, she adds, should inform the global scientific debate.

For now, Osterholm, in Minnesota, wears a mask. Yet he laments the “lack of
scientific rigour” that has so far been brought to the topic. “We criticize people all the
time in the science world for making statements without any data,” he says. “We’re
doing a lot of the same thing here.”

Nevertheless, most scientists are confident that they can say something prescriptive
about wearing masks. It’s not the only solution, says Gandhi, “but I think it is a
profoundly important pillar of pandemic control”. As Digard puts it: “Masks work,
but they are not infallible. And, therefore, keep your distance.”
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By Wei Lyu and George L. Wehby

Community Use Of Face Masks
And COVID-19: Evidence From A
Natural Experiment Of State
Mandates In The US

ABSTRACT State policies mandating public or community use of face
masks or covers in mitigating the spread of coronavirus disease 2019
(COVID-19) are hotly contested. This study provides evidence from a
natural experiment on the effects of state government mandates for face
mask use in public issued by fifteen states plus Washington, D.C.,
between April 8 and May 15, 2020. The research design is an event study
examining changes in the daily county-level COVID-19 growth rates
between March 31 and May 22, 2020. Mandating face mask use in public
is associated with a decline in the daily COVID-19 growth rate by 0.9, 1.1,
1.4, 1.7, and 2.0 percentage points in 1–5, 6–10, 11–15, 16–20, and 21 or
more days after state face mask orders were signed, respectively.
Estimates suggest that as a result of the implementation of these
mandates, more than 200,000 COVID-19 cases were averted by May 22,
2020. The findings suggest that requiring face mask use in public could
help in mitigating the spread of COVID-19.

O
ne of the most contentious issues
being debated worldwide in the
response to the coronavirus dis-
ease 2019 (COVID-19) pandemic
is the value of wearing masks or

face coverings in public settings.1 A key factor
fueling the debate is the limited direct evidence
thus far on how much widespread community
use would affect COVID-19 spread. However,
there is now substantial evidence of asymptom-
atic transmission of COVID-19.2,3 For example, a
recent study of antibodies in a sample of custom-
ers in grocery stores in New York State reported
an infection rate of 14.0 percent by March 29
(projected to represent more than 2.1 million
cases), which substantially exceeds the number
of confirmed COVID-19 cases.4 Moreover, all
public health authorities call on symptomatic
people to wear masks to reduce transmission
risk. Even organizations that at the time of our
study had not yet recommended widespread
community use of facemasks for COVID-19miti-

gation (that is, everyone without symptoms
should use a face mask outside of their home),
such as theWorld Health Organization, strongly
recommend that symptomatic individuals wear
them.5 Becausemask wearing by infected people
can reduce transmission risk, and because of the
high proportion of asymptomatic infected indi-
viduals and transmissions, there appears to be a
strong case for the effectiveness of widespread
use of face masks in reducing the spread of
COVID-19. However, there is no direct evidence
thus far on the magnitude of such effects, espe-
cially at a population level.
Researchers have been reviewing evidence

from previous randomized controlled trials for
other respiratory illnesses, examining mask use
and types among people at higher risk of con-
tracting infections (such as health care workers
or people in infected households). Systematic
reviews and meta-analyses of such studies have
provided suggestive, although generally weak,
evidence.6 The estimates from themeta-analyses
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based on randomized controlled trials suggest
declines in transmission risk for influenza or
influenza-like illnesses to mask wearers, al-
though estimates are mostly statistically insig-
nificantpossiblybecauseof small sample sizesor
design limitations, especially those related to
assessing compliance.7–9 There is also a relation-
ship between increased adherence to mask use,
specifically, and effectiveness of reducing trans-
mission to mask wearers: In one randomized
study of influenza transmission in infected
households in Australia, transmission risk for
mask wearers was lower with greater adher-
ence.10 Further, the evidence is mixed from ran-
domized studies on types of masks and risk
for influenza-like illness transmission to mask
wearers; for example, a recent systematic review
and meta-analysis comparing N-95 respirators
versus surgical masks found a statistically insig-
nificant decline in influenza risk with N-95 res-
pirators.11

Positions on widespread face mask use have
differed worldwide but are changing over time.
In the US, public health authorities did not rec-
ommend widespread face mask use in public at
the start of the pandemic. The initially limited
evidence on asymptomatic transmission and
concernaboutmask shortages for thehealth care
workforce and people caring for patients con-
tributed to that initial decision. On April 3,
2020, the Centers for Disease Control and Pre-
vention (CDC) issued new guidance advising
everyone to wear cloth face covers in public
areas where close contact with others is unavoid-
able, citing new evidence on virus transmission
from asymptomatic or presymptomatic people.12

Guidelines differ between countries, and some,
including Germany, France, Italy, Spain, China,
and South Korea, have mandated the use of face
masks in public.13–16

This study adds complementary evidence to
the literature on the impacts of widespread com-
munity use of face masks on COVID-19 spread
from a natural experiment based on whether or
notUS stateshadmandated theuseof facemasks
in public for COVID-19 mitigation as of May
2020. Fifteen states plus Washington, D.C., is-
sued mandates for face mask use in public be-
tween April 8 and May 15.
We identified the effects of state mandates for

the use of face masks in public on the daily
COVID-19 growth rate, using an event study that
examined the effects over different periods. We
considered the impact of mandates for mask use
targeted only to employees in some work set-
tings, as opposed to communitywide mandates.
This evidence is critical, as states and countries
worldwide begin to shift to “reopening” their
economies and as foot traffic increases. Mandat-

ing the public use ofmasks has become a socially
and politically contentious issue, with multiple
protests and even acts of violence directed
againstmasked employees and those asking cus-
tomers to wear face masks.17 Face cover recom-
mendations andmandates arepart of the current
set of measures, following earlier social distanc-
ing measures such as school and nonessential
business closures, bans on large gatherings, and
shelter-in-place orders being considered by
states and local governments, especially as re-
gionsof the country reopen. For example, during
Virginia’s phase one reopening, begun May 22,
2020, everyone in the state was required to wear
a face mask in public where people congregate.18

Even thoughmore states have issued such orders
since the study was completed, it is critical to
provide direct evidence on this question not only
for public health authorities and governments
but also for educating the public.

Study Data And Methods
Data We collected information on statewide face
cover mandate orders from public data sets on
such policies and from searching and reviewing
all state orders issued between April 1 and May
21, 2020. Our study focused on state executive
orders or directives signed by governors that
mandate use. Recommendations or guidelines
from state departments of public health were
not included, as these largely follow the CDC
guidelines andmight not necessarily add further
information or impact. See online appendix A
for amore detailed description of the data sourc-
es and measuring of the mandates.19

States differ in whether or not they require
their citizens towear facemasks (covers) to limit
COVID-19 spread. Between April 8 and May 15,
governors of fifteen states and the mayor of
Washington, D.C., signed orders mandating all
individuals who can medically tolerate the wear-
ing of a face mask do so in public settings (for
example, public transportation, grocery stores,
pharmacies, or other retail stores) where main-
taining six feet of “social distance” might not
always be practicable. These sixteen jurisdic-
tions also have specific mandates requiring em-
ployees in certain professions to wear masks at
all times while working.
In addition to these sixteen jurisdictions,

twenty additional states have employee-only
mandates (but no community mandate) requir-
ing that some employees (for example, close-
contact service providers such as in barber shops
and nail salons) wear a face mask at all times
while providing services. The face mask defined
in these orders primarily refers to cloth face cov-
erings or nonmedical masks. The state orders
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strongly discourage the use of any medical or
surgical masks and N-95 respirators, which
should be reserved for health care workers and
first responders. The orders also clearly specify
that the facemasks are not a replacement for any
other social distancing protocols.More informa-
tionondates and links to these state orders are in
appendix exhibit A1 and appendices D and E.19

Fifteen states had not yet issued community or
employee mandates when we performed the
study.
The main model used publicly available daily

county-level data of confirmed COVID-19 cases
from March 25 through May 21.20 The data cov-
ered all states plus Washington, D.C., and the
analytical sample included 2,930 unique coun-
ties plus New York City (five boroughs com-
bined). See appendix A for a more detailed de-
scription of COVID-19 data.19

Statistical Analysis We employed an event
study, which is generally similar to a difference-
in-differences design, to examine whether state-
wide mandates to wear face masks in public af-
fect the spread of COVID-19 based on the state
variations noted earlier. This design allowed us
to estimate the effects in the context of a natural
experiment, comparing the pre-post mandate
changes in COVID-19 spread in the states with
mandates versus changes in COVID-19 spread in
the states that did not pass these mandates, over
time. The model also tested whether states issu-
ing these mandates had differential pre-event
trends in COVID-19 rates before they were is-
sued. This is a critical assumption of the validity
of an event study that must be upheld under
testing. In addition, the model allowed us to
control for a wide range of time-invariant differ-
ences between states and counties, such as pop-
ulation density and socioeconomic and demo-
graphic factors, plus time-variant differences
between states and counties, such as other miti-
gation and social distancing policies, in addition
to state-level COVID-19 testing rates.
We estimated the effects of face cover man-

dates on the daily county-level COVID-19 growth
rate, which is the difference in the natural log of
cumulative COVID-19 cases on a given dayminus
the natural log of cumulative cases in the prior
day, multiplied by 100.21 This measure gives the
daily growth rate in percentage points.
The reference period for estimating the face

cover mandate effects was 1–5 days before sign-
ing the order.We examined how effects change
over five post-event periods: 1–5, 6–10, 11–15,
16–20, and 21 or more days. The model also
tested for pre-event trends over the course of
6–10, 11–15, and 16 or more days before signing
the mandate. For all counties in the analytical
sample, themainmodel included daily data from

March 31 (sevendays before the first state signed
a face covermandate) throughMay22. Themod-
els were estimated by least squares weighted by
the county’s 2019 population with heteroscedas-
ticity-robust and state-clustered standard errors.
As noted earlier, all of the fifteen states plus

Washington, D.C., that mandated face cover use
in public also mandated employee mask use. To
assess the effects of employee face cover man-
dates, we employed another event study model
that focused solely on the employee face cover
mandate as the policy intervention. In this anal-
ysis, we excluded the sixteen jurisdictions that
enacted both public and employee face cover
mandates and focused on the twenty states that
enacted an employee-only mandate and the fif-
teen stateswith neither a public nor an employee
mandate.
Limitations We were unable to measure face

cover use in the community (that is, compliance
with the mandate). As such, the estimates
represent the intent-to-treat effects of these
mandates—that is, their effects as passed and
not the individual-level effect of wearing a face
mask in public on one’s own COVID-19 risk. Re-
lated, we did not measure enforcement of the
mandates, which might affect compliance. We
also did not have data on county-level mandates
for wearing face masks in public. In some states
without state-level mandates at the time of our
study, such as California,22 Texas,23 and Colo-
rado,24 multiple counties had enacted such man-
dates. These county-level mandates did not bias
the intent-to-treat estimates of effects of state-
levelmandates as actually passed, but they added
local-level heterogeneity not directly accounted
for in the model.We did examine the robustness
of estimates to the exclusion of some of these
states. Finally, we were able to examine only
confirmed COVID-19 cases. However, there is
evidence of a higher infection rate in the com-
munity than is reflected in the number of con-
firmed cases.25

Study Results
Effects Of Mandates For Face Covering In
Public Exhibit 1 plots the event study estimates
of effects of state mandates for community face
covering in public on the county-level daily
growth rate of COVID-19 cases, with 95 percent
confidence intervals, obtained from the main
regression model (in appendix B),19 using coun-
ty-level daily data from March 31 through
May22; appendix exhibit C1 (column 1) reports
the exact estimates. The effects are shown over
the course of five periods after signing the or-
ders, relative to the five days before signing
(which is the reference period). Also shown
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are estimated differences in daily COVID-19
growth rates between states with and without
the mandates over the course of three periods
before the reference period.
Therewas a significant decline in daily COVID-

19 growth rate after themandating of face covers
in public, with the effect increasing over time
after the orders were signed. Specifically, the
daily case rate declined by 0.9, 1.1, 1.4, 1.7, and
2.0 percentage points within 1–5, 6–10, 11–15,
16–20, and 21 ormore days after signing, respec-
tively. All of these declines were statistically sig-
nificant (p < 0:05 or less). In contrast, the pre-
event trends in COVID-19 case growth rates were
small and statistically insignificant.
We also projected the number of averted

COVID-19 cases with themandates for facemask
use in public by comparing actual cumulative
daily cases with daily cases predicted by themod-
el if noneof the states had enacted thepublic face
covermandate at the time they did (see details in
appendix B).19 The main model estimates sug-

gested that because of thesemandates, 230,000–
450,000 casesmay have been averted byMay 22.
Estimates of averted cases should be viewed cau-
tiously and only as general approximations.
Robustness Checks We estimated multiple

extensions of the main event study model to
assess the robustness of estimates to different
model specifications and sample choices. These
checks started the event study on March 26;
added flexible controls for social distancingmea-
sures, state reopening measures, employee face
mask use mandates, and county-specific time
trends; and allowed time trends to vary by socio-
demographic indicators. Other checks used the
mandate effective date instead of the signing
date, used hyperbolic sine transformation to ac-
count for zero cases, included states as the unit
instead of counties, included only urban coun-
ties, andexcluded some stateswithout state-level
mandates but with multiple counties having lo-
cal mandates. The detailed description and re-
sults of these robustness checks are in appen-
dix C.19 The results were robust across these
checks; effects were smaller when we used the
effective dates instead of the signing dates,
which differ by about two to three days, on aver-
age, suggesting earlier compliance, andwhenwe
used states as the unit of analysis. But the esti-
mates remainedmeaningful and statistically sig-
nificant in all checks.
Effects Of Employee-Only Face Cover

Mandates As noted earlier, we also directly as-
sessed the effects of states mandating only that
certain employees wear face masks. Twenty
states issued employee use mandates but not
community use mandates. We reestimated the
event study model described earlier for an em-
ployee-only mandate including those twenty
states (issued between April 17 and May 9)
and the fifteen states without mandates, and ex-
cluding the sixteen jurisdictions that issued both
public and employee use mandates. Exhibit 2
plots the event study estimates of changes in
county-level daily COVID-19 growth rates with
the employee-only face covermandates and their
95 percent confidence intervals. All pre- and
postmandate estimates were small and insignifi-
cant. Overall, these results indicate no evidence
of declines in daily COVID-19 growth rates with
employee-only mandates.

Discussion
Around theworld, governments have been fight-
ing COVID-19 spread through a mix of policies
andmitigationmeasures suchas school andnon-
essential business closures and shelter-in-place
orders. Some countries have also recommended
or mandated widespread community use of face

Exhibit 1

Event study estimates of the effects of states mandating community face mask use in
public on the daily county-level growth rate of COVID-19 cases, 2020

SOURCE Authors’ analysis of US county-level COVID-19 case data between March 31 and May 22,
2020. NOTES Event study estimates (dots) and 95% confidence intervals (bars) of the effects of
states mandating community use of face covers or masks when people are in public on the coun-
ty-level daily growth rate of COVID-19 cases over different periods before and after the mandate
order was signed. The reference period was the first five days before the mandate order was signed.
The model controlled for major COVID-19 mitigation policies as time-varying (closure of K–12
schools, county-level or statewide shelter-in-place orders, nonessential business closure, closure
of restaurants for dining in, closure of gyms or movie theaters), COVID-19 tests per 100,000 people,
county fixed effects, and day fixed effects. The model was estimated by least squares weighted by
the county 2019 population, and the standard errors were robust to heteroscedasticity and clustered
at the state level.
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masks as a mitigation measure. However, the
effectiveness of this measure is highly debated.
The debate and uncertainty are fueled by the
limited direct empirical evidence available on
the magnitude of the effects of widespread face
mask use in public on COVID-19 mitigation.
There is a critical need for empirical evidence
on the magnitude of these effects from natural
experiments.8 This evidence is especially rele-
vant as governments reopen their economies
and loosen social distancing restrictions while
new infections continue to occur andwhile there
is no vaccine or widely accessible or effective
treatments in sight.
The study provides direct evidence on the ef-

fectiveness of widespread community use of face
masks from a natural experiment that evaluated
the effects of state government mandates in the
US for face mask use in public on COVID-19
spread. Fifteen states plus Washington, D.C.,
mandated face mask use between April 8 and
May 15.Usinganevent study that examineddaily
changes in county-level COVID-19 growth rates,
the study found that mandating public use of
face masks was associated with a reduction in
the COVID-19 daily growth rate. Specifically, we
found that the average daily county-level growth
rate decreases by 0.9, 1.1, 1.4, 1.7, and 2.0 per-
centage points in 1–5, 6–10, 11–15, 16–20, and 21
or more days after signing, respectively.
These estimates are not small; they represent

nearly 16 percent to 19 percent of the effects of
other social distancing measures (school clo-
sures; bans on large gatherings; shelter-in-place
orders; and closures of restaurants, bars, and
entertainment venues) after similar periods
from their enactment.21 The estimates suggest
that the effectiveness of and benefits from these
mandates increase over time. By May 22, 2020,
the estimates suggest that 230,000–450,000
COVID-19 cases may have been averted on the
basis of when states passed these mandates.
Again, the estimates of averted cases should be
viewed cautiously, as they are sensitive to as-
sumptions and different approaches to trans-
forming the changes in the daily growth rate
estimates to cases.
The early declines in the daily growth rate over

the course of five days after signing the order are
broadly consistent with the timing of the effects
of other social distancingmeasures such as busi-
ness closures.21 Although themedian incubation
period is estimated tobearound fivedays,26 there
is a wide range from 2.2 days (2.5th percentile)
to 11.5 days (97.5th percentile), which suggests
that for many people, symptomsmay appear rel-
atively early. Further, people may become aware
of the mandates early through governors’ brief-
ings and related media reports, or they may be

anticipating them.
There is no evidence of differential pre-

mandate COVID-19 trends with respect to issu-
ing these mandates. The estimates represent the
intent-to-treat effects of the statewide face cover
mandates as passed, conditional on other na-
tional and localmeasures. In thatway, the effects
are independent of the CDC national guidance
to wear face masks that was issued April 3,
2020.12 These effects were robust to severalmod-
el checks. The study provides evidence from a
natural experiment on the effectiveness of man-
dating public use of face masks in mitigating the
spread of COVID-19. We found no evidence for
effects of states mandating employee face mask
use, perhaps because many businesses them-
selves already required their employees to wear
masks.27,28 In that case, mandating employee
mask use reinforce what many businesses al-
ready choose to do on their own.
Although the intent-to-treat estimates are of

interest for understanding the effectiveness of

Exhibit 2

Event study estimates of effects of states mandating only employee use of face masks
during working time on daily county-level growth rate of COVID-19 cases

SOURCE Authors’ analysis of US county-level COVID-19 case data between March 31 and May 22,
2020. NOTES Event study estimates (dots) and 95% confidence intervals (bars) of the effects of
states mandating employee use of face covers or masks on the county-level daily growth rate of
COVID-19 cases over different periods before and after the mandate order was signed. This model
excluded fifteen states plus Washington, D.C., that made the use of face covering mandatory for both
the general public and employees. The reference period was the first five days before the mandate
order was signed. The model controlled for major COVID-19 mitigation policies as time-varying (clo-
sure of K–12 schools, county-level or statewide shelter-in-place orders, nonessential business clo-
sure, closure of restaurants for dining in, and closure of gyms or movie theaters), COVID-19 tests per
100,000 people, county fixed effects, and day fixed effects. The model was estimated by least
squares weighted by the county 2019 population, and the standard errors were robust to hetero-
scedasticity and clustered at state level.
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these policies in limiting COVID-19 spread at
the community and population levels, under-
standing how their effects change with compli-
ance and enforcement strategies is important
for designing effective policies. Our study has
built the first step in estimating the overall effect
of these policies as enacted. However, these pol-
icies vary in their strictness and the consequenc-
es of noncompliance. The mandates generally
require wearing a face mask in public whenever
the social distance cannot be maintained. States
such as Delaware, Maryland, Massachusetts,
and Maine clarify what “public” areas are (for
example, indoor space in retail establishments,
outdoor space in busy parking lots and waiting
areas for take-out services, semi-enclosed areas
such as at public transportation stops, and en-
closed spaces such as in taxis and other public
transportation). The language on enforcement
and penalties for noncompliance also vary. In
states such as Delaware, Hawaii, Maryland, and
Massachusetts, the face mask orders state that
theyhave the forceandeffectof law,withawillful
violation subject to a criminal offense with pen-
alties. For example, the order inMaryland states
that “a person who knowingly and willfully vio-
lates this order is guilty of a misdemeanor and
on conviction is subject to imprisonment not
exceeding one year or a fine not exceeding
$5,000orboth.”29 In contrast, theorders of other
states such as Connecticut, Maine, and Pennsyl-
vania, althoughclearlymandating thewearingof
a face mask in public, do not appear to clearly
specify that violations of the order are subject
to criminal offense or penalties. Future work
should examine whether and how differences
in strictness and enforcement modify the effects

of these mandates.
Compliance and enforcement may also differ

across contextual factors (such as other social
distancing measures, workforce distribution,
population demographics, and socioeconomic
and cultural factors). In that regard, it is impor-
tant to clarify that the suggested benefits from
mandating face mask use are not substitutes for
other social distancing measures; the effects are
conditional on the other enacted social distanc-
ing measures and how communities are comply-
ing with them. It is also important to extend the
evidence into additionalmeasures of exposure to
the virus in the community as data become avail-
able, such as from serological testing for anti-
bodies. Finally, future work can examine effects
on deaths, which lag cases and change not only
with the number of cases but also with case se-
verity.

Conclusion
The study provides evidence that US states man-
dating the use of face masks in public had a
greater decline in daily COVID-19 growth rates
after issuing these mandates compared with
states that did not issue mandates. These effects
were observed conditional on other existing so-
cial distancing measures and were independent
of the CDC recommendation to wear face covers
issued April 3, 2020. As international and state
governments begin to relax social distancing re-
strictions, andconsidering thehigh likelihoodof
a second COVID-19 wave in the fall and winter of
2020,30 requiring the use of face masks in public
could help in reducing COVID-19 spread. ▪

An unedited version of this article was
published online June 16, 2020, as a
Fast Track Ahead Of Print article. That
version is available in the online
appendix.
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Abstract

Background: Governments are preparing for a potential influenza pandemic. Therefore they need data to assess the
possible impact of interventions. Face-masks worn by the general population could be an accessible and affordable
intervention, if effective when worn under routine circumstances.

Methodology: We assessed transmission reduction potential provided by personal respirators, surgical masks and home-
made masks when worn during a variety of activities by healthy volunteers and a simulated patient.

Principal Findings: All types of masks reduced aerosol exposure, relatively stable over time, unaffected by duration of wear
or type of activity, but with a high degree of individual variation. Personal respirators were more efficient than surgical
masks, which were more efficient than home-made masks. Regardless of mask type, children were less well protected.
Outward protection (mask wearing by a mechanical head) was less effective than inward protection (mask wearing by
healthy volunteers).

Conclusions/Significance: Any type of general mask use is likely to decrease viral exposure and infection risk on a
population level, in spite of imperfect fit and imperfect adherence, personal respirators providing most protection. Masks
worn by patients may not offer as great a degree of protection against aerosol transmission.
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Introduction

With a potential influenza pandemic looming, governments

need to decide how they can best use available resources to protect

their people against severe illness and death, and to mitigate health

and social effects for society as a whole. Much research is being

devoted to develop optimal strategies for the use of (pre)pandemic

vaccines and of anti-virals. There are only limited data to assess

the potential effectiveness of non-pharmaceutical interventions to

reduce the risk of transmission, including the effect of different

kinds of face-masks worn by the general public or by patients.

Respiratory infections such as influenza are transmitted through

infectious particles, small enough to be suspended in air [1].

Influenza transmission can occur via large droplets, which only

remain suspended in the air for a short period of time thus

requiring close contact, and can occur via small airborne particles,

which remain suspended in air for considerable longer periods of

time, and can thus be transmitted over larger distances [2].

Furthermore, some transmission may occur via direct contact with

respiratory secretions such as on hands and surfaces [2].

Interruption of transmission may allow containment of major

outbreaks, like pandemic influenza. Opportunistic data collected

during the SARS epidemic in Asia suggested that population-wide

use of face masks may significantly decrease transmission of not only

SARS but also influenza [3,4,5,6,7]. As part of pandemic

preparedness, many are contemplating the contribution wide-spread

use of masks could have [8,9]. As this has major implications for

resource allocation and for communication, there is great need for

data to guide such decisions and make them evidence-based.

Protective effects of face masks have been studied extensively,

but usually this involved personal respirators for professionals

under idealized conditions, because of specific applications, for

instance in military or occupational uses, involving protection of

specifically trained personnel. This is different from deployment of

masks in the general population during an outbreak of an

infectious disease, where anyone may encounter the infectious

micro-organism, implying much greater heterogeneity, in training

levels (experience and understanding), goodness of fit of a mask,

and activities interfering with mask use and thus reducing potential

reduction of transmission. The protective effect of masks is created

through a combined effect of the transmission blocking potential of

the material, the fit and related air leakage of the mask, and the

degree of adherence to proper wearing and disposal of masks.

Personal respirators such as those worn by staff attending TB
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patients, are used primarily to protect the wearer, and are

designed to fit to the face with as tight a seal as possible. Their

efficiency is graded on the degree of protection the material offers,

assuming a perfect fit and optimal compliance. In contrast,

surgical masks, as commonly worn in the operating theatre, are

primarily used to protect the environment from the respiratory

droplets produced by the wearer. With these masks, facial fit is

much looser. The fit of home made masks, which could be e.g.

made of a tea cloth or other comparable material available in the

home, is likely to be even looser. Thus personal respirators confer

a higher degree of protection than surgical masks, and these are

again likely to give a higher degree of protection than home-made

masks. In professional situations, ample time might be available

prior to use to ensure a perfect fit and to give extensive counselling

on adherence, but it is unlikely this will apply to the general

population in case of a pandemic. It is possible that the discomfort

in wearing associated with a certain type of masks will lead to

reduced adherence and thus to a loss in overall protectiveness

[10,11]. Indeed a review among health care workers could not

determine whether personal respirators conferred better protec-

tion for the health care workers than surgical masks [10].

To investigate the levels of protection, and their variation,

wearing of face masks could convey to untrained subjects we

designed a study in which healthy volunteers would be wearing

different types of professional and home-made masks during a

selection of activities, in different conditions (inward protection).

We also assessed the protection different types of masks could

convey when worn by a simulated infectious patient (outward

protection). Resulting quantitative descriptions of distributions of

protection factors may be used for assessing the importance of

mask use in respiratory disease transmission.

Methods

Design and description of the study
Three different experiments were undertaken to assess 1) short-

term protection for different types of masks worn during 10–

15 minutes by the same volunteer following a standardized protocol,

2) long-term protection of a specific mask worn continuously by a

volunteer for 3 hours during regular activities, and 3) effectiveness of

different types of mask in preventing outgoing transmission by a

simulated infectious subject. Inward protection was defined as the

effect of mask wearing to protect the wearer from the environment;

outward protection was defined as the effect of a mask on protecting

the environment from the generation of airborne particles by a

patient (or in this case a mechanical head).

In the first short-term experiment, 28 healthy adult volunteers

were recruited, as well as 11 children between 5 and 11 years of

age. Each volunteer followed the same protocol wearing a Filtering

Facepiece against Particles (FFP)-2 mask 1872VH (3M); which is

the European equivalent of a N95 mask, a surgical mask (1818

Tie-OnH, 3M; with a filtering efficiency of around 95% for

particles of sizes between 0.02 mm to 1 mm; http://jada.ada.org/

cgi/content/full/136/7/877) and a home-made mask (made of

TD Cerise MultiH teacloths, Blokker). In this standard protocol,

the volunteer was asked to perform five successive tasks in a fixed

sequence 1.5 minute of duration each: no activity-sit still, nod

head (‘‘yes’’), shake head (‘‘no’’), read aloud a standard text,

stationary walk. In this sequence of activities, the respiratory rate is

gradually increased. Throughout this exercise, the concentration

of particles was measured on both sides of the mask through a

receptor fixed on the facial and on the external side. These were

connected to a portable counter of all free floating particles in the

air via an electrostatic particle classifier and counter, the

PortacountH. The PortacountH can register particles floating in

the air with sizes between 0.02 mm to 1 mm, covering most of the

size range of infectious respiratory aerosols [12]. Total inward

leakage (TIL) percentage was calculated by dividing the

concentrations on the outside and on the inside (TIL = (concen-

tration inside/concentration outside)6100); the calculated quan-

titative protection factor was the inverse of the leakage (PF = (TIL/

100)21). To ensure small numbers of particles produced by the

volunteers would not affect measurements, we checked that at least

10,000 particles per cm3 particles of this size class (0.02 mm–1 mm)

were present in the room which were produced by a number of lit

candles. (Figure 1)

In the second long-term experiment, 22 volunteers, all adults,

10 men, 12 women, were divided into 3 groups. Each group wore

a single type of mask for a period of three hours, being either a

FFP2 mask (4 males, 4 females), a surgical mask (3 males, 4

females) or a home-made mask (3 males, 4 females), similar to the

masks used in the short-term experiment described above. At the

beginning and end of each three-hour period, full series of

measurements were taken using the standardised protocol as

described for the short-term experiment, and during the three

hour period while wearing the masks, participants reported back at

regular intervals for a short measurement during rest (absence of

activity). For the remainder of the period, participants carried on

with their usual daily activities. During regular activities in

between measurements, the probes of the masks were plugged

which did not involve dislodging of the masks.

Figure 1. Protection factor of home-made mask being mea-
sured by Portacount in volunteer. Volunteer with home-made
mask made of tea cloth. Note the candles in the foreground and the
other mask types in the background.
doi:10.1371/journal.pone.0002618.g001

Any face mask reduces exposure
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In the final experiment, we assessed the effectiveness of different

types of masks in reducing outgoing transmission from an infectious

subject shedding aerosolised particles. This was simulated by fitting

the different types of masks to an artificial test head, which was

connected to PC-driven respirator (BacouH LAMA AMP, Modelref

1520307). Breathing frequency was varied to mimic different

respiratory rates (15, 25 and 40/minute). Only expiration was

simulated; twice for each mask at each respiratory rate. The

breathing flow was defined as (respiratory rate/minute x volume per

breath (2 litres)) resulting in a breathing flow of 30, 50 and 80 litres

per minute, which correlates with light (walking), medium (marching

with backpack) and strenuous (running) activities [13]. Concentra-

tions of particles were measured as described above by a TSI

Portacount Respirator Fit tester, model 8020, measuring outward

protection, rather than inward protection.

All volunteers received written information prior to the

experiments and gave oral informed consent. For the children

also a parent gave oral informed consent, and a parent remained

present during the experiments. The Dutch Central Committee on

Research Involving Human Subjects (CCMO) informed us in

writing that this project did not need to be assessed by an Ethics

committee.

Data analysis
Protection factors (PF) calculated from measurements of particle

concentration by PortacountH devices were reported as the ratio of

particle concentrations outside and inside the mask. This is a

similar concept to the fit factor as used by the US Occupational

Safety and Health Administration (http://www.osha.gov/pls/

oshaweb/owadisp.show_document). Therefore, a higher PF is

better and PF = 1 means complete absence of protection. For

statistical analysis, the following transformation was used:

x~logit
1

PF

� �

The inverse of the PF (1/PF) can be interpreted as a probability

(that any particle succeeds in moving through the barrier the mask

provides). The logit transformation is a standard transformation to

transform the probability scale (0,1) to the real axis (-infinity,

+infinity) to allow standard regression techniques (including

ANOVA) to test the effects of co-variables (mask type, age class,

sex, activity, duration of use) on transformed PFs in a linear model,

using the statistical application R (version 2.5.0). The p-values are

based on testing the ratio of mean squares for a factor (like ‘mask’)

and the mean square of errors (random fluctuations), assuming

that ratio is F-distributed. Whenever the p-value (the probability of

a greater value of the tested ratio) is greater than 0.05, the ratio is

considered significantly different from 1 ( = indifference) at the

95% level.

Results

Short term inward protection experiment
All masks provided protection against transmission by reducing

exposure during all types of activities, for both children and

adults (Table 1). Within each category of masks, the degree of

protection varied by age category and to a lesser extent by

activity. We observed no difference between men and women.

Surgical masks provided about twice as much protection as home

made masks, the difference a bit more marked among adults.

FFP2 masks provided adults with about 50 times as much

protection as home made masks, and 25 times as much

protection as surgical masks. The increase in protection for

children was less marked, about 10 times as much protection by

FFP2 versus home-made masks and 6 times as much protection

as surgical masks.

In these short term experiments, adjusting for covariates, face

mask type had a strongly significant independent effect on

protection (p,0.001). Children were significantly less protected

than adults (p,0.001). There was no significant impact of activity

on protection.

Long term inward protection experiment
As in the short term experiment, mask type was a strong

determinant of protection (Table 2). Protection factors for each

type of mask were similar to the protection factors measured in the

short term experiments for adults. There was considerable

variability between volunteers. The median protection factors

measured over a 3 hour period increased for those wearing home-

made masks, decreased for those wearing FFP2 masks, and did not

show a consistent pattern for those wearing a surgical mask

(Figure 2), but overall protection factors calculated per type of

mask were stable over time, and did not change statistically

significant with prolonged wearing. Overall, protection factors

were relatively stable over time for each individual (ANOVA

p = 0.4). Males and females did not have significantly different

protection factors (ANOVA p = 0.9). As in the short term

experiment, protection conferred by surgical masks was higher

than protection given by a home-made mask, and protection

provided by a FFP2 masks was again markedly higher than

protection provided by a surgical mask. As in the short term

experiment, more strenuous activities (reading and walking)

tended to increase the protection of the home-made mask and

to a lesser extent of the surgical mask, and decreased the

protection by the FFP2 mask, but there was no overall significant

effect of type of activity on PF (ANOVA p = 0.1).

Table 1. Median (IQR) protection factor by mask, by activity, by age category.

no activity nodding shaking reading walking

Tea cloth Adults 2.5 (2.1–2.9) 2.2 (1.9–2.5) 2.2 (1.9–2.7) 3.2 (2.5–3.9) 2.4 (2.1–3.3)

children 2.2 (1.5–2.2) 1.9 (1.5–2.3) 1.9 (1.4–2.3) 2.2 (1.8–3.7) 2.2 (1.8–2.4)

Surgical mask Adults 4.1 (3.1–7.2) 4.7 (3.4–7.3) 5.1 (3.2–7.6) 5.3 (4.3–8.0) 4.2 (3.1–5.7)

children 3.2 (2.2–4.1) 3.4 (2.7–5.2) 3.6 (2.7–4.3) 4.9 (4.0–5.3) 3.6 (2.4–4.2)

FFP2 mask Adults 113 (26–210) 82 (45–179) 91 (23–187) 66 (29–107) 99 (19–169)

children 18 (6.1–165) 13 (3.8–41) 18 (4.0–54) 35 (8.6–91) 15 (5.1–176)

IQR = interquartile range
doi:10.1371/journal.pone.0002618.t001
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Outward protection experiment
In a final experiment, retention of particles expelled inside the

masks was studied. Here again, mask type was strongly correlated

with (transformed) protection factors. Protection factors for all type

of masks were considerably lower than those observed for inward

protection. The home-made masks only provided marginal

protection, while protection offered by a surgical mask and an

FFP2 mask did not differ (figure 3).

The simulated breathing frequency did not significantly affect

the measured protection factors. Adjusting for covariates, mask

type and particle concentration, but not flow rate, were significant

factors for protection in the reverse flow experiment.

Discussion

In our experiments, the main determinant of the magnitude of

protection factors measured by masks was the type of mask, which

can be seen as a proxy for potential reduction in infectious disease

transmission. The duration of wear and the type of activity did not

have a significant impact on exposure reduction. Thus, the

expected superior protection conferred by a professional FFP2

mask compared to a surgical mask or a home-made mask was

maintained when these FFP2 masks were worn by healthy lay

people in spite of the increased risk of a poor fit and significant

behavioural leakage.

Children were significantly less protected from exposure than

adults, which might be related to an inferior fit of the masks on

their smaller faces. Although we observed a high degree of

individual variability in the degree of protection conferred as

reflected in the wide interquartile ranges of the measured PFs, no

systematic difference was found between men and women,

suggesting a poorer fit only has a noticeable impact on protection

when the mismatch between face and mask is considerable. All

types of masks provided a much higher degree of exposure

protection against inward transmission of particles, then in

preventing outward transmission by a mechanical head as a proxy

for an infected patient exposing the environment.

Data from professional users suggest a decrease in protection

over time due to a reduction in fibre charges [13]. In our data, this

effect was not significantly present, although a tendency towards

reduced protection over time was seen for the FFP2 masks. Also,

our study showed a high degree of individual variation in exposure

protection. This is important as it reflects the presence of many

different sources of variation, behavioural as well as anatomical,

which can also be expected to be present if the general population

would be requested to wear face masks in case of a pandemic.

Furthermore, we do not know from these experiments whether

reduced exposure has a linear or non-linear relationship to the

reduction of infection risk.

Although this could imply that individual subjects may not

always be optimally protected, from a public health point of view,

any type of general face mask usage can still decrease viral

transmission. Also, it is important not to focus on a single

intervention in case of a pandemic, but to integrate all effective

interventions for optimal protection.

Surprisingly, the protection conferred by each of the masks

appeared stable over time and was not dependent on activity. This

suggests that leakage associated with suboptimal fit and compli-

ance was stable over time. The tendency towards improved

protection of the poorer fitting masks with increased activities such

as reading, might be attributable to reduced leakage when

breathing through the mouth rather than the nose, which could

give some overpressure and thus reduce inward leakage. We had

assumed that compliance would decrease during the three hours of

continuous wearing, in particular with more strenuous activities.

Indeed, among professionals like cullers, there have been some

anecdotal reports that FFP3 masks were associated with poorer

compliance than FFP2 masks in wearing. Where a reduction in

protection was found with the FFP2 mask, the reverse was seen for

the home-made mask. It is possible that the experimental situation,

sufficient motivation to endure a relatively limited time of

discomfort, and the absence of physically challenging activities,

has provided more stable protection than might be found in real-

life situations. However, overall these experiments show that

significant protection against influenza transmission upon expo-

sure can be conveyed also for lay people, including children, in

spite of imperfect fit and imperfect adherence.

It is also clear that home-made masks such as teacloths may still

confer a significant degree of protection, albeit less strong than

surgical masks or FFP2 masks. Home made masks however would

not suffer from limited supplies, and would not need additional

resources to provide at large scale. Home made masks, and to a lesser

degree surgical masks, are unlikely to confer much protection against

transmission of small particles like droplet nuclei, but as the

reproduction number of influenza may not be very high [14] a

small reduction in transmissibility of the virus may be sufficient for

reducing the reproduction number to a value smaller than 1 and thus

extinguishing the epidemic [15]. Greater reduction in transmissibil-

ity may be achieved if transmission is predominantly carried by

larger droplets. In a typical human cough half of the droplets may be

small (,10 mm), but these comprise only a small fraction (2.5*1026)

of the expelled volume [12]. Smaller droplets may however more

easily penetrate the smaller bronchi and be more effective in

transmission [1]. A more detailed analysis of aerosol and droplet

inoculation and infectivity may provide better insight into the impact

of either transmission mode on population spread.

The difference in measured protection against inward and

outward protection is remarkable, and cannot be explained from

Table 2. Median (IQR) protection factors at start and end of long term-experiment, by mask, by activity.

no activity nodding shaking reading walking

Tea cloth Start 2.8 (2.5–3.1) 2.4 (2.3–2.6) 2.5 (2.3–2.8) 3.4 (2.9–3.7) 2.4 (2.2–3.1)

End 3.2 (2.7–3.4) 2.7 (2.5–3.0) 2.9 (2.6–3.4) 4.3 (3.5–5.2) 2.9 (2.8–2.9)

Surgical mask Start 3.9 (3.4–6.1) 3.6 (3.1–7.1) 3.8 (3.7–7.3) 6.5 (4.3–7.2) 4.6 (2.9–6.4)

End 4.4 (3.2–7.4) 4.5 (3.4–7.2) 4.1 (3.3–7.8) 5.9 (4.2–6.5) 3.9 (3.3–6.7)

FFP2 mask Start 141 (34–196) 100 (26–156) 132 (54–265) 84 (47–194) 79 (10–167)

End 53 (31–339) 48 (36–116) 42 (23–177) 92 (29–202) 43 (16–185)

IQR = interquartile range
doi:10.1371/journal.pone.0002618.t002
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the available data as we only measured the overall effect. A

differential effect on the amount of leakage seems most plausible.

At the same time, we cannot exclude that wearing of face masks,

even FFP2 or surgical masks by patients might still significantly

reduce transmission. However, the observed limited particle

retention in our experiments may still be an overestimate of

protection, as it may for instance be challenging to enforce

adherence to mask wearing by a patient who is short of breath.

Figure 2. Protection factors over time per volunteer by type of mask worn. Please note different scale on Y-axis!
doi:10.1371/journal.pone.0002618.g002
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Wearing of masks by caregivers might be more feasible and more

effective, in particular where additional preventive measures are in

place as well for caregivers.

Furthermore, we should bear in mind that this is an

experimental study, with relatively small numbers of volunteers,

which limits the generalisability of some of our findings. E.g., for

masks to have any impact during an actual pandemic, people may

need to be wearing masks during several weeks with many shorter

or longer mask-free periods. Furthermore, the PFs may be an

over- or underestimation of the actual protection conferred. And

although our simulated patient varied its breathing frequency, we

have not assessed the impact of e.g. coughing or sneezing on

outward transmission through a mask.

A recent analysis of the 1918 epidemic, noted that cities where

strict interventions were implemented early on to prevent

transmission, were overall worse-off than cities where some degree

of transmission occurred early on [16]. Given the need for the

population to acquire sufficient natural immunity over time, it can

not be excluded that the amount of protection conferred by home

made masks might sufficiently reduce viral exposure to impact on

transmission during the early waves, while allowing people enough

exposure to start mounting an efficient immune response. Further

field studies are needed to assess acceptability and effectiveness of

masks worn by people from the general population. Also,

experimental data are needed to develop dose-response models

which may improve understanding of determinants of transmis-

sion. A cost-effectiveness analysis might give further insights in the

relative benefits of home made masks.
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Physical distancing, face masks, and eye protection to 
prevent person-to-person transmission of SARS-CoV-2 and 
COVID-19: a systematic review and meta-analysis
Derek K Chu, Elie A Akl, Stephanie Duda, Karla Solo, Sally Yaacoub, Holger J Schünemann, on behalf of the COVID-19 Systematic Urgent Review 
Group Effort (SURGE) study authors*

Summary
Background Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes COVID-19 and is spread person-
to-person through close contact. We aimed to investigate the effects of physical distance, face masks, and eye 
protection on virus transmission in health-care and non-health-care (eg, community) settings. 

Methods We did a systematic review and meta-analysis to investigate the optimum distance for avoiding person-to-
person virus transmission and to assess the use of face masks and eye protection to prevent transmission of viruses. 
We obtained data for SARS-CoV-2 and the betacoronaviruses that cause severe acute respiratory syndrome, and 
Middle East respiratory syndrome from 21 standard WHO-specific and COVID-19-specific sources. We searched 
these data sources from database inception to May 3, 2020, with no restriction by language, for comparative studies 
and for contextual factors of acceptability, feasibility, resource use, and equity. We screened records, extracted data, 
and assessed risk of bias in duplicate. We did frequentist and Bayesian meta-analyses and random-effects meta-
regressions. We rated the certainty of evidence according to Cochrane methods and the GRADE approach. This study 
is registered with PROSPERO, CRD42020177047. 

Findings Our search identified 172 observational studies across 16 countries and six continents, with no randomised 
controlled trials and 44 relevant comparative studies in health-care and non-health-care settings (n=25 697 patients). 
Transmission of viruses was lower with physical distancing of 1 m or more, compared with a distance of less than 1 m 
(n=10 736, pooled adjusted odds ratio [aOR] 0·18, 95% CI 0·09 to 0·38; risk difference [RD] –10·2%, 95% CI 
–11·5 to –7·5; moderate certainty); protection was increased as distance was lengthened (change in relative risk 
[RR] 2·02 per m; pinteraction=0·041; moderate certainty). Face mask use could result in a large reduction in risk of 
infection (n=2647; aOR 0·15, 95% CI 0·07 to 0·34, RD –14·3%, –15·9 to –10·7; low certainty), with stronger 
associations with N95 or similar respirators compared with disposable surgical masks or similar (eg, reusable 
12–16-layer cotton masks; pinteraction=0·090; posterior probability >95%, low certainty). Eye protection also was associated 
with less infection (n=3713; aOR 0·22, 95% CI 0·12 to 0·39, RD –10·6%, 95% CI –12·5 to –7·7; low certainty). 
Unadjusted studies and subgroup and sensitivity analyses showed similar findings.

Interpretation The findings of this systematic review and meta-analysis support physical distancing of 1 m or more 
and provide quantitative estimates for models and contact tracing to inform policy. Optimum use of face masks, 
respirators, and eye protection in public and health-care settings should be informed by these findings and contextual 
factors. Robust randomised trials are needed to better inform the evidence for these interventions, but this systematic 
appraisal of currently best available evidence might inform interim guidance.
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Introduction
As of May 28, 2020, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has infected more than 
5·85 million individuals worldwide and caused more than 
359 000 deaths.1 Emergency lockdowns have been initiated 
in countries across the globe, and the effect on health, 
wellbeing, business, and other aspects of daily life are felt 

throughout societies and by individuals. With no effective 
pharmacological interventions or vaccine available in 
the imminent future, reducing the rate of infection 
(ie, flattening the curve) is a priority, and prevention of 
infection is the best approach to achieve this aim.

SARS-CoV-2 spreads person-to-person through close 
contact and causes COVID-19. It has not been solved if 
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SARS-CoV-2 might spread through aerosols from 
respiratory droplets; so far, air sampling has found virus 
RNA in some studies2–4 but not in others.5–8 However, 
finding RNA virus is not necessarily indicative of repli
cation-competent and infection-competent (viable) virus 
that could be transmissible. The distance from a patient 
that the virus is infective, and the optimum person-to-
person physical distance, is uncertain. For the currently 
foreseeable future (ie, until a safe and effective vaccine or 
treatment becomes available), COVID-19 prevention will 
continue to rely on non-pharmaceutical interventions, 
including pandemic mitigation in community settings.9 

Thus, quantitative assessment of physical distancing is 
relevant to inform safe interaction and care of patients 
with SARS-CoV-2 in both health-care and non-health-care 
settings. The definition of close contact or potentially 
exposed helps to risk stratify, contact trace, and develop 
guidance documents, but these definitions differ around 
the globe.

To contain widespread infection and to reduce 
morbidity and mortality among health-care workers 
and others in contact with potentially infected people, 
jurisdictions have issued conflicting advice about 
physical or social distancing. Use of face masks with or 

Research in context

Evidence before this study
We searched 21 databases and resources from inception to 
May 3, 2020, with no restriction by language, for studies of any 
design evaluating physical distancing, face masks, and eye 
protection to prevent transmission of the viruses that cause 
COVID-19 and related diseases (eg, severe acute respiratory 
syndrome [SARS] and Middle East respiratory syndrome 
[MERS]) between infected individuals and people close to them 
(eg, household members, caregivers, and health-care workers). 
Previous related meta-analyses have focused on randomised 
trials and reported imprecise data for common respiratory 
viruses such as seasonal influenza, rather than the pandemic and 
epidemic betacoronaviruses causative of COVID-19 (severe 
acute respiratory syndrome coronavirus 2 [SARS-CoV-2]), 
SARS (SARS-CoV), or MERS (MERS-CoV). Other meta-analyses 
have focused on interventions in the health-care setting and 
have not included non-health-care (eg, community) settings. 
Our search did not retrieve any systematic review of information 
on physical distancing, face masks, or eye protection to prevent 
transmission of SARS-CoV-2, SARS-CoV, and MERS-CoV.

Added value of this study
We did a systematic review of 172 observational studies in 
health-care and non-health-care settings across 16 countries and 
six continents; 44 comparative studies were included in a 
meta-analysis, including 25 697 patients with COVID-19, SARS, 
or MERS. Our findings are, to the best of our knowledge, the first 
to rapidly synthesise all direct information on COVID-19 and, 
therefore, provide the best available evidence to inform optimum 
use of three common and simple interventions to help reduce the 
rate of infection and inform non-pharmaceutical interventions, 
including pandemic mitigation in non-health-care settings. 
Physical distancing of 1 m or more was associated with a much 
lower risk of infection, as was use of face masks (including 
N95 respirators or similar and surgical or similar masks 
[eg, 12–16-layer cotton or gauze masks]) and eye protection 
(eg, goggles or face shields). Added benefits are likely with even 
larger physical distances (eg, 2 m or more based on modelling) 
and might be present with N95 or similar respirators versus 
medical masks or similar. Across 24 studies in health-care and 
non-health-care settings of contextual factors to consider when 
formulating recommendations, most stakeholders found these 

personal protection strategies acceptable, feasible, and reassuring 
but noted harms and contextual challenges, including frequent 
discomfort and facial skin breakdown, high resource use linked 
with the potential to decrease equity, increased difficulty 
communicating clearly, and perceived reduced empathy of care 
providers by those they were caring for.

Implications of all the available evidence
In view of inconsistent guidelines by various organisations 
based on limited information, our findings provide some 
clarification and have implications for multiple stakeholders. 
The risk for infection is highly dependent on distance to the 
individual infected and the type of face mask and eye 
protection worn. From a policy and public health perspective, 
current policies of at least 1 m physical distancing seem to be 
strongly associated with a large protective effect, and distances 
of 2 m could be more effective. These data could also facilitate 
harmonisation of the definition of exposed (eg, within 2 m), 
which has implications for contact tracing. The quantitative 
estimates provided here should inform disease-modelling 
studies, which are important for planning pandemic response 
efforts. Policy makers around the world should strive to 
promptly and adequately address equity implications for 
groups with currently limited access to face masks and eye 
protection. For health-care workers and administrators, 
our findings suggest that N95 respirators might be more 
strongly associated with protection from viral transmission 
than surgical masks. Both N95 and surgical masks have a 
stronger association with protection compared with 
single-layer masks. Eye protection might also add substantial 
protection. For the general public, evidence shows that physical 
distancing of more than 1 m is highly effective and that face 
masks are associated with protection, even in non-health-care 
settings, with either disposable surgical masks or reusable 
12–16-layer cotton ones, although much of this evidence was 
on mask use within households and among contacts of cases. 
Eye protection is typically underconsidered and can be effective 
in community settings. However, no intervention, even when 
properly used, was associated with complete protection from 
infection. Other basic measures (eg, hand hygiene) are still 
needed in addition to physical distancing and use of face masks 
and eye protection.
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without eye protection to achieve additional protection is 
debated in the mainstream media and by public health 
authorities, in particular the use of face masks for the 
general population;10 moreover, optimum use of face 
masks in health-care settings, which have been used for 
decades for infection prevention, is facing challenges 
amid personal protective equipment (PPE) shortages.11

Any recommendations about social or physical 
distancing, and the use of face masks, should be based on 
the best available evidence. Evidence has been reviewed 
for other respiratory viral infections, mainly seasonal 
influenza,12,13 but no comprehensive review is available of 
information on SARS-CoV-2 or related betacoronaviruses 
that have caused epidemics, such as severe acute 
respiratory syndrome (SARS) or Middle East respiratory 
syndrome (MERS). We, therefore, systematically reviewed 
the effect of physical distance, face masks, and eye 
protection on transmission of SARS-CoV-2, SARS-CoV, 
and MERS-CoV.

Methods
Search strategy and selection criteria
To inform WHO guidance documents, on March 25, 2020, 
we did a rapid systematic review.14 We created a large 
international collaborative and we used Cochrane meth
ods15 and the GRADE approach.16 We prospectively sub
mitted the systematic review protocol for registration 
on PROSPERO (CRD42020177047; appendix pp 23–29). 
We have followed PRISMA17 and MOOSE18 reporting 
guidelines (appendix pp 30–33).

From database inception to May 3, 2020, we searched 
for studies of any design and in any setting that included 
patients with WHO-defined confirmed or probable 
COVID-19, SARS, or MERS, and people in close contact 
with them, comparing distances between people and 
COVID-19 infected patients of 1 m or larger with smaller 
distances, with or without a face mask on the patient, or 
with or without a face mask, eye protection, or both on 
the exposed individual. The aim of our systematic review 
was for quantitative assessment to ascertain the physical 
distance associated with reduced risk of acquiring 
infection when caring for an individual infected with 
SARS-CoV-2, SARS-CoV, or MERS-CoV. Our definition of 
face masks included surgical masks and N95 respirators, 
among others; eye protection included visors, faceshields, 
and goggles, among others.

We searched (up to March 26, 2020) MEDLINE (using 
the Ovid platform), PubMed, Embase, CINAHL (using 
the Ovid platform), the Cochrane Library, COVID-19 Open 
Research Dataset Challenge, COVID-19 Research 
Database (WHO), Epistemonikos (for relevant systematic 
reviews addressing MERS and SARS, and its COVID-19 
Living Overview of the Evidence platform), EPPI Centre 
living systematic map of the evidence, ClinicalTrials.gov, 
WHO International Clinical Trials Registry Platform, 
relevant documents on the websites of governmental and 
other relevant organisations, reference lists of included 

papers, and relevant systematic reviews.19,20 We hand
searched (up to May 3, 2020) preprint servers (bioRxiv, 
medRxiv, and Social Science Research Network First 
Look) and coronavirus resource centres of The Lancet, 
JAMA, and N Engl J Med (appendix pp 3–5). We did not 
limit our search by language. We initially could not obtain 
three full texts for evaluation, but we obtained them 
through interlibrary loan or contacting a study author. We 
did not restrict our search to any quantitative cutoff for 
distance.

Data collection
We screened titles and abstracts, reviewed full texts, 
extracted data, and assessed risk of bias by two authors 
and independently, using standardised prepiloted forms 
(Covidence; Veritas Health Innovation, Melbourne, VIC, 
Australia), and we cross-checked screening results using 
artificial intelligence (Evidence Prime, Hamilton, ON, 
Canada). We resolved disagreements by consensus. We 
extracted data for study identifier, study design, setting, 
population characteristics, intervention and comparator 
characteristics, quantitative outcomes, source of funding 

Figure 1: Study selection

10 222 records identified through additional sources
 8859 COVID-19 specific databases
 870 clinical trials registries
 9 hand-searching
 4 screening references of included studies
 480 other

17 678 records identified through traditional  
database searching 

 3314 MEDLINE
 975 PubMed
 11 115 Embase
 567 CINAHL 
 43 Cochrane Library 
 1664 Chinese databases  

20 013 records after duplicates removed

604 full-text articles assessed for eligibility

19 409 records excluded

172 studies included in systematic review

44 comparative studies included in 
meta-analysis

20 013 records screened against title and abstract

432 studies excluded
 166 wrong study design (eg, editorial, 

narrative review, guideline, 
commentary, letter, modelling 
without primary clinical data)

 118 wrong outcomes
 88 wrong or no intervention
 52 wrong patient population
 6 duplicates
 2 news articles
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Population 
size (n)

Country Setting Disease 
caused by 
virus

Case definition
(WHO)

Adjusted 
estimates

Risk of bias*

Alraddadi et al (2016)34 283 Saudi Arabia Health care MERS Confirmed Yes ∗∗∗∗∗∗∗∗

Arwady et al (2016)35 79 Saudi Arabia Non-health care 
(household and family 
contacts)

MERS Confirmed No ∗∗∗∗∗∗

Bai et al (2020)36 118 China Health care COVID-19 Confirmed No ∗∗∗∗∗

Burke et al (2020)37 338 USA Health care and 
non-health care 
(including household 
and community)

COVID-19 Confirmed No ∗∗∗∗

Caputo et al (2006)38 33 Canada Health care SARS Confirmed No ∗∗∗∗∗

Chen et al (2009)39 758 China Health care SARS Confirmed Yes ∗∗∗∗∗∗∗

Cheng et al (2020)40 226 China Non-health care 
(household and family 
contacts)

COVID-19 Confirmed No ∗∗∗∗∗∗

Ha et al (2004)42 117 Vietnam Health care SARS Confirmed No ∗∗

Hall et al (2014)43 48 Saudi Arabia Health care MERS Confirmed No ∗∗∗

Heinzerling et al (2020)44 37 USA Health care COVID-19 Confirmed No ∗∗∗∗

Ho et al (2004)45 372 Taiwan Health care SARS Confirmed No ∗∗∗∗∗∗∗∗

Ki et al (2019)47 446 South Korea Health care MERS Confirmed No ∗∗∗∗∗∗

Kim et al (2016)48 9 South Korea Health care MERS Confirmed No ∗∗∗∗∗

Kim et al (2016)49 1169 South Korea Health care MERS Confirmed No ∗∗∗∗∗∗

Lau et al (2004)50 2270 China Non-health care 
(households)

SARS Probable Yes ∗∗∗∗∗∗

Liu et al (2009)51 477 China Health care SARS Confirmed Yes ∗∗∗∗∗

Liu et al (2020)52 20 China Non-health care (close 
contacts)

COVID-19 Confirmed No ∗∗∗∗∗∗∗

Loeb et al (2004)53 43 Canada Health care SARS Confirmed No ∗∗

Ma et al (2004)54 426 China Health care SARS Confirmed Yes ∗∗∗∗∗∗∗∗∗

Nishiura et al (2005)55 115 Vietnam Health care SARS Confirmed Yes ∗∗∗∗∗∗∗∗

Nishiyama et al (2008)56 146 Vietnam Health care SARS Confirmed Yes ∗∗∗∗∗∗

Olsen et al (2003)57 304 China Non-health care 
(airplane)

SARS Confirmed No ∗∗∗∗∗∗

Park et al (2004)58 110 USA Health care SARS Confirmed No ∗∗∗∗∗∗∗∗∗∗

Park et al (2016)59 80 South Korea Health care MERS Confirmed and 
probable

No ∗∗∗

Peck et al (2004)60 26 USA Health care SARS Confirmed No ∗∗∗∗∗∗∗∗∗

Pei et al (2006)61 443 China Health care SARS Confirmed No ∗∗∗∗∗∗∗∗

Rea et al (2007)62 8662 Canada Non-health care 
(community contacts)

SARS Probable No ∗∗∗∗

Reuss et al (2014)63 81 Germany Health care MERS Confirmed No ∗∗∗∗∗

Reynolds et al (2006)64 153 Vietnam Health care SARS Confirmed No ∗∗∗

Ryu et al (2019)65 34 South Korea Health care MERS Confirmed No ∗∗∗∗∗∗

Scales et al (2003)66 69 Canada Health care SARS Probable No ∗∗

Seto et al (2003)67 254 China Health care SARS Confirmed Yes ∗∗∗∗∗∗∗∗

Teleman et al (2004)68 86 Singapore Health care SARS Confirmed Yes ∗∗∗∗∗∗∗∗

Tuan et al (2007)69 212 Vietnam Non-health care 
(household and 
community contacts)

SARS Confirmed Yes ∗∗∗∗∗∗

Van Kerkhove et al 
(2019)46 

828 Saudi Arabia Non-health care 
(dormitory)

MERS Confirmed Yes ∗∗∗∗∗∗∗∗

Wang et al (2020)41 493 China Health care COVID-19 Confirmed Yes ∗∗∗∗

(Table 1 continues on next page)
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and reported conflicts of interests, ethics approval, study 
limitations, and other important comments.

Outcomes
Outcomes of interest were risk of transmission (ie, WHO-
defined confirmed or probable COVID-19, SARS, or 
MERS) to people in health-care or non-health-care settings 
by those infected; hospitalisation; intensive care unit 
admission; death; time to recovery; adverse effects of 
interventions; and contextual factors such as acceptability, 
feasibility, effect on equity, and resource considerations 
related to the interventions of interest. However, data 
were only available to analyse intervention effects for 
transmission and contextual factors. Consistent with 
WHO, studies generally defined confirmed cases with 
laboratory confirmation (with or without symptoms) and 
probable cases with clinical evidence of the respective 
infection (ie, suspected to be infected) but for whom 
confirmatory testing either had not yet been done for any 
reason or was inconclusive.

Data analysis
Our search did not identify any randomised trials of 
COVID-19, SARS, or MERS. We did a meta-analysis of 
associations by pooling risk ratios (RRs) or adjusted odds 
ratios (aORs) depending on availability of these data from 
observational studies, using DerSimonian and Laird ran
dom-effects models. We adjusted for variables including 
age, sex, and severity of source case; these variables were 
not the same across studies. Because between-study 
heterogeneity can be misleadingly large when quantified 
by I² during meta-analysis of observational studies,21,22 
we used GRADE guidance to assess between-study hetero
geneity.21 Throughout, we present RRs as unadjusted 
estimates and aORs as adjusted estimates.

We used the Newcastle-Ottawa scale to rate risk of bias 
for comparative non-randomised studies corresponding 

to every study’s design (cohort or case-control).23,24 We 
planned to use the Cochrane Risk of Bias tool 2.0 for 
randomised trials,25 but our search did not identify any 
eligible randomised trials. We synthesised data in both 
narrative and tabular formats. We graded the certainty of 
evidence using the GRADE approach. We used the 
GRADEpro app to rate evidence and present it in GRADE 
evidence profiles and summary of findings tables26,27 
using standardised terms.28,29

We analysed data for subgroup effects by virus type, 
intervention (different distances or face mask types), and 
setting (health care vs non-health care). Among the studies 
assessing physical distancing measures to prevent viral 
transmission, the intervention varied (eg, direct physical 
contact [0 m], 1 m, or 2 m). We, therefore, analysed 
the effect of distance on the size of the associations 
by random-effects univariate meta-regressions, using 
restricted maximum likelihood, and we present mean 
effects and 95% CIs. We calculated tests for interaction 
using a minimum of 10 000 Monte Carlo random 
permutations to avoid spurious findings.30 We formally 
assessed the credibility of potential effect-modifiers using 
GRADE guidance.21 We did two sensitivity analyses to test 
the robustness of our findings. First, we used Bayesian 
meta-analyses to reinterpret the included studies 
considering priors derived from the effect point estimate 
and variance from a meta-analysis of ten randomised 
trials evaluating face mask use versus no face mask use to 
prevent influenza-like illness in health-care workers.31 
Second, we used Bayesian meta-analyses to reinterpret 
the efficacy of N95 respirators versus medical masks 
on preventing influenza-like illness after seasonal viral 
(mostly influenza) infection.13 For these sensitivity 
analyses, we used hybrid Metropolis-Hastings and Gibbs 
sampling, a 10 000 sample burn-in, 40 000 Markov chain 
Monte Carlo samples, and we tested non-informative 
and sceptical priors (eg, four time variance)32,33 to inform 

n Country Setting Disease 
caused by 
virus

Case definition
(WHO)

Adjusted 
estimates

Risk of bias*

(Continued from previous page)

Wang et al (2020)70 5442 China Health care COVID-19 Confirmed No ∗∗∗∗∗

Wiboonchutikul et al 
(2016)71

38 Thailand Health care MERS Confirmed No ∗∗∗∗∗

Wilder-Smith et al 
(2005)72

80 Singapore Health care SARS Confirmed No ∗∗∗∗∗∗∗∗

Wong et al (2004)73 66 China Health care SARS Confirmed No ∗∗∗∗∗

Wu et al (2004)74 375 China Non-health care 
(community)

SARS Confirmed Yes ∗∗∗∗∗∗∗∗

Yin et al (2004)75 257 China Health care SARS Confirmed Yes ∗∗∗∗∗∗

Yu et al (2005)76 74 China Health care SARS Confirmed No ∗∗∗∗∗∗∗

Yu et al (2007)77 124 wards China Health care SARS Confirmed Yes ∗∗∗∗∗∗∗

Across studies, mean age was 30–60 years. SARS=severe acute respiratory syndrome. MERS=Middle East respiratory syndrome. *The Newcastle-Ottawa Scale was used for 
the risk of bias assessment, with more stars equalling lower risk.

Table 1: Characteristics of included comparative studies

For more on the GRADEpro app 
see https://www.gradepro.org
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mean estimates of effect, 95% credibility intervals (CrIs), 
and posterior distributions. We used non-informative 
hyperpriors to estimate statistical heterogeneity. Model 
convergence was confirmed in all cases with good mixing 
in visual inspection of trace plots, autocorrelation plots, 
histograms, and kernel density estimates in all scenarios. 
Parameters were blocked, leading to acceptance of 
approximately 50% and efficiency greater than 1% in all 
cases (typically about 40%). We did analyses using Stata 
version 14.3.

Role of the funding source
The funder contributed to defining the scope of the 
review but otherwise had no role in study design and 
data collection. Data were interpreted and the report 
drafted and submitted without funder input, but 
according to contractual agreement, the funder provided 
review at the time of final publication. The corresponding 
author had full access to all data in the study and had 
final responsibility for the decision to submit for 
publication.
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Figure 2: Forest plot showing the association of COVID-19, SARS, or MERS exposure proximity with infection
SARS=severe acute respiratory syndrome. MERS=Middle East respiratory syndrome. RR=relative risk. aOR=adjusted odds ratio. aRR=adjusted relative risk. *Estimated values; sensitivity analyses 
excluding these values did not meaningfully alter findings.
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Results
We identified 172 studies for our systematic review from 
16 countries across six continents (figure 1; appendix 
pp 6–14, 41–47). Studies were all observational in nature; 
no randomised trials were identified of any interventions 
that directly addressed the included study populations. Of 
the 172 studies, 66 focused on how far a virus can travel by 
comparing the association of different distances on virus 
transmission to people (appendix pp 42–44). Of these 
66 studies, five were mechanistic, assessing viral RNA, 
virions, or both cultured from the environment of an 
infected patient (appendix p 45).

44 studies were comparative34–77 and fulfilled criteria for 
our meta-analysis (n=25 697; figure 1; table 1). We used 
these studies rather than case series and qualitative 
studies (appendix pp 41–47) to inform estimates of effect. 
30 studies34,37,41–45,47–51,53–56,58–61,64–70,72,74,75 focused on the asso
ciation between use of various types of face masks and 
respirators by health-care workers, patients, or both with 
virus transmission. 13 studies34,37–39,47,49,51,54,58,60,61,65,75 addressed 
the association of eye protection with virus transmission.

Some direct evidence was available for COVID-19 
(64 studies, of which seven were comparative in 

design),36,37,40,41,44,52,70 but most studies reported on SARS 
(n=55) or MERS (n=25; appendix pp 6–12). Of the 
44 comparative studies, 40 included WHO-defined 
confirmed cases, one included both confirmed and 
probable cases, and the remaining three studies included 
probable cases. There was no effect-modification by case-
definition (distance pinteraction=0·41; mask pinteraction=0·46; all 
cases for eye protection were confirmed). Most studies 
reported on bundled interventions, including different 
components of PPE and distancing, which was usually 
addressed by statistical adjustment. The included studies 
all occurred during recurrent or novel outbreak settings of 
COVID-19, SARS, or MERS.

Risk of bias was generally low-to-moderate after 
considering the observational designs (table 1), but both 
within studies and across studies the overall findings 
were similar between adjusted and unadjusted estimates. 
We did not detect strong evidence of publication bias 
in the body of evidence for any intervention (appendix 
pp 15–18). As we did not use case series data to inform 
estimates of effect of each intervention, we did not 
systematically rate risk of bias of these data. Therefore, we 
report further only those studies with comparative data.

Studies and 
participants

Relative effect 
(95% CI)

Anticipated absolute effect (95% CI), 
eg, chance of viral infection or 
transmission

Difference 
(95% CI)

Certainty* What happens (standardised GRADE 
terminology)29

Comparison 
group

Intervention group

Physical distance 
≥1 m vs <1 m

Nine adjusted studies 
(n=7782); 29 unadjusted 
studies (n=10 736)

aOR 0·18 (0·09 to 0·38); 
unadjusted RR 0·30 
(95% CI 0·20 to 0·44)

Shorter distance, 
12·8%

Further distance, 
2·6% (1·3 to 5·3)

–10·2% 
(–11·5 to –7·5)

Moderate† A physical distance of more than 1 m 
probably results in a large reduction in 
virus infection; for every 1 m further 
away in distancing, the relative effect 
might increase 2·02 times

Face mask vs no face 
mask

Ten adjusted studies 
(n=2647); 29 unadjusted 
studies (n=10 170)

aOR 0·15 (0·07 to 0·34); 
unadjusted RR 0·34 
(95% CI 0·26 to 0·45)

No face mask, 
17·4%

Face mask, 
3·1% (1·5 to 6·7)

–14·3% 
(–15·9 to –10·7)

Low‡ Medical or surgical face masks might 
result in a large reduction in virus 
infection; N95 respirators might be 
associated with a larger reduction in 
risk compared with surgical or similar 
masks§

Eye protection 
(faceshield, goggles) 
vs no eye protection

13 unadjusted studies 
(n=3713)

Unadjusted RR 0·34 
(0·22 to 0·52)¶

No eye 
protection, 
16·0%

Eye protection, 
5·5% (3·6 to 8·5)

–10·6% 
(–12·5 to –7·7)

Low|| Eye protection might result in a large 
reduction in virus infection

Table based on GRADE approach.26–29 Population comprised people possibly exposed to individuals infected with SARS-CoV-2, SARS-CoV, or MERS-CoV. Setting was any health-care or non-health-care setting. 
Outcomes were infection (laboratory-confirmed or probable) and contextual factors. Risk (95% CI) in intervention group is based on assumed risk in comparison group and relative effect (95% CI) of the 
intervention. All studies were non-randomised and evaluated using the Newcastle-Ottawa Scale; some studies had a higher risk of bias than did others but no important difference was noted in sensitivity 
analyses excluding studies at higher risk of bias; we did not further rate down for risk of bias. Although there was a high I2 value (which can be exaggerated in non-randomised studies)21 and no overlapping CIs, 
point estimates generally exceeded the thresholds for large effects and we did not rate down for inconsistency. We did not rate down for indirectness for the association between distance and infection because 
SARS-CoV-2, SARS-CoV, and MERS-CoV all belong to the same family and have each caused epidemics with sufficient similarity; there was also no convincing statistical evidence of effect-modification across 
viruses; some studies also used bundled interventions but the studies include only those that provide adjusted estimates. aOR=adjusted odds ratio. RR=relative risk. SARS-CoV-2=severe acute respiratory 
syndrome coronavirus 2. SARS-CoV=severe acute respiratory syndrome coronavirus. MERS-CoV=Middle East respiratory syndrome coronavirus. *GRADE category of evidence; high certainty (we are very 
confident that the true effect lies close to that of the estimate of the effect); moderate certainty (we are moderately confident in the effect estimate; the true effect is probably close to the estimate, but it is 
possibly substantially different); low certainty (our confidence in the effect estimate is limited; the true effect could be substantially different from the estimate of the effect); very low certainty (we have very 
little confidence in the effect estimate; the true effect is likely to be substantially different from the estimate of effect). †The effect is very large considering the thresholds set by GRADE, particularly at plausible 
levels of baseline risk, which also mitigated concerns about risk of bias; data also suggest a dose–response gradient, with associations increasing from smaller distances to 2 m and beyond, by meta-regression; 
we did not rate up for this domain alone but it further supports the decision to rate up in combination with the large effects. ‡The effect was very large, and the certainty of evidence could be rated up, but we 
made a conservative decision not to because of some inconsistency and risk of bias; hence, although the effect is qualitatively highly certain, the precise quantitative effect is low certainty. §In a subgroup analysis 
comparing N95 respirators with surgical or similar masks (eg, 12–16-layer cotton), the association was more pronounced in the N95 group (aOR 0·04, 95% CI 0·004–0·30) compared with other masks (0·33, 
0·17–0·61; pinteraction=0·090); there was also support for effect-modification by formal analysis of subgroup credibility. ¶Two studies54,75 provided adjusted estimates with n=295 in the eye protection group and 
n=406 in the group not wearing eye protection; results were similar to the unadjusted estimate (aOR 0·22, 95% CI 0·12–0·39). ||The effect is large considering the thresholds set by GRADE assuming that ORs 
translate into similar magnitudes of RR estimates; this mitigates concerns about risk of bias, but we conservatively decided not to rate up for large or very large effects.

Table 2: GRADE summary of findings
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Across 29 unadjusted and nine adjusted 
studies,35–37,39,40,43,44,46,47,50–54,56,57,59–66,68,69,71,73,76 a strong association 
was found of proximity of the exposed individual with 
the risk of infection (unadjusted n=10 736, RR 0·30, 
95% CI 0·20 to 0·44; adjusted n=7782, aOR 0·18, 95% CI 
0·09 to 0·38; absolute risk [AR] 12·8% with shorter 
distance vs 2·6% with further distance, risk difference 
[RD] –10·2%, 95% CI –11·5 to –7·5; moderate certainty; 
figure 2; table 2; appendix p 16). Although there were 
six studies on COVID-19, the association was seen 
irrespective of causative virus (pinteraction=0·49), health-care 
setting versus non-health-care setting (pinteraction=0·14), 
and by type of face mask (pinteraction=0·95; appendix pp 17, 19). 
However, different studies used different distances for 
the intervention. By meta-regression, the strength of 

association was larger with increasing distance (2·02 
change in RR per m, 95% CI 1·08 to 3·76; pinteraction=0·041; 
moderate credibility subgroup effect; figure 3A; table 2). 
AR values with increasing distance given different 
degrees of baseline risk are shown in figure 3B, with 
potential values at 3 m also shown. 

Across 29 unadjusted studies and ten adjusted 
studies,34,37,41–45,47–51,53–56,58–61,64–70,72,74,75 the use of both N95 or 
similar respirators or face masks (eg, disposable surgical 
masks or similar reusable 12–16-layer cotton masks) by 
those exposed to infected individuals was associated 
with a large reduction in risk of infection (unadjusted 
n=10 170, RR 0·34, 95% CI 0·26 to 0·45; adjusted studies 
n=2647, aOR 0·15, 95% CI 0·07 to 0·34; AR 3·1% with 
face mask vs 17·4% with no face mask, RD –14·3%, 
95% CI –15·9 to –10·7; low certainty; figure 4; table 2; 
appendix pp 16, 18) with stronger associations in health-
care settings (RR 0·30, 95% CI 0·22 to 0·41) compared 
with non-health-care settings (RR 0·56, 95% CI 
0·40 to 0·79; pinteraction=0·049; low-to-moderate credibility 
for subgroup effect; figure 4; appendix p 19). When 
differential N95 or similar respirator use, which was 
more frequent in health-care settings than in non-
health-care settings, was adjusted for the possibility that 
face masks were less effective in non-health-care 
settings, the subgroup effect was slightly less credible 
(pinteraction=0·11, adjusted for differential respirator use; 
figure 4). Indeed, the association with protection from 
infection was more pronounced with N95 or similar 
respirators (aOR 0·04, 95% CI 0·004 to 0·30) compared 
with other masks (aOR 0·33, 95% CI 0·17 to 0·61; 
pinteraction=0·090; moderate credibility subgroup effect; 
figure 5). The interaction was also seen when addit
ionally adjusting for three studies that clearly reported 
aerosol-generating procedures (pinteraction=0·048; figure 5). 
Supportive evidence for this interaction was also seen in 
within-study comparisons (eg, N95 had a stronger 
protective association compared with surgical masks or 
12–16-layer cotton masks); both N95 and surgical masks 
also had a stronger association with protection versus 
single-layer masks.38,39,51,53,54,61,66,67,75

We did a sensitivity analysis to test the robustness of 
our findings and to integrate all available information 
on face mask treatment effects for protection from 
COVID-19. We reconsidered our findings using ran
dom-effects Bayesian meta-analysis. Although non-
informative priors showed similar results to frequentist 
approaches (aOR 0·16, 95% CrI 0·04–0·40), even using 
informative priors from the most recent meta-analysis 
on the effectiveness of masks versus no masks to 
prevent influenza-like illness (RR 0·93, 95% CI 
0·83–1·05)31 yielded a significant association with 
protection from COVID-19 (aOR 0·40, 95% CrI 
0·16–0·97; posterior probability for RR <1, 98%). 
Minimally informing (25% influence with or without 
four-fold smaller mean effect size) the most recent and 
rigorous meta-analysis of the effectiveness of N95 

exp(b)=2·02 per m, 95% CI 1·08–3·76; p=0·041
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respirators versus medical masks in randomised 
trials (OR 0·76, 95% CI 0·54–1·06)13 with the effect-
modification seen in this meta-analysis on COVID-19 
(ratio of aORs 0·14, 95% CI 0·02–1·05) continued to 
support a stronger association of protection from 
COVID-19, SARS, or MERS with N95 or similar respi
rators versus other face masks (posterior probability for 
RR <1, 100% and 95%, respectively).

In 13 unadjusted studies and two adjusted 
studies,34,37-39,47,49,51,54,58,60,61,65,75 eye protection was associated 
with lower risk of infection (unadjusted n=3713, 
RR 0·34, 95% CI 0·22 to 0·52; AR 5·5% with eye 
protection vs 16·0% with no eye protection, RD –10·6%, 
95% CI –12·5 to –7·7; adjusted n=701, aOR 0·22, 

95% CI 0·12 to 0·39; low certainty; figure 6; table 2; 
appendix pp 16–17).

Across 24 studies in health-care and non-health-care 
settings during the current pandemic of COVID-19, 
previous epidemics of SARS and MERS, or in general 
use, looking at contextual factors to consider in 
recommendations, most stakeholders found physical 
distancing and use of face masks and eye protection 
acceptable, feasible, and reassuring (appendix pp 20–22). 
However, challenges included frequent discomfort, 
high resource use linked with potentially decreased 
equity, less clear communication, and perceived 
reduced empathy of care providers by those they were 
caring for.
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Figure 4: Forest plot showing unadjusted estimates for the association of face mask use with viral infection causing COVID-19, SARS, or MERS
SARS=severe acute respiratory syndrome. MERS=Middle East respiratory syndrome. RR=relative risk. aOR=adjusted odds ratio. aRR=adjusted relative risk.
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Discussion
The findings of this systematic review of 172 studies 
(44 comparative studies; n=25 697 patients) on COVID-19, 
SARS, and MERS provide the best available evidence 
that current policies of at least 1 m physical distancing 
are associated with a large reduction in infection, and 
distances of 2 m might be more effective. These data also 
suggest that wearing face masks protects people (both 
health-care workers and the general public) against 
infection by these coronaviruses, and that eye protection 
could confer additional benefit. However, none of these 
interventions afforded complete protection from infection, 
and their optimum role might need risk assessment and 
several contextual considerations. No randomised trials 
were identified for these interventions in COVID-19, 
SARS, or MERS. 

Previous reviews are limited in that they either have not 
provided any evidence from COVID-19 or did not use 
direct evidence from other related emerging epidemic 
betacoronaviruses (eg, SARS and MERS) to inform the 
effects of interventions to curtail the current COVID-19 
pandemic.13,19,31,78 Previous data from randomised trials are 
mainly for common respiratory viruses such as seasonal 
influenza, with a systematic review concluding low 
certainty of evidence for extrapolating these findings to 
COVID-19.13 Further, previous syntheses of available 
randomised controlled trials have not accounted for 
cluster effects in analyses, leading to substantial 

imprecision in treatment effect estimates. In between-
study and within-study comparisons, we noted a larger 
effect of N95 or similar respirators compared with other 
masks. This finding is inconsistent with conclusions of a 
review of four randomised trials,13 in which low certainty 
of evidence for no larger effect was suggested. However, in 
that review, the CIs were wide so a meaningful protective 
effect could not be excluded. We harmonised these 
findings with Bayesian approaches, using indirect data 
from randomised trials to inform posterior estimates. 
Despite this step, our findings continued to support the 
ideas not only that masks in general are associated with a 
large reduction in risk of infection from SARS-CoV-2, 
SARS-CoV, and MERS-CoV but also that N95 or similar 
respirators might be associated with a larger degree of 
protection from viral infection than disposable medical 
masks or reusable multilayer (12–16-layer) cotton masks. 
Nevertheless, in view of the limitations of these data, we 
did not rate the certainty of effect as high.21 Our findings 
accord with those of a cluster randomised trial showing a 
potential benefit of continuous N95 respirator use over 
medical masks against seasonal viral infections.79 Further 
high-quality research, including randomised trials of 
the optimum physical distance and the effectiveness of 
different types of masks in the general population and 
for health-care workers’ protection, is urgently needed. 
Two trials are registered to better inform the optimum use 
of face masks for COVID-19 (NCT04296643 [n=576] and 

Figure 5: Forest plot showing adjusted estimates for the association of face mask use with viral infection causing COVID-19, SARS, or MERS
SARS=severe acute respiratory syndrome. MERS=Middle East respiratory syndrome. RR=relative risk. aOR=adjusted odds ratio. AGP=aerosol-generating procedures. 
*Studies clearly reporting AGP.
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NCT04337541 [n=6000]). Until such data are available, our 
findings represent the current best estimates to inform 
face mask use to reduce infection from COVID-19. We 
recognise that there are strong, perhaps opposing, 
sentiments about policy making during outbreaks. In one 
viewpoint, the 2007 SARS Commission report stated:

“...recognize, as an aspect of health worker safety, the 
precautionary principle that reasonable action to reduce 
risk, such as the use of a fitted N95 respirator, need not 
await scientific certainty”.80

“...if we do not learn from SARS and we do not make the 
government fix the problems that remain, we will pay a 
terrible price in the next pandemic”.81

A counter viewpoint is that the scientific uncertainty 
and contextual considerations require a more nuanced 
approach. Although challenging, policy makers must 
carefully consider these two viewpoints along with our 
findings. 

We found evidence of moderate certainty that current 
policies of at least 1 m physical distancing are probably 

associated with a large reduction in infection, and that 
distances of 2 m might be more effective, as implemented 
in some countries. We also provide estimates for 3 m. 
The main benefit of physical distancing measures is to 
prevent onward transmission and, thereby, reduce the 
adverse outcomes of SARS-CoV-2 infection. Hence, the 
results of our current review support the implementation 
of a policy of physical distancing of at least 1 m and, if 
feasible, 2 m or more. Our findings also provide robust 
estimates to inform models and contact tracing used to 
plan and strategise for pandemic response efforts at 
multiple levels. 

The use of face masks was protective for both health-
care workers and people in the community exposed 
to infection, with both the frequentist and Bayesian 
analyses lending support to face mask use irrespective 
of setting. Our unadjusted analyses might, at first 
impression, suggest use of face masks in the community 
setting to be less effective than in the health-care setting, 
but after accounting for differential N95 respirator use 
between health-care and non-health-care settings, we did 
not detect any striking differences in effectiveness of 

Figure 6: Forest plot showing the association of eye protection with risk of COVID-19, SARS, or MERS transmission
Forest plot shows unadjusted estimates. SARS=severe acute respiratory syndrome. MERS=Middle East respiratory syndrome. RR=relative risk. aOR=adjusted odds ratio. 
aRR=adjusted relative risk.
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face mask use between settings. The credibility of effect-
modification across settings was, therefore, low. Wearing 
face masks was also acceptable and feasible. Policy 
makers at all levels should, therefore, strive to address 
equity implications for groups with currently limited 
access to face masks and eye protection. One concern is 
that face mask use en masse could divert supplies from 
people at highest risk for infection.10 Health-care workers 
are increasingly being asked to ration and reuse PPE,82,83 
leading to calls for government-directed repurposing of 
manufacturing capacity to overcome mask shortages84 
and finding solutions for mask use by the general 
public.84 In this respect, some of the masks studied in 
our review were reusable 12–16-layer cotton or gauze 
masks.51,54,61,75 At the moment, although there is consensus 
that SARS-CoV-2 mainly spreads through large droplets 
and contact, debate continues about the role of 
aerosol,2–8,85,86 but our meta-analysis provides evidence 
(albeit of low certainty) that respirators might have a 
stronger protective effect than surgical masks. Biological 
plausibility would be supported by data for aerosolised 
SARS-CoV-25–8 and preclinical data showing seasonal 
coronavirus RNA detection in fine aerosols during tidal 
breathing,87 albeit, RNA detection does not necessarily 
imply replication and infection-competent virus. 
Nevertheless, our findings suggest it plausible that 
even in the absence of aerosolisation, respirators might 
be simply more effective than masks at preventing 
infection. At present, there is no data to support viable 
virus in the air outside of aerosol generating procedures 
from available hospital studies. Other factors such as 
super-spreading events, the subtype of health-care set
ting (eg, emergency room, intensive care unit, medical 
wards, dialysis centre), if aerosolising procedures are 
done, and environmental factors such as ventilation, 
might all affect the degree of protection afforded by 
personal protection strategies, but we did not identify 
robust data to inform these aspects.

Strengths of our review include adherence to full 
systematic review methods, which included artificial intel
ligence-supported dual screening of titles and abstracts, 
full-text evaluation, assessment of risk of bias, and no 
limitation by language. We included patients infected 
with SARS-CoV-2, SARS-CoV, or MERS-CoV and searched 
relevant data up to May 3, 2020. We followed the GRADE 
approach16 to rate the certainty of evidence. Finally, we 
identified and appraise a large body of published work 
from China, from which much evidence emerged before 
the pandemic spread to other global regions.

The primary limitation of our study is that all studies 
were non-randomised, not always fully adjusted, and 
might suffer from recall and measurement bias (eg, direct 
contact in some studies might not be measuring near 
distance). However, unadjusted, adjusted, frequentist, and 
Bayesian meta-analyses all supported the main findings, 
and large or very large effects were recorded. Nevertheless, 
we are cautious not to be overly certain in the precise 

quantitative estimates of effects, although the qualitative 
effect and direction is probably of high certainty. Many 
studies did not provide information on precise distances, 
and direct contact was equated to 0 m distance; none of the 
eligible studies quantitatively evaluated whether distances 
of more than 2 m were more effective, although our meta-
regression provides potential predictions for estimates of 
risk. Few studies assessed the effect of interventions in 
non-health-care settings, and they primarily evaluated 
mask use in households or contacts of cases, although 
beneficial associations were seen across settings. 
Furthermore, most evidence was from studies that 
reported on SARS and MERS (n=6674 patients with 
COVID-19, of 25 697 total), but data from these previous 
epidemics provide the most direct information for 
COVID-19 currently. We did not specifically assess the 
effect of duration of exposure on risk for transmission, 
although whether or not this variable was judged a risk 
factor considerably varied across studies, from any 
duration to a minimum of 1 h. Because of inconsistent 
reporting, information is limited about whether aerosol-
generating procedures were in place in studies using 
respirators, and whether masks worn by infected patients 
might alter the effectiveness of each intervention, although 
the stronger association with N95 or similar respirators 
over other masks persisted when adjusting for studies 
reporting aerosol-generating medical procedures. These 
factors might account for some of the residual statistical 
heterogeneity seen for some outcomes, albeit I² is com
monly inflated in meta-analyses of observational data,21,22 
and nevertheless the effects seen were large and probably 
clinically important in all adjusted studies.

Our comprehensive systematic review provides the 
best available information on three simple and com
mon interventions to combat the immediate threat of 
COVID-19, while new evidence on pharmacological treat
ments, vaccines, and other personal protective strategies is 
being generated. Physical distancing of at least 1 m is 
strongly associated with protection, but distances of up to 
2 m might be more effective. Although direct evidence is 
limited, the optimum use of face masks, in particular N95 
or similar respirators in health-care settings and 12–16-layer 
cotton or surgical masks in the community, could depend 
on contextual factors; action is needed at all levels to 
address the paucity of better evidence. Eye protection 
might provide additional benefits. Globally collaborative 
and well conducted studies, including randomised trials, 
of different personal protective strategies are needed 
regardless of the challenges, but this systematic appraisal 
of currently best available evidence could be considered to 
inform interim guidance.
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Background: Face mask usage by the healthy population in the community to reduce risk of transmission 

of respiratory viruses remains controversial. We assessed the effect of community-wide mask usage to 

control coronavirus disease 2019 (COVID-19) in Hong Kong Special Administrative Region (HKSAR). 

Methods: Patients presenting with respiratory symptoms at outpatient clinics or hospital wards were 

screened for COVID-19 per protocol. Epidemiological analysis was performed for confirmed cases, espe- 

cially persons acquiring COVID-19 during mask-off and mask-on settings. The incidence of COVID-19 per 

million population in HKSAR with community-wide masking was compared to that of non-mask-wearing 

countries which are comparable with HKSAR in terms of population density, healthcare system, BCG vac- 

cination and social distancing measures but not community-wide masking. Compliance of face mask us- 

age in the HKSAR community was monitored. 

Findings: Within first 100 days (31 December 2019 to 8 April 2020), 961 COVID-19 patients were diag- 

nosed in HKSAR. The COVID-19 incidence in HKSAR (129.0 per million population) was significantly lower 

( p < 0.001) than that of Spain (2983.2), Italy (2250.8), Germany (1241.5), France (1151.6), U.S. (1102.8), U.K. 

(831.5), Singapore (259.8), and South Korea (200.5). The compliance of face mask usage by HKSAR gen- 

eral public was 96.6% (range: 95.7% to 97.2%). We observed 11 COVID-19 clusters in recreational ‘mask-off’ 

settings compared to only 3 in workplace ‘mask-on’ settings ( p = 0.036 by Chi square test of goodness-of- 

fit). 

Conclusion: Community-wide mask wearing may contribute to the control of COVID-19 by reducing the 

amount of emission of infected saliva and respiratory droplets from individuals with subclinical or mild 

COVID-19. 

© 2020 The British Infection Association. Published by Elsevier Ltd. All rights reserved. 

Introduction 

Coronavirus disease 2019 (COVID-19) due to severe acute respi- 

ratory syndrome coronavirus 2 (SARS-CoV-2), which is closely re- 

lated to bat SARS related coronaviruses, 1 is the second pandemic 

of the 21st century following the influenza A H1N1 pandemic of 

2009. With the rapidly galloping epidemic due to globalization 

and international travel, World Health Organization (WHO) de- 
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clared COVID-19 to be a pandemic on 11 March 2020, 2 which is 

72 days after the first official announcement of clusters of patients 

with community-acquired pneumonia in Wuhan, Hubei Province of 

China on 31 December 2019 (day 1). 3 As of 8 April 2020 (day 100), 

over 1.35 million people have been infected worldwide with nearly 

80,0 0 0 deaths. 4 In response, proactive infection control measures 

have been implemented in hospital settings. 5 , 6 In addition, non- 

pharmaceutical public health interventions including border con- 

trol or closure, quarantine and testing of all incoming travelers or 

returnees, massive reverse-transcription polymerase chain reaction 

(RT-PCR) testing for case detection, rapid contact tracing and quar- 

antine, frequent hand hygiene, and later social distancing measures 
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including school closure, home office, cancelation of all mass gath- 

erings, later stay-at-home order, and cessation of all socioeconomic 

activities except essential services, were also adopted to various 

degrees and at different time points in different geographical ar- 

eas to reduce the risk of community transmission. Many of these 

measures had been used for the control of community transmis- 

sion of severe acute respiratory syndrome (SARS) in 2003 and pan- 

demic influenza A H1N1 in 2009 in Hong Kong Special Adminis- 

trative Region of China (HKSAR) and other parts of the world. 7 , 8 

However, the efficacy of community-wide masking of the popu- 

lation during these past epidemics or the present COVID-19 pan- 

demic has not been clearly investigated. Unlike 2003 SARS which 

was generally manifested with high fever and progressive pneumo- 

nia with a mortality of about 10%, COVID-19 can be associated with 

very mild symptoms and a mortality of less than 4%. Thus sub- 

clinical or asymptomatic SARS-CoV-2 shedders may play an impor- 

tant role in perpetuating the pandemic. 9 , 10 We hypothesized that 

community-wide masking in HKSAR may break the chain of trans- 

mission of SARS-CoV-2 by reducing the infectiousness of the sub- 

clinical virus shedders while also offering some protection to the 

susceptible population. 

In HKSAR, community-wide masking was practiced by the gen- 

eral population at an early stage of the local COVID-19 epidemic. 

Here, we described the comparative epidemiology of COVID-19 

during the first 100 days. We also analyzed the incidence of 

COVID-19 in geographical areas with or without community-wide 

masking for most individuals, and also the number of COVID-19 

clusters of COVID-19 in relation to workplace (mask-on setting) or 

non-workplace recreational settings (mask-off setting) of HKSAR. 

Methods 

Community control measures against COVID-19 in HKSAR 

HKSAR is a cosmopolitan city of 7.45 million people in Southern 

China. Occupying only 1104 square-kilometers, it is the third most 

densely populated area in the world with around 6700 people per 

square-kilometer. Soon after the official announcement of a cluster 

of patients with community-acquired pneumonia in Wuhan by the 

National Health Commission of the People’s Republic of China, on 

31 December 2019 (day 1), the center for Health Protection (CHP) 

of the Department of Health, the HKSAR government alerted mem- 

bers of the public to maintain good personal and environmental 

hygiene, with specific emphasis on hand hygiene, refraining from 

work or attending class at school, avoiding crowded places, seek 

medical advice promptly and wear a surgical mask if they develop 

respiratory symptoms. 3 Step-wise introduction of other commu- 

nity interventions later to control the spread of COVID-19 was de- 

scribed. As an objective parameter of community-wide prepared- 

ness, compliance of face mask usage by the general public moni- 

tored by staff working in Infection Control Unit, and Department of 

Microbiology, Queen Mary Hospital for three consecutive days from 

6 April to 8 April 2020 (day 98 to day 100). Each staff member 

would count the number of persons not wearing a mask among 

the first 50 persons encountered in the street during their morn- 

ing commute. The residential district of the staff was recorded. 

Epidemiology of COVID-19 in HKSAR 

A multi-pronged screening strategy to identify patients infected 

with SARS-CoV-2 was implemented. 5 , 6 The epidemiology of newly 

confirmed cases was announced in the daily press conference 

jointly held by CHP and Hospital Authority. Major clusters aris- 

ing from mask-on (workplace) and mask-off (recreational) settings 

were analyzed to evaluate the efficacy of wearing face masks. 

Comparing the epidemiology of COVID-19 in HKSAR and other parts 

of the world 

The epidemiology of COVID-19 of HKSAR was compared to that 

of the representative countries in North America, Europe, and Asia 

using publicly accessible information from the website of WHO to 

understand the overall effect of our control measures used in HK- 

SAR. Countries with well-established healthcare system, where face 

mask usage was not universally adopted in the community, and 

having over 100 confirmed cases at day 72 when WHO declared a 

pandemic were selected for comparison. 

Laboratory diagnosis of SARS-CoV-2 

Clinical specimens including nasopharyngeal aspirates, na- 

sopharyngeal swabs, throat swab, saliva, sputum, endotracheal as- 

pirates, or bronchoalveolar lavage were subjected to nucleic acid 

extraction by the eMAG extraction system (bioMérieux, Marcy- 

l’Étoile France) as we previously described. 5 , 6 The presence of 

SARS-CoV-2 RNA in specimens was first determined by the Light- 

Mix Modular SebeccoV E-gene commercial kit (TIB Molbiol, Berlin, 

Germany) at all public hospitals under the Hospital Authority and 

the Public Health Laboratory Service of the Department of Health, 

and further confirmed by in-house real-time RT-PCR assay target- 

ing the SARS-CoV-2 RNA-dependent RNA polymerase/helicase gene 

as described. 11 

Statistical analysis 

Incidence rates were compared using the exact Poisson test us- 

ing R software. Proportions were compared using the chi-squared 

test. A p value of < 0.05 was considered statistically significant. 

Results 

Community response to COVID-19 in HKSAR 

Due to the prior experience of the SARS outbreak in 2003, the 

general public of HKSAR was on high alert after the official an- 

nouncement of a cluster of pneumonia cases of unknown etiology 

in Wuhan on 31 December 2019 (day 1), because a total of 1755 in- 

fected persons with 299 (17.0%) deaths over 133 days (11 February 

2003 to 23 June 2003) was recorded during this past SARS epi- 

demic. When the causative agent of COVID-19 was identified on 

9 January 2020 (day 10), and named as SARS-CoV-2 on 12 Febru- 

ary 2020 (day 44), this emerging pathogen was perceived to be 

as detrimental as 2003 SARS-CoV by the HKSAR general public. 

Even though initially HKSAR government only advocated people 

with respiratory symptoms to wear a surgical mask according to 

the recommendations of WHO and Centers for Disease Control and 

Prevention (CDC) of the United States, the general public volun- 

teered to wear face mask quite compliantly from the pre-pandemic 

to pandemic phase of COVID-19. 

Sixty-seven staff members (9 from Infection Control Unit, and 

58 from Department of Microbiology), residing in all 18 admin- 

istrative districts in HKSAR, recorded the number of persons not 

wearing face mask among the first 50 people they encountered 

during their morning commute to Queen Mary Hospital (located 

in Southern district) between 7:00am to 9:00am over three con- 

secutive days from 6 April to 8 April 2020 (day 98 to day 100). 

A total of 10,050 persons were observed. Only 337 (3.4%) persons 

did not wear face mask. The daily compliance of face mask usage 

was 97.2%, 97.1%, and 95.7% over three consecutive days in all 18 

administrative districts in HKSAR. 

Besides proactive infection control measures implemented by 

public hospitals under the governance of Hospital Authority, 5 , 6 
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Fig. 1. Evolving epidemic of coronavirus disease 2019 (COVID-19) in Hong Kong (from day 1 to 100). 

Note. #including their close contacts 

COVID-19, coronavirus disease 2019; DTS, deep throat saliva; WHO, World Health Organization. 

step-wise introduction of epidemiological measures by the HKSAR 

government were enforced. They included border controls to re- 

duce imported SARS-CoV-2 cases from mainland China on 4 Febru- 

ary 2020 (day 36). This was followed by imposing home quaran- 

tine order for 14 days to all entrees from mainland China on 8 

February 2020 (day 40). Subsequently, the quarantine order was 

progressively imposed to all entrees into HKSAR on and after 19 

March 2020 (day 80) ( Fig. 1 ). All entrees were compulsorily tested 

for SARS-CoV-2 by collecting their posterior oropharyngeal saliva 

with effect from 8 April 2020 (day 100). As in other localities, iso- 

lation of confirmed case, contact tracing and quarantine, closure of 

affected or high risk premises, and social distancing measures such 

as home-office and school closure were instituted. 

Epidemiology of COVID-19 in HKSAR 

Up to day 100 of the epidemic, a total of 961 cases of COVID-19 

were confirmed in HKSAR. Transmission of COVID-19 was divisible 

into four phases: phase 0 (from day 1 to 21) with no confirmed 

cases of COVID-19 in HKSAR; phase 1 (from day 22 to 30) with 10 

imported cases; phase 2 (from day 31 to 71) with 111 cases (pre- 

dominantly local cases) and; phase 3 (from day 72, WHO declared 

COVID-19 pandemic, onwards) with 840 cases (predominantly im- 

ported cases with local clusters of cases) ( Fig. 1 ). Among the 961 

confirmed cases, there were 11 clusters of 113 persons that were 

directly engaged in mask-off activities such as dining and drink- 

ing in restaurant or bar, singing at karaoke, and exercise in fit- 

ness clubs. There were only three clusters involving 11 persons en- 

gaged in mask-on settings at the workplace. Using the chi-square 

test of goodness-of-fit with Williams’ continuity correction, there 

were significantly more COVID-19 clusters involving mask-off set- 

tings than might be expected assuming that the null hypothesis of 

equal number of clusters involving mask-on and mask-off settings 

was true ( p = 0.036). 

Comparing the epidemic progression of COVID-19 in HKSAR with 

other parts of the world 

The incidence and cumulative number of COVID-19 cases in 

HKSAR and the representative countries or areas since the first 

laboratory-confirmed case of SARS-CoV-2 are illustrated in Fig. 2a & 

2b . The incidence of COVID-19 in HKSAR was significantly less 

than that of the selected countries (with well-established health- 

care system and having over 100 confirmed cases at day 72 when 

WHO declared a pandemic) in Asia, Europe, and North America, 

where face mask usage was not universally adopted in the com- 

munity ( Table 1 ). Singapore’s land area and population density are 

comparable to HKSAR. 4 On day 100 (8 April 2020), the incidence 

of COVID-19 per million population in Singapore was significantly 

higher than that in HKSAR (259.8 per million population vs 129.0 

per million population, p < 0.001) ( Table 2 ). In South Korea, the 

number of molecular diagnostic tests per million population was 

comparable to HKSAR. The proportion of local cases in South Korea 

related to mask-off settings was significantly higher than that in 

HKSAR [5150/10,384 (49.6%) vs 113 / 961 (11.8%), p < 0.001] because 

of super-spreading events at a church which was also a mask-off

setting ( Table 2 ). 

Discussion 

Evidence for using face masks to prevent transmission of res- 

piratory viruses in the community remains limited to a few stud- 
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Fig. 2a. Cumulative number of COVID-19 in representative countries or areas with or without community-wide wearing of face mask 

Note. The x-axis denotes the number of days since the first laboratory-confirmed case in the representative countries or areas. 

The date of first laboratory-confirmed case in Hong Kong (21 January 2020), Singapore (24 January 2020), South Korea (21 January 2020), Spain (1 February 2020), Switzerland 

(26 February 2020), Italy (31 January 2020), Belgium (06 February 2020), Austria (27 February 2020), Germany (28 January 2020), France (25 January 2020), Netherlands (28 

February 2020), Norway (27 February 2020), Denmark (27 February 2020), The United Kingdom (1 February 2020), Sweden (01 February 2020) and United States of America 

(23 January 2020). 

ies conducted in the household setting. 12 , 13 Although there is no 

expert consensus on this issue, universal masking is voluntar- 

ily adopted by people in our HKSAR community soon after the 

first imported case of COVID-19 was reported. This public action 

was linked to the painful experience of the 2003 SARS outbreak 

(1755 cases with 299 deaths in 6.73 million population) when HK- 

SAR people adopted universal masking in addition to other non- 

pharmaceutical interventions such as hand hygiene, social distanc- 

ing and school closure. 7 These community hygienic measures dur- 

ing the SARS outbreak resulted in a significant reduction of pos- 

itive specimens of all circulating respiratory viruses including in- 

fluenza viruses in 2003 compared with preceding periods. 14 In a 

case-control study conducted in Beijing during 2003 SARS, consis- 

tent wearing of a face mask outdoors was associated with a 70% 

risk reduction, compared to those not wearing a face mask. 15 

HKSAR is the only area practicing universal masking despite the 

recommendation of WHO and CDC that mask should be reserved 

for those with symptoms and in healthcare settings. We therefore 

compared the number of COVID-19 clusters in mask-on settings at 

workplace with that of the mask-off settings such as dining and 

drinking in restaurant or bar, singing at karaoke, and exercising in 

gymnasium, where there was a large gathering of people sharing 

food, drinks, and instruments. In effect, these mask-off settings al- 

lowed the sharing of their saliva and respiratory droplets, which 

may contain a viral load of 100 million per ml, directly or indi- 

rectly. 16 , 17 In HKSAR hospitals, wearing face masks is mandatory 

during the pandemic. It is also the practice among many commu- 

nity service providers and those who are working indoors. Since 

the supply of face mask was tight in the community as well as 

in the healthcare setting, it is the practice of our general public 

not to use more than one face mask per person per day. We ob- 

served that the overall compliance of face mask usage was 97% in 

all administrative districts in the morning. Thus we have the rea- 

son to believe that their compliance to face mask usage would re- 

main high throughout the day at the workplace. It is therefore not 

surprising that the number of COVID-19 clusters was significantly 

higher in the mask-off recreational settings in HKSAR. 

Universal masking in the community may mitigate the extent of 

transmission of COVID-19 and may be a necessary adjunctive pub- 

lic health measure in a densely populated city like HKSAR, with 

an average of 170,0 0 0 people entering HKSAR from Mainland and 

overseas per day. 18 Our incidence of COVID-19 was also lower than 

that of other areas with local transmission, vindicating this ap- 

proach. In particular, our incidence of COVID-19 was significantly 

lower than that of Singapore, a city comparable with HKSAR in 

terms of area, population density, healthcare infrastructure, BCG 

vaccination, 19 as well as adopting social distancing strategies and 

SARS-CoV-2 testing infrastructure. 20 Besides a lower ambient tem- 

perature and a higher risk of importation of COVID-19 cases from 

the mainland which are factors promoting COVID-19 transmission 

in HKSAR, the most important difference between the two cities is 

the community-wide usage of face masks in HKSAR but not in Sin- 

gapore. Moreover, 50% of local transmission of COVID-19 in South 

Korea was attributed to religious activities where face mask usage 
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Fig. 2b. Cumulative number of COVID-19 per million population in representative countries or areas with or without community-wide wearing of face mask 

Note. The x-axis denotes the number of day since the first laboratory-confirmed case in the representative countries or areas. 

The date of first laboratory-confirmed case in Hong Kong (21 January 2020), Singapore (24 January 2020), South Korea (21 January 2020), Spain (1 February 2020), Switzerland 

(26 February 2020), Italy (31 January 2020), Belgium (06 February 2020), Austria (27 February 2020), Germany (28 January 2020), France (25 January 2020), Netherlands (28 

February 2020), Norway (27 February 2020), Denmark (27 February 2020), The United Kingdom (1 February 2020), Sweden (01 February 2020) and United States of America 

(23 January 2020). 

was discouraged. Mask-off activities clearly have potential implica- 

tions for COVID-19 transmission in the community. 

However, the use of face mask in the community remains con- 

troversial. 21 , 22 WHO issued an interim guideline regarding the use 

of masks in the context of COVID-19 on 6 April 2020, stating no 

evidence that wearing a mask by healthy persons in the wider 

community setting can prevent acquisition of COVID-19. 23 Euro- 

pean Centre for Disease Prevention and Control issued a techni- 

cal report on 8 April 2020 that the use of face masks in the com- 

munity could be considered, especially when visiting busy, closed 

spaces, despite not knowing how much the use of masks in the 

community can contribute to a decrease in transmission in addi- 

tion to the other counter measures. 24 On 3 April 2020, CDC rec- 

ommended the use of cloth face coverings, especially in areas of 

significant community-based transmission. 25 The shift of paradigm 

from not recommending to promoting the use of face masks was 

based on the rationale of pre-symptomatic shedding of SARS-Cov- 

2 and presence of asymptomatic patients with high viral load in 

the community. 9 , 26 The use of face mask may serve as source 

control by preventing dispersal of droplets during talking, sneez- 

ing, and coughing, 27 and also reduce the risk of environmental 

contamination by SARS-CoV-2. Despite some supporters of WHO 

recommendation speaking against universal masking in our local 

medical community, most opinion leaders in the clinical microbi- 

ology and infectious disease specialties of HKSAR openly champi- 

oned this measure for the control of community transmission of 

COVID-19. 28 Masking is a continuous form of protection to stop the 

spreading of saliva and respiratory droplets to others or from oth- 

ers, and to the environment or from the environment to the sus- 

ceptible by hands through touching of nose, mouth and eye. Touch- 

ing nose and mouth is a subconscious behavior. 29 Hand hygiene 

is always the cornerstone to prevent transmission of COVID-19 

but it is a one-off discontinuous process where hand contamina- 

tion may occur easily between each alcoholic handrubbing or hand 

washing. Although we have successfully implemented directly ob- 

served hand hygiene (DOHH) by regular delivery of alcohol-based 

hand rub to conscious hospitalized patients and persons in res- 

idential care homes for the elderly before meal and medication 

rounds, 30–32 it may be difficult to practice DOHH in the commu- 

nity. Studies have also shown that wearing a mask with frequent 

hand hygiene significantly reduced transmission of seasonal in- 

fluenza virus in the community setting. But once the effect of the 

use of surgical mask was removed, the effect of hand hygiene be- 

came insignificant. 33 With the understanding that the supply of 

face masks should primarily be reserved for usage in healthcare 

settings, we believe that it is still advisable to encourage people 

to wear face masks in the public based on the precautionary prin- 

ciples. 34 Moreover, wearing a cloth mask with less filtration effi- 

ciency may still be better than no mask at all in communities of 

high transmission. 
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Table 1 

Incidence of coronavirus disease 2019 (COVID-19) infection in Hong Kong Special Administrative Region (HKSAR) as compared with that of selected countries as of 8 April 

2020 (at day 100 after official announcement of pneumonia outbreak in Wuhan, Hubei Province, China) a . 

Countries or city Population 

(million) b 
Cumulative number 

of confirmed case c 
Number (percentage) 

of death 

Incidence per 

million population d 
P value (incidence 

compared with 

HKSAR) 

Population density: 

population per km 

2 

(rank in the world) e 

Hong Kong SAR f 7.45 961 4 (0.4%) 129.0 Not applicable 6782 (3 rd ) 

Western Pacific Region 

Singapore 5.70 1,481 6 (0.4%) 259.8 P < 0.001 7894 (2 nd ) 

South Korea 51.78 10,384 200 (1.9%) 200.5 P < 0.001 517 (13 th ) 

European Region 

Spain 47.10 140,510 13,798 (9.8%) 2,983.2 P < 0.001 93 (89 th ) 

Switzerland 8.59 22,164 641 (2.9%) 2,580.2 P < 0.001 208 (48 th ) 

Italy 60.24 135,586 17,129 (12.6%) 2,250.8 P < 0.001 200 (51 st ) 

Belgium 11.52 22,194 2,035 (9.2%) 1,926.6 P < 0.001 376 (22 nd ) 

Austria 8.90 12,640 243 (1.9%) 1,420.2 P < 0.001 106 (76 th ) 

Germany 83.15 103,228 1,861 (1.8%) 1,241.5 P < 0.001 233 (41 st ) 

France 67.06 77,226 10,313 (13.4%) 1,151.6 P < 0.001 123 (68 th ) 

Netherlands 17.44 19,580 2,101 (10.7%) 1,122.7 P < 0.001 420 (16 th ) 

Norway 5.37 5,863 69 (1.7%) 1,091.8 P < 0.001 17 (171 st ) 

Denmark 5.82 5,071 203 (4.0%) 871.3 P < 0.001 135 (64 th ) 

The United Kingdom 66.44 55,246 6,159 (11.1%) 831.5 P < 0.001 274 (32 nd ) 

Sweden 10.33 7,693 591 (7.7%) 744.7 P < 0.001 23 (159 th ) 

Region of Americas 

United States of 

America 

329.45 363,321 10,845 (3.0%) 1,102.8 P < 0.001 34 (145 th ) 

a Developed countries with well-established healthcare system and reached more than 100 confirmed cases at day 72 (WHO declare pandemic COVID-19) were selected 

for comparison. 
b The population of country or city were retrieved from the website of World Health Organization. 
c Infection retrieved from situation report - 79 of World Health Organization issued on 8 April 2020 (day 100 after the official announcement of clusters of community- 

acquired pneumonia in Wuhan, Hubei Province, China. 
d The sequence of countries was listed as descending order in accordance with the incidence of COVID-19 per million population. 
e Information retrieved from Wikipedia - List of countries and dependencies by population density. https://en.wikipedia.org/wiki/List _ of _ countries _ and _ dependencies _ by _ 

population _ density (Accessed 12 April 2020). 
f The number of confirmed case was based on the official announcement daily by HKSAR, China. 

Table 2 

Comparison of the epidemiology and community responses against coronavirus disease 2019 (COVID-19) in Hong Kong SAR, Singapore, and South Korea. 

Epidemiology parameter as of 8 April 2020 Hong Kong SAR Singapore South Korea 

Total number of confirmed case 961 1,481 10,384 

Number of imported cases 517 (53.8%) 567 (38.3%) a NM 

Number of RT-PCR performed per million population ∼15,000 ∼12,800 b ∼9,900 c 

Number of local cases related to mask-off setting (i.e. religious activities, dining and drinking in 

restaurant or bar, singing at karaoke, and exercise in gymnasium) 

113 (11.8%) NM 5150 (49.6%) c , d 

Number of local cases related to family (other than mask-off setting described above) 41 (4.3%) NM NM 

Number of local cases related to mask-on setting (i.e. workplace) 11 (1.4%) NM NM 

Date of border restrictions 25 March 2020 e 23 March 2020, 2359 f 1 April 2020 g 

Average of ambient temperature range in the first 100 days of COVID-19 transmission 18 °C to 22 °C h 24 °C to 31 °C i 1 °C to 9 °C j 

Routine childhood BCG immunization program 

k Yes Yes Yes 

Note. NM, not mentioned. 
a Daily report on COVID-19. Minister of Health, Singapore. https://www.moh.gov.sg/docs/librariesprovider5/local- situation- report/situation- report- 1- apr- 2020.pdf . Ac- 

cessed 12 April 2020. 
b Information obtained from Minister of Health, Singapore. https://www.moh.gov.sg/covid-19 . Accessed 12 April 2020. 
c Information obtained from Coronavirus Disease-19, Republic of Korea. http://ncov.mohw.go.kr/en/ . Accessed 12 April 2020. 
d These patients were all related to a cohort of participants involving in religious activities - wearing face masks was discouraged. These were the believer of Olive 

Tree, a Christian new religious movement, originally known as Jesus Christ Congregation Revival Association of Korea, founded in Republic of Korea by Park Tae Son. 

https://en.wikipedia.org/wiki/Olive _ Tree _ (religious_movement). Accessed 12 April 2020. 
e Deny entry of non-Hong Kong resident. 
f All short-term visitors (from anywhere in the world) will not be allowed to enter or transit through Singapore. 
g All passengers are subject to mandatory self-quarantine for 14 days, except for airline crew. https://en.wikipedia.org/wiki/Travel _ restrictions _ related _ to _ the _ 2019%E2% 

80%9320 _ coronavirus _ pandemic . Accessed 12 April 2020. 
h https://www.hko.gov.hk/en/wxinfo/pastwx/mws/mws.htm . Accessed 12 April 2020. 
i https://www.climatestotravel.com/climate/singapore . Accessed 12 April 2020. 
j https://www.climatestotravel.com/climate/south-korea . Accessed 12 April 2020. 
k There is postulation of countries with BCG vaccination program tends to have lower incidence and death due to COVID-19 19 . 

SARS-CoV-2 is a highly transmissible respiratory virus which 

causes upper and lower respiratory tract infection leading to a high 

viral load in respiratory secretions and saliva as shown in clinical 

studies and transmission studies by close contact in animal mod- 

els. 35 Moreover, SARS-CoV-2 can suppress the host innate immune 

response in terms of interferon and cytokine response which in 

turn leads to a higher level of viral replication than that by the 

2003 SARS-CoV in an ex vivo lung tissue explant model. 10 These 

ex vivo findings supported the suggestion that an important pro- 

portion of COVID-19 patients may be pre-symptomatic or mildly 

symptomatic virus shedders. These groups of patients are unlikely 

to be tested or isolated and may contribute to the perpetuation of 
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the pandemic. Therefore community-wide mask usage irrespective 

of symptoms may reduce the infectivity of these silent COVID-19 

cases to the susceptible individuals. 

There are several limitations in our study. First, we did not 

analyze the mask-off settings in the family because the modes 

of transmission among close household contacts can be more di- 

verse. If the 15 family clusters were also counted within the 

mask-off settings, the difference would be even more significant 

( p < 0.001). Second, the type of mask used in the community can- 

not be controlled. The compliance of wearing face mask in terms 

of not touching the external surface of mask or face, and hand hy- 

giene before or after touching the mask cannot be assessed. Third, 

we cannot count the mask compliance directly for every com- 

munity settings. Nevertheless, in the absence of effective antivi- 

ral and vaccines, the pandemic spread COVID-19 to many coun- 

tries provide an unique opportunity to study the effectiveness of 

this non-pharmaceutical control measures. As of 27 February 2020 

(day 38 since the first reported case in South Korea), South Ko- 

rea government has started to distribute face masks to the pub- 

lic amid the outbreak of the COVID-19, 36 which was associated 

with a flattening of the epidemic curve. As of 14 April 2020 (day 

82 since the first reported case in Singapore), Singapore govern- 

ment has started to enforce a penalty of 300 Singapore dollar for 

anyone going out from home without a mask. 37 Further studies 

on this important non-pharmaceutical control measure are war- 

ranted. In order to live with emerging infectious diseases and sea- 

sonal influenza epidemics, every individual should have personal- 

ized reusable mask, gown, and gloves made of self-disinfecting fab- 

rics, and even reusable anti-fog face shield within their own set of 

Epidemic Combat Kit for their personal protection. 
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Abstract

We present two models for the COVID-19 pandemic
predicting the impact of universal face mask wearing
upon the spread of the SARS-CoV-2 virusone employ-
ing a stochastic dynamic network based compartmen-
tal SEIR (susceptible-exposed-infectious-recovered) ap-
proach, and the other employing individual ABM (agent-
based modelling) Monte Carlo simulationindicating (1)
significant impact under (near) universal masking when at
least 80% of a population is wearing masks, versus min-
imal impact when only 50% or less of the population is
wearing masks, and (2) significant impact when universal
masking is adopted early, by Day 50 of a regional out-
break, versus minimal impact when universal masking is
adopted late. These effects hold even at the lower filtering
rates of homemade masks. To validate these theoretical
models, we compare their predictions against a new em-

pirical data set we have collected that includes whether
regions have universal masking cultures or policies, their
daily case growth rates, and their percentage reduction
from peak daily case growth rates. Results show a near
perfect correlation between early universal masking and
successful suppression of daily case growth rates and/or
reduction from peak daily case growth rates, as predicted
by our theoretical simulations.

Taken in tandem, our theoretical models and empiri-
cal results argue for urgent implementation of universal
masking in regions that have not yet adopted it as policy or

*This collective work grew out of a Kinnernet discussion group
about COVID-19 initiated by Guy-Philippe Goldstein. All authors con-
tributed to the overall design and writing. Additionally, Goldstein for-
mulated overall study goals and analysed policy data, Morgunov ran the
SEIR simulation and collected policy data, De Kai created the online
interactive ABM simulation, Nangalia contributed with medical exper-
tise and to the model design, and Rotkirch and De Kai first drafted the
report.
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as a broad cultural norm. As governments plan how to exit
societal lockdowns, universal masking is emerging as one
of the key NPIs (non-pharmaceutical interventions) for
containing or slowing the spread of the pandemic. Com-
bined with other NPIs including social distancing and
mass contact tracing, a “mouth-and-nose lockdown” is far
more sustainable than a “full body lockdown”, from eco-
nomic, social, and mental health standpoints. To provide
both policy makers and the public with a more concrete
feel for how masks impact the dynamics of virus spread,
we are making an interactive visualization of the ABM
simulation available online at http://dek.ai/masks4all. We
recommend immediate mask wearing recommendations,
official guidelines for correct use, and awareness cam-
paigns to shift masking mindsets away from pure self-
protection, towards aspirational goals of responsibly pro-
tecting one’s community.

1 Introduction
With almost all of the world’s countries having imposed
measures of social distancing and restrictions on move-
ment in March 2020 to combat the COVID-19 pan-
demic, governments now seek a sustainable pathway back
towards eased social restrictions and a functioning econ-
omy. Mass testing for infection and serological tests for
immunity, combined with mass contact tracing, quaran-
tine of infected individuals, and social distancing, are rec-
ommended by the WHO and have become widely ac-
knowledged means of controlling spread of the SARS-
CoV-2 virus until a vaccine is available.

Against this backdrop, a growing number of voices
suggest that universal face mask wearing, as practiced ef-
fectively in most East Asian regions, is an additional, es-
sential component in the mitigation toolkit for a sustain-
able exit from harsh lockdowns. The masks-for-all argu-
ment claims that “test, trace, isolate” should be expanded
to “test, trace, isolate, mask”. This paper presents cross-
disciplinary, multi-perspective arguments for the urgency
of universal masking, via both new theoretical models and
new empirical data analyses. Specifically, we aim to illus-
trate how different degrees of mass face wearing affects
infection rates, and why the timing of introduction of uni-
versal masking is crucial.

In the first of two new theoretical models, we

introduce an SEIR (susceptible-exposed-infectious-
recovered) model of the effects of mass face mask wear-
ing over time compared to effects of social distancing and
lockdown. In the second of two new theoretical models,
we introduce a new interactive individual ABM (agent-
based modelling) Monte Carlo simulation showing how
masking significantly lowers rates of transmission. Both
models predict significant reduction in the daily growth of
infections on average under universal masking (80-90%
of the population) if instituted by day 50 of an outbreak,
but not if only 50% of the population wear masks or if
institution of universal masking is delayed.

We then compare the two new simulations presented
here against a new empirical data set we have collected
that includes whether regions have universal masking cul-
tures or policies, their daily case growth rates, and their
percentage reduction from peak daily case growth rates.
Since little precise quantitative data is available on cul-
tures where masking is prevalent, we explain in some
depth the historical and sociological factors that support
our classification of masking cultures. Results show a
near perfect correlation between early universal mask-
ing and successful suppression of daily case growth rates
and/or reduction from peak daily case growth rates, as
predicted by our theoretical simulations.

To preview the key policy recommendations that our
two new SEIR and ABM predictive models and empirical
validation all lead to:

1. Masking should be mandatory or strongly recom-
mended for the general public when in public trans-
port and public spaces, for the duration of the pan-
demic.

2. Masking should be mandatory for individuals in es-
sential functions (health care workers, social and
family workers, the police and the military, the ser-
vice sector, construction workers, etc.) and medical
masks and gloves or equally safe protection should
be provided to them by employers. Cloth masks
should be used if medical masks are unavailable.

3. Countries should aim to eventually secure mass
production and availability of appropriate medical
masks (without exploratory valves) for the entire
population during the pandemic.
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4. Until supplies are sufficient, members of the general
public should wear nonmedical fabric face masks
when going out in public and medical masks should
be reserved for essential functions.

5. The authorities should issue masking guidelines to
residents and companies regarding the correct and
optimal ways to make, wear and disinfect masks.

6. The introduction of mandatory masking will benefit
from being rolled out together with campaigns, citi-
zen initiatives, the media, NGOs, and influencers in
order to avoid a public backlash in societies not cul-
turally accustomed to masking. Public awareness is
needed that “masking protects your communitynot
just you”.

2 Background

Masks indisputably protect individuals against airborne
transmission of respiratory diseases. A recent Cochrane
meta-analysis found that masking, handwashing, and us-
ing gowns and/or gloves can reduce the spread of respira-
tory viruses, although evidence for any individual one of
these measures is still of low certainty (Burch and Bunt,
2020). Currently, the lowest recorded daily growth rates
in COVID-19 infections appear to be found in countries
with a culture of mass face mask wearing, most of whom
have also made mask wearing in public mandatory during
the epidemic, and most of whom are not currently locked
downan observation that we study systematically in sec-
tion 5.

Outside of East Asia, support for universal masking is
emerging elsewhere across the globe. The Czech Repub-
lic was the first non-Asian country to embrace and im-
pose mandatory universal masking on March 11, 2020.
The Czech policy swiftly inspired various initiatives from
citizens, journalists and scientistse.g., De Kai (2020),
Howard and Fast.ai team (2020), Manjoo (2020), Abaluck
et al. (2020), Feng et al. (2020), Fineberg (2020), Tufekci
(2020)and created global movements such as #masks4all
and #wearafuckingmask. Their arguments build on the
ability of the COVID-19 virus to spread from pre- and
asymptomatic individuals who may not know that they
are infected, and to linger in airborne droplets.

Leading political and medical experts who early were
advocated masking included Chinese CDC director-
general Prof. George Fu Gao (Servick, 2020), former
FDA commissioner Scott Gottlieb and Prof. Caitlin
Rivers of Johns Hopkins (Gottlieb and Rivers, 2020), and
the American Enterprise Institute’s roadmap (Gottlieb et
al., 2020).

In early April 2020 a rapidly increasing number of
governments from countries without a previous culture
of mask wearing require or recommend universal mask-
ing including the Czech Republic, Austria and Slovakia.
Additionally, public health bodies in the USA, Germany,
France (Acadmie nationale de mdecine, 2020) and New
Zealand have moved toward universal masking recom-
mendations (Morgunov et al., 2020), as shown below in
Figure 6.

The World Health Organization (2019) previously is-
sued guidelines discouraging the use of masks in the pub-
lic. However in early April 2020 the World Health Or-
ganization (2020) modified the guidelines, allowing self-
made masks but rightly stressing the need to reserve med-
ical masks for healthcare workers (Nebehay and Shalal,
2020), and to combine masking with the other main NPI
needed to combat the pandemic. The policy shifts of the
WHO and other CDCs reflect advances in our scientific
understanding of this pandemic, and help legitimise the
altruistic “mask resistance” of civil society in this global
effort against COVID-19.

3 SEIR modelling of universal
masking impact

In the first of our two new theoretical models, we em-
ployed stochastic dynamic network based compartmen-
tal SEIR modeling to forecast the relative impact of
masking compared to the two main other societal non-
pharmaceutical interventions, lockdown, and social dis-
tancing.

The SEIR simulations were fit to the current timeline in
many Western countries, with a lockdown imposed March
the 24th (day 1) and planned to be lifted on May 31st.
Universal masking is introduced in April. The simulation
continues for 500 days from day 0, or around 17 months.

The experimental results strongly support the need for
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universal masking as an alternative to continued lockdown
scenarios. For this strategy to be most effective, the vast
majority of the population must adopt mask wearing im-
mediately, as most regions outside East Asia are rapidly
approaching Day 50.

In a SEIR model, the population is divided into com-
partments which represent different states with respect
to disease progression of an individual: susceptible
(S), exposed (E), infectious (I) and recovered (R).
A susceptible individual may become exposed if they
interact with an infectious individual at rate β (rate of
transmission per S- I contact per time). From E , the
individual progresses to being infectious (I) and even-
tually recovered (R) with rates σ (rate of progression)
and γ (rate of recovery), respectively. Additionally,
individuals in I are removed from the population (i.e.,
die of the disease) at rate µI (rate of mortality).

We used a SEIR model implemented1 on a stochastic
dynamical network that more closely mimics interactions
between individuals in society, instead of assuming
uniform mixing as is the case with deterministic SEIR
models. Furthermore, such approach allows setting
different model parameters for each individual, which
we use to model masking. In a network model, a graph
of society is built with nodes representing individuals
and edgestheir interactions. Each node has a state
S, E, I , R, or F (the latter added to represent dead
individuals). Adjacent nodes form close contact networks
of an individual, while contacts made with an individual
from anywhere in the network represent global contacts
in the population. Varying the parameters affecting the
two levels of interaction, as well as setting network
properties such as the mean number of adjacent nodes
(“close contacts”) allows us to model the degree of social
distancing and lockdown measures.

Formally, each node i is associated with a state Xi

which is updated based on the following probability
transition rates:

1https://github.com/ryansmcgee/seirsplus

Pr(Xi = S → E) = [p
βI

N
+(1−p)

β
∑

j∈CG(i) δXj=i

|CG(i)|
]δXi=S

(1)
Pr(Xi = E → I) = σδXi=E (2)

Pr(Xi = I → R) = γδXi=I (3)

Pr(Xi = I → F ) = µIδXi=I (4)

where δXi=A = 1 if the state of Xi is A , or 0 if
not, and where CG(i) denotes the set of close contacts
of node i .

3.1 Experimental model
We implemented SEIR dynamics on a stochastic dynamic
network with a heterogeneous population. We assumed
an initial infected population of 1% and modelled the as-
sumed effects of social distancing, lockdown, and univer-
sal masking over time on the rates of infection in the pop-
ulation.

All SEIR models were built using the SEIRS+ mod-
elling tool2, version 0.0.14. The baseline model param-
eters are fit to the empirical characteristics of COVID-19
spread, as documented in the SEIRS+ distributed COVID-
19 notebooks. Specifically, we set β = 0.155, σ = 1/5.2
and γ = 1/12.39. This parameterisation describes a
SEIR model with best estimates for COVID-19 dynam-
ics.

The initial infected population (initi) was set to 1%,
and all others to 0%. The size of the total population was
set to 67,000 (a representative typical case, that is a factor
of 1,000 from the population of the UK).

Social distancing. In the model, social distanc-
ing was defined as the degree distribution of the con-
tact network of an individual. Default interaction net-
works were used, constructed as Barabasi-Albert graphs
withm = 9 and processes using the package function cus-
tom exponential graph with different scale parameters.
Normal graph (scale=100) with mean degree 13.2, dis-
tancing graph (scale=10) with mean degree 4.1 and lock-
down graph (scale=5) with mean degree 2.2.

Lockdown stringency. Lockdown stringency was
modelled considering no stringent lockdown (i.e. only

2https://github.com/ryansmcgee/seirsplus
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Figure 1: Simulation results for a representative scenario: universal masking at 80% adoption (red) flattens the curve
significantly more than maintaining a strict lockdown (blue). Masking at only 50% adoption (orange) is not sufficient
to prevent continued spread. Replacing the strict lockdown with social distancing on May 31 without masking results
in unchecked spread.

social distancing) or stringent lockdown using the local-
ity parameter p, which was set to 0.02 during lockdown
and 0.2 during social distancing phases. This dictates the
probability of individuals coming into contact with those
outside of their immediate network. Assuming that indi-
viduals have around 13 contacts in normal everyday life,
social distancing will reduce this to 4 and lockdown to
only 2.

Mask wearing. A gradual increase in mask wearing
was modelled using a linear increase in the proportion
of individuals randomly allocated with a reduced rate of
transmission. The factor by which β was reduced was
conservatively set to 2. The period of time over which the
mask wearing went from 0 to maximum % was set to 10
days. 50% and 80% maximum values were considered.

Date fitting. The progression in the number of deaths
was used to fit the model to an approximate calendar date
representing Day 0. For the representative typical case of
the UK, this corresponded to Mar 23.

3.2 Experimental results

Figure 1 shows the simulation results for a representative
scenario: universal masking at 80% adoption (red) flattens
the curve significantly more than maintaining a strict lock-
down (blue). Masking at only 50% adoption (orange) is
not sufficient to prevent continued spread. Replacing the
strict lockdown with social distancing on May 31 without
masking results in unchecked spread.

Our model suggests a substantial impact of universal
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Figure 2: Simulation results for a representative scenario: universal masking at 80% adoption (red) results in 60,000
deaths, compared to maintaining a strict lockdown (blue) which results in 180,000 deaths. Masking at only a 50%
adoption rate (orange) is not sufficient to prevent continued spread and eventually results in 240,000 deaths. Replacing
the strict lockdown with social distancing on May 31 without masking results in unchecked spread.

masking. Without masking, but even with continued so-
cial distancing in place once the lockdown is lifted, the
infection rate will increase and almost half of the popu-
lation will become affected. This scenario, rendered in
grey in Figure 1, would potentially lead to over a mil-
lion deaths in a population the size of the UK. A contin-
ued lockdown, illustrated in blue colour, does eventually
result in bringing the disease under control after around
6 months. However, the economic and social costs of a
“full body lockdown” will be enormous, which strongly
supports finding an alternative solution.

In the model, social distancing and masking at both
50% and 80% of the populationbut no lockdown beyond
the end of Mayresult in substantial reduction of infec-
tion, with 80% masking eventually eliminating the dis-
ease. Figure 2 shows the simulation results for a repre-
sentative scenario: universal masking at 80% adoption
(red) results in 60,000 deaths, compared to maintaining
a strict lockdown (blue) which results in 180,000 deaths.
Masking at only a 50% adoption rate (orange) is not suf-
ficient to prevent continued spread and eventually results

in 240,000 deaths. Replacing the strict lockdown with
social distancing on May 31 without masking results in
unchecked spread.

4 Agent based modelling of univer-
sal masking impact

In the second of our two new theoretical models, we
employed stochastic individual agent based modelling
(ABM) as an alternative Monte Carlo simulation tech-
nique for understanding the impact of universal masking.
Agent based models have roots in various disciplines. A
stochastic agent program can be defined as a agent func-
tion f : p → Pr(a) which maps possible percept vec-
tors to a probabilistic distribution over possible actions
(or to states that influence subsequent actions). In AI,
Russell and Norvig (2009) summarise five classes of in-
telligent agents: simple reflex agents, model-based reflex
agents, goal-based agents, utility-based agents, and learn-
ing agents; note, however, that agents may also be sus-
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ceptible to imperceptible environmental factors such as
viruses. Holland and Miller (1991) discuss artificial adap-
tive agents for modeling complex systems in economics.
Bonabeau (2002) surveys agent based models for simulat-
ing human systems.

As in other disciplines, ABM approaches in epidemiol-
ogy (see, e.g., Hunter et al. (2017). Tracy et al. (2018),
or Hunter et al. (2018)) have several advantages com-
pared to compartmental models which group undifferen-
tiated individuals into large aggregates (like in the above
SEIR simulation). First, because the behavior and char-
acteristics of each agent is independent, they can simulate
complex dynamic systems with less oversimplification of
rich variation among individuals. Second, because agents
can be simulated in physical two- or three-dimensional
spaces, they can better simulate the geometry of contact
between individuals, which is highly relevant in epidemi-
ology. Third, the randomization on each run makes the
statistical variance more apparent than in the SIR fam-
ily of models, whose smooth curves often misleadingly
convey more certainty than warranted. Fourth, ABMs
lend themselves well to visualization, as seen in Figure 5,
which helps convey the non-linear behavior of complex
dynamic systemsan especially relevant advantage when
the exponential effect of masking can be counterintuitive
in many cultures due to pre-existing cultural biases (Le-
ung, 2020) and unconscious cognitive biases (De Kai,
2020).

4.1 Mask characteristics
The ABM approach allows us to put masks on individual
agents and to assign properties to those masks, to shed
light on the question of how face maskseven nonmedical
cloth maskscarry the promise to be so surprisingly effec-
tive. The objective is to examine how even a small barrier
to individual infection transmission can multiply into a
substantial effect on the level of communities and popula-
tions.

Face masks work in two ways: They can protect an
infected person from spreading the virus (transmission),
and they can limit how much the non-infected individual
is exposed to the virus (absorption). Traditionally, masks
are worn to protect the wearer from being infected by an
ill person when in close and prolonged contact. In such
classic situations, for instance in hospitals and elderly

homes, only medical masks combined with other protec-
tive equipment provide protection. Comparing different
mask materials, medical masks have been found to be
up to three times more effective in blocking transmission
compared to homemade masks (Davies et al., 2013). Sur-
gical masks most efficaciously reduce the emission of in-
fluenza virus particles into the environment in respiratory
droplets. Still, although masks vary greatly in their abil-
ity to protect, using any type of face mask (without an
exploratory valve) can help decrease viral transmission
(Sande et al., 2008).

However, the effect of universal masking does not re-
quire full protection from disease to be effective in low-
ering infection rates of COVID-19. Masks may be es-
pecially crucial for containing the COVID-19 pandemic,
since many infections appear to come from people with
no signs of illness. For instance, around 48% of COVID-
19 transmissions were pre-symptomatic in Singapore and
62% in Tianjin, China (Ganyani et al., 2020). This sug-
gests that masking needs to be universal and not restricted
to individuals who think they may be infected.

Furthermore, the SARS-CoV-2 virus is known to
spread through airborne particles (Leung et al., 2020) and
quite possibly via aerosolised droplets as well according
to Service (2020), van Doremalen et al. (2020), Santarpia
et al. (2020), and Liu et al. (2020). It may linger in the air
for and travel several meters, which is why social distanc-
ing rules require at least 2 meters between individuals to
be effective.

4.2 Experimental model
As a contrastive baseline we employed a compartmental
SEIR model with the same parameters as given for our
SEIR experiments of section 3.

For the new agent based model, we implemented an
environment consisting of a square wraparound two-
dimensional space, within which a population of individ-
ual agents reside in four states: susceptible (S), exposed
(E), infectious (I) and recovered (R). The wraparound
space means that agents who move outside a border re-
enter the square from the opposite side. As in our SEIR
models, the initial infected population (initi) was set to
1%, and all others to 0%. The size of the total population
was set to 200, but the wraparound feature of the two-
dimensional space in effect represents arbitrarily larger
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Figure 3: Three successive randomised runs of the agent based model for 300 days, with no mask wearing. Blue is sus-
ceptible, orange is exposed, red is infected, and green is recovered. The contrastive SEIR baseline model’s predicted
curves are shown in thinner, fainter lines. The ABM runs produce curves with a fine granularity of randomisation,
centering on average around the ODE based SEIR curves.

spaces that are approximated by replicated square tiles,
thus giving more accurate dynamics without boundary ef-
fects from small spaces.

To best fit the same empirical characteristics of
COVID-19 spread as our SEIR models, we again set σ =
1/5.2 and γ = 1/12.39. Note that β is inapplicable in
the ABM since infection transmission between individu-
als arises from physical proximity, which is more realistic
than randomly infecting other individuals anywhere with
some probability β with no regard to their physical lo-
cation. In the baseline Monte Carlo simulation, agents
decide on a random destination location within a parame-
terised radius of their current point, then proceed at a pa-
rameterised speed to move there, and then repeat the pro-
cess iteratively. We adjusted such ABM-specific parame-
ters, as well as physical exposure distance, to optimise fit
to the baseline SEIR model curves, assuming none of the
population to be wearing masks. Again, this was done so
as to best approximate known COVID-19 dynamics.

ABM runs were for 300 days from the onset of the out-

break since empirically, the emergent SEIR curves sta-
bilise before the 300th day.

To model the impact of masking, the following mask-
ing parameters can be varied:

Mask wearing. Gradual increases (or decreases) in
mask wearing can be modelled using parameterised rates
of masking M (or unmasking U ) in the proportion of un-
masked (or masked) individuals. The parameters mmin

and mmax also allow modelling the minimum and maxi-
mum absolute numbers of masked agents. These masking
parameters can be dynamically adjusted any time during
any ABM run, to simulate varying policy decisions and
cultural mindset shifts.

Mask characteristics. Varying degrees of mask effec-
tiveness are modelled by the mask transmission rate T
and mask absorption rate A, which denote the proportion
of viruses that are stopped by the mask during exhaling
(transmission) versus inhaling (absorption), respectively.
We set T = 0.7 andA = 0.7 to model the use of inexpen-
sive, widely available, and even nonmedical or homemade
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Figure 4: Four ABM runs under varying masking scenarios. (a) 100% of the population wearing masks from the onset
of the outbreak, with excellent suppression of infection spread. (b) 0% of the population initially wearing masks, but
instituting near universal masking of 90% of the population at day 50, still with significant suppression of infection
spread. (c) 0% of the population initially wearing masks, and instituting some masking of 50% of the population at
day 50, with not much impact on infection spread. (d) 0% of the population initially wearing masks, but instituting
near universal masking of 90% of the population at day 75 with not much impact on infection spread.

9

ID-GOV-21-0012-A-000074

(a) (b) 

(c) (d) 



masks with only 70% effectiveness for universal masking,
and not higher quality N95, N99, N100, FFP1, FFP2, or
FFP3 masks which in many regions need to be reserved
for medical staff.

4.3 Experimental results
ABM simulation shows that universal masking can signif-
icantly reduce virus spread if adopted sufficiently early,
even if the masks are nonmedical or homemade.

Figure 3 shows three successive runs for the baseline
m = 0 case with zero mask adoption. Each dot (which is
in motion during simulation runs) represents an individ-
ual agent, who may become exposed to the virus through
proximity to other agents who are infectious. Blue dots
are healthy susceptible agents, orange dots are exposed
agents, red dots are infected agents, and green dots are
recovered agents. A dot with a white rectangle on it rep-
resents an agent who is wearing a mask.

The three baseline ABM runs show how chance plays
a significant role in the dynamics of virus spread. Since
each simulation run is randomised, to decrease variance
requires observation over multiple runs. On average, the
baseline case with zero mask adoption adheres to the sim-
pler SEIR model’s predicted curves.

Figure 4 compares typical runs for four scenarios
that simulate how COVID-19 spreads among individual
agents under different masking scenarios, with the con-
trastive baseline SEIR model curves shown in thin lines as
a reference: (a) m0 = 100% meaning that the entire pop-
ulation adopts mask at the onset of the outbreak on day
0; (b) m0 = 0%,m50 = 90% meaning that none of the
population is wearing masks at the onset but that nearly
universal masking is instituted on day 50; and (c) m0 =
0%,m50 = 50% meaning that none of the population is
wearing masks at the onset but that half of the population
adopts masks on day 50, and (d) m0 = 0%,m75 = 90%
meaning that none of the population is wearing masks at
the onset but that nearly universal masking is instituted on
day 75.

In scenario (a), a dramatic decrease in the number of
infections is evident as a result of universal masking at the
onset of the outbreak. Unfortunately, most regions outside
East Asia missed the time window for scenario (a).

In scenario (b), even though the population is not ini-
tially wearing masks, if universal masking is instituted by

day 50, good chances of dramatic suppression of infec-
tion rates can still be achieved. Fortunately, this option is
within reach of most regions at the time of writing.

In scenario (c), again the population is not initially
wearing masks. On day 50, half the population dons
masks, but unlike scenario (b) which succeeds with 90%
universal masking, unfortunately 50% is an insufficient
level of mask adoption to suppress infection rates to a sig-
nificant degree.

In scenario (d), the population again is not initially
wearing masks, but unlike scenario (b) the 90% univer-
sal masking is not instituted until day 75, instead of day
50. Waiting too long unfortunately greatly decreases the
degree to which infection rates can be suppressed.

To help policy makers and the general public gain a
more concrete feel for how masks impact the dynamics
of virus spread, we have made available online3 an inter-
active visualisation tool for the ABM simulation model,
as shown in Figure 5. The default view allows direct ad-
justment in real time of the percentage of masked individ-
ual agents through a slider control. Optional advanced
controls allow playing with various scenarios: whether
masking is used, the adoption rate of masking, virus trans-
mission and absorption rates through masks of varying
quality, as well as other modelling parameters such as the
initial numbers of susceptible, exposed, infected, or re-
covered agents, and the contrastive baseline SEIR model
parameters.

5 Evaluation of model predictions
against empirical data on univer-
sal masking impact

For validation of the foregoing SEIR and ABM predic-
tive models it is necessary to compare against what little
historical macro scale empirical data is available, since
precise numbers are not yet known for masking rates,
mask transmission and absorption rates, and infectious
but asymptomatic cases.

3http://dek.ai/masks4all
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Figure 5: Interactive visualisation tool for the ABM simulation model to help policy makers and the general public gain
a more concrete feel for how masks impact the dynamics of virus spread, available online at http://dek.ai/masks4all.

5.1 Validation data set

We collected a new data set describing the degree of suc-
cess in managing COVID-19 by countries or regions seg-
mented by the prevalence or enforcement of universal
masking. The data set covers (a) a selection of 38 coun-
tries or provinces in Asia, Europe and North America that
have similar, high levels of economic development (based
on World Bank GDP purchasing power parity per capita),
(b) detected COVID-19 cases from Jan 23 to April 10,
2020, and (c) characteristics of universal masking culture
and/or universal masking orders or recommendations by
governments.

5.2 Feature extraction

From our data set’s 38 selected countries, we computed
(a) the daily growth of confirmed cases, as well as (b)
reduction from peak of new cases. Sorted in increasing

order of the daily growth, Figure 6 presents these figures
alongside features extracted from our data set denoting
each country or region’s (c) masking culture, (d) univer-
sal masking policy, and (c) lockdown policy. Additional
clarification on definitions of a couple of these features
follow.

Masking culture is defined as an established prac-
tice by a significant section of the general population to
wear face masks prior to the start of the Covid-19 pan-
demic. A cursory review of the scientific literature and
the general press has identified Japan, Thailand, Vietnam
(Burgess and Horii, 2012), China’s urban centers (Kuo,
2014), Hong Kong (Cowling et al., 2020), Taiwan, Sin-
gapore and South Korea (Yang (2014), Jennings (2020))
as countries with such a consistent practice, at least in the
decade predating the Covid-19 pandemic. Nevertheless,
the notion of ”culture” should not imply that the prac-
tice of face mask wearing has been extensive and consis-
tent throughout time. For example, though this practice
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Figure 6: Epidemic daily growth and reduction from
peak daily growth, together with masking culture, uni-
versal masking policy, and lockdown policy, from Jan-
uary 23 to April 10, 2020 for selected list of countries or
provinces with high GDP PPP per capita in Asia, Europe
and North America. Universal masking was employed in
every region that handled COVID-19 well. Sources: John
Hopkins, Wikipedia, VOA News, Quartz, Straits Times,
South China Morning Post, ABCNews, Time.com, Chan-
nel New Asia, Moh.gov.sg, Reuters, Financial Times,
Yna.co.kr, Nippon.com, Euronews, Spectator.sme.sk

may have fit with preexisting Taoist and health precepts
of Chinese traditional medicine, its actual emergence may
be relatively recent, starting with the industrialization of
Japan at the start of the XXth century and both the flu
pandemics of the XXth century as well as the rise of par-
ticle pollution (Yang, 2014). The rest of the above-listed
east Asian countries has followed the same course in the
second half of the XXth century, including China as it
was confronting a severe particle pollution crisis in the
first part of the 2010s (Kuo (2014), Li (2014), Hansstein
and Echegaray (2018)). Beyond price, availability and
government recommendation, the actual practice of mask-
ing in the Asian general population may be mediated by
factors such as social norms or peer-pressure, perception
of one’s competence, past behaviors or perception of the
danger (Hansstein and Echegaray, 2018). As an exam-
ple of the latter, in Hong Kong, masking was practiced by
79% of the general population during the 2003 SARS out-
break, but by only a maximum of 10% of the general pop-
ulation during the Influenza A pandemic in 2009 (Cowl-
ing et al., 2020).

Universal masking policy. Additionally, to the extent
that government recommendations or mandatory orders
may shape perceptions and assist in masks availability, it
may amplify the masking practice in the general popula-
tion. It can thus be assumed that the maximum potency
of universal masking in the context of epidemics may be
reached when a government issues a mandatory or highly
recommended order to the general population, issued at
an early date, supported by the availability of face masks
and amplified by a pre-existing ”masking culture”. In that
case, we make the reasonable assumption that such na-
tional situations may be used to validate our SEIR and
ABM predictive models at maximum values (80-90%) for
the percentage of the general population wearing masks.

We also computed two additional meta-features to clas-
sify successful management of the epidemic outbreak.
These meta-features help to highlight both (a) success in
suppressing growth from the start (e.g., Hong Kong or
Taiwan) or (b) success in managing the epidemic by re-
ducing the number of new cases after a peak (e.g., South
Korea).

Successful suppression of daily growth is defined as
being below 12.5% daily growth (equivalent to number of
cases doubling at the slower pace of 6 days or more) once
the number of detected cases first reached 30. These daily
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Figure 7: Daily growth curves showing the impact of universal masking on epidemic control: epidemic trajectory after
30 detected cases in universal masking selected countries and provinces (green) vs. others (grey). Masking is nearly
perfectly correlated with lower daily growth or strong reduction from peak growth of COVID-19. Sources: John
Hopkins, Wikipedia, VOA News, Quartz, Straits Times, South China Morning Post, ABCNews, Time.com, Channel
New Asia, Moh.gov.sg, Reuters, Financial Times, Yna.co.kr, Nippon.com, Euronews, Spectator.sme.sk

growth rates are highlighted in green in Figure 6.
Successful reduction from peak is defined as a re-

cent, significant (>60%) reduction of new cases calcu-
lated as the average of the last five days before April 10,
2020 compared to the average of the three highest num-
ber of daily new cases up to April 10, 2020 starting from
the date when the number of detected cases first reached
30. Again, these reductions from peak are highlighted in
green in Figure 6.

5.3 Validation results
Results bear out the predictions made by our SEIR and
agent-based models as described in sections 3 and 4.

In Figure 6, the green (successful supression of daily
growth and/or reduction from peak) areas show that as
of April 10, 2020, an overwhelming majority of coun-
tries or regions that have best managed COVID-19 out-

breaks were countries or regions with either (1) estab-
lished universal masking cultures or (2) mandatory or-
ders or government recommendations supported by sig-
nificant and early mask production destined for the gen-
eral population. These countries or regions include Tai-
wan, South Korea, Singapore, Japan, autonomous special
administrative regions such as Hong Kong or Macau, and
Chinese provinces such as Beijing, Shanghai, or Guang-
dong. In effect, masking in public has been required in
Taiwan, metropolitan areas in China such as Shanghai
and Beijing (as well as Guangzhou, Shenzhen, Tianjin,
Hangzhou, and Chengdu), Japan, South Korea, and other
countries (Morgunov et al., 2020). On the other hand,
the red (strict lockdown without universal masking) ar-
eas show that most of the countries which have adopted
mass testing, tracking and quarantining, but lack a univer-
sal masking culture and clear recommendations and avail-
ability for universal masking, have not achieved an equiv-
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alent level of COVID-19 epidemic control as of April 10,
2020. This nearly perfect correlation between early uni-
versal masking and successful management of COVID-19
outbreaks bears out our SEIR and ABM predictions.

In Figure 7, daily growth curves were extracted from
our data set in order to reveal the impact of universal
masking on epidemic control on a time axis. Results show
that universal masking is nearly perfectly correlated with
lower daily growth rates of COVID-19 cases over time,
again validating the predictions from our SEIR and agent
based models.

In Figure 8, daily growth was plotted against versus
percentage reduction from peak daily daily growth. Green
points, representing countries or regions with early uni-
versal masking, disproportionately fall within the two
lower quadrants which represent successful management
of COVID-19 outbreaks. Red points, representing coun-
tries with strict lockdowns but not universal masking,
nearly all fall in the two upper quadrants which repre-
sent less successful management of COVID-19 outbreaks.
Light green points, representing countries or regions with
late universal masking, tend to fall in the middle regions.
Again, the strong correlation of universal masking with
successful control of COVID-19 case growth bears out
our SEIR and agent based models’ predictions.

Validation of the need for universal masking. These
validations highlight the gradual nature of the protection
against COVID-19 achieved with a higher fraction of the
population practicing masking, as observed in the SEIR
and ABM simulations when comparing situations with
80-90% universal masking versus only 50% masking or
none. In countries or provinces with masking culture
and universal masking orders or recommendations be-
fore March 15, 2020, the average daily growth was 5.9%
and the reduction from peak was 74.6%. In the coun-
tries without masking culture and universal masking or-
ders or recommendations after March 15, 2020, the aver-
age daily growth was 14.2% and the reduction from peak
was 45.8%. Finally, for the rest of the other countries, the
average daily growth was 17.2% and the reduction from
peak was 37.4%, the lowest results of the sample. The
latter group includes countries that have gone into ”strict
lockdown” (or mass home quarantine) for 20 out of 27
countries (74%). This is much higher than for the inter-
mediate group of countries without masking culture and
”late” universal masking orders (2 out 4, or 50% of the

sample), or the first group of countries and provinces with
masking culture and ”early” universal masking orders. In
that first group, no countries or provinces had to endure
”strict lockdown”.

Validation of the need for early universal masking.
Yet even within this first group, the strength of early uni-
versal masking recommendations from the government
may impact the proportion of the general population actu-
ally wearing masks and thus the level of epidemic control,
as per our models’ SEIR and ABM predictions. For exam-
ple, Singapore initially encouraged people to wear masks
only when feeling unwell. Then, on April, 5, the govern-
ment changed policy and decided to distribute reusable
face masks to all households (Cheong, 2020). On the
other end, Hong Kong decided by January 24, 2020 to
advise the general population to wear surgical masks in
crowded places and public transports (Hong Kong Depart-
ment of Health, 2020). As can be observed from Figure 6,
as of April 10, 2020, the characteristics for epidemic con-
trol in terms of daily growth and peak from reduction are
better for Hong Kong than for Singapore. These varia-
tions may be related to levels of adherence to masking
by the general population. Though there are no available
data as of April 10, 2020 as per adherence to universal
masking in Singapore, telephone surveys in Hong Kong
done in February 11-14, 2020 and then in March 10-13,
2020, both after Department of Health public advice, have
shown declared masking adherence at the very high levels
of 97.5% and 98.8% respectively when going out (Cowl-
ing et al., 2020). Assuming the adherence level to mask-
ing was lower in Singapore since the general population
order came much later, this would support our SEIR and
ABM predictions of the need for early institution of uni-
versal masking.

Although these correlations may also be sensitive to
other unobserved factors, the theoretical SEIR and ABM
predictions as empirically validated in the various ways
described here call for urgent policy and public action
even as further enquiry is pursued into the effects of mask-
ing. Our results also confirm and amplify other previ-
ous findings. A recent macro-level regression analysis by
economists at Yale University, taking into account mask-
ing cultures and times of country COVID-19 policy re-
sponses, estimated that growth of COVID-19 rates only
half that of mask wearing countriesthe growth rate of
confirmed cases is 18% in countries with no pre-existing
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Figure 8: Visual representation of epidemic daily growth versus percentage reduction from peak daily daily growth
in quadrants showing the impact of universal masking on epidemic control: and reduction from peak, from January
23 to April 10, 2020 for selected list of countries or provinces with high GDP PPP per capita in Asia, Europe and
North America. Masking is nearly perfectly correlated with lower daily growth or strong reduction from peak growth
of COVID-19. Sources: John Hopkins, Wikipedia, VOA News, Quartz, Straits Times, South China Morning Post,
ABCNews, Time.com, Channel New Asia, Moh.gov.sg, Reuters, Financial Times, Yna.co.kr, Nippon.com, Euronews,
Spectator.sme.sk

mask norms and 10% in countries with such norms, while
the growth rate of deaths is 21% in countries with no mask
norms and 11% in countries with such norms. The authors
note that such a 10% reduction in transmission probabili-
ties could correspond to a per capita gain of $3,000-6,000
per each additional cloth mask, and that the economic
benefits of each medical mask for healthcare personnel
could be substantially larger (Abaluck et al., 2020).

6 Conclusion: Universal masking
needs broad support and clear
guidelines

Our SEIR and ABM models suggests a substantial im-
pact of timely universal masking. Without masking, but
even with continued social distancing in place once the
lockdown is lifted, the infection rate will increase and al-
most half of the population will become affected. This
scenario would potentially lead to over a million deaths
in a population the size of the UK. Social distancing and
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masking at both 50% and 80-90% of the populationbut
no lockdown beyond the end of Mayresult in substantial
reduction of infection, with 80-90% masking eventually
eliminating the disease.

Moreover, for a significant chance of mitigating in-
fection growth rates, universal masking must be adopted
earlyby day 50 from the onset of COVID-19 outbreaks.

Without masking, lifting lockdown after nine weeks
while keeping social distancing measures will risk a major
second wave of the epidemic in 4-5 months’ time. How-
ever, if four out of five citizens start wearing cloth masks
in public before the lockdown is lifted, the number of new
COVID-19 cases could decline enough to exit lockdown
and still avoid a second wave of the epidemic. If only ev-
ery second person starts wearing a mask, infection rates
would also decline substantially, but likely not by enough
to prevent the second wave.

Combined with the correlational empirical evidence,
our results highlight the need for mass masking as an al-
ternative to a continued lockdown scenario. For this strat-
egy to be most effective, the vast majority of the popula-
tion needs to adopt mask wearing immediately. When a
well-timed “mouth-and-nose lockdown” accompanies the
current “full body lockdown”, both the human and eco-
nomic costs of the COVID-19 pandemic can be signifi-
cantly lowered.

Our theoretical and empirical results are in line with
previous studies suggesting that a high rate of masking
may be needed in a population to provide efficient pro-
tection from influenza (Yan et al., 2019) and that masking
can be an effective intervention strategy in reducing the
spread of a pandemic (Tracht et al., 2010).

Furthermore, universal masking can reduce stigmatiza-
tion of ethnic groups, risk groups, or the sick and con-
tribute to public solidarity (Feng et al., 2020).

We urge governments and international bodies who
have not yet done so to consider masking as one of the key
tools in population policy after the COVID-19 lockdowns
and until the virus is under control. The analysis presented
here supports recent studies (Abaluck et al., 2020), sug-
gesting that the effectiveness of universal masking is com-
parable to that of social distancing or a societal lockdown
with closed workplaces, schools, and public spaces and
limited geographical mobility. The results from our sim-
ulation help explain the dynamics behind the perplexing
advantage in the Asian experience of tackling COVID-19

compared to the situation elsewhere.
Our analyses lead to the following key policy recom-

mendations:

1. Masking should be mandatory or strongly recom-
mended for the general public when in public trans-
port and public spaces, for the duration of the pan-
demic.

2. Masking should be mandatory for individuals in es-
sential functions (health care workers, social and
family workers, the police and the military, the ser-
vice sector, construction workers, etc) and medical
masks and gloves or equally safe protection should
be provided to them by employers. Cloth masks
should be used if medical masks are unavailable.

3. Countries should aim to eventually secure mass
production and availability of appropriate medical
masks (without exploratory valves) for the entire
population during the pandemic.

4. Until supplies are sufficient, members of the general
public should wear nonmedical fabric face masks
when going out in public and medical masks should
be reserved for essential functions.

5. The authorities should issue masking guidelines to
residents and companies regarding the correct and
optimal ways to make, wear and disinfect masks.

6. The introduction of mandatory masking will benefit
from being rolled out together with campaigns, citi-
zen initiatives, the media, NGOs, and influencers in
order to avoid a public backlash in societies not cul-
turally accustomed to masking. Public awareness is
needed that “masking protects your communitynot
just you”.

The effectiveness of universal masking in a given popu-
lation is likely to depend on (a) the type of masks used, (b)
the acceptance of masking in the population, (c) the level
of contagion of the virus, and (d) what other interven-
tions have been applied. From this perspective, the Cen-
tral European experience will be highly informative, since
it represents the first major shift to universal masking in
a formerly non-masking culture. The effects of this pio-
neering intervention on infection rates and fatalities will
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appear only in the forthcoming weeks, although Slovakia
and Slovenia are currently showing early indications of
progress (see Figure 7). In any case, they illustrate that a
country with no prior history of mask wearing in public
may rapidly change course, and quickly adopt masks as
a non-stigmatisedeven street smartway to express caring
and solidarity in the community.

The medical and social risks of increased infections
need to be countered by proper advice in the public do-
main. Some studies do indicate negative effects of naive
improper cloth mass use, for instance higher risks of in-
fection due to moisture retention, reuse of poorly washed
cloth masks, and poor filtration in comparison to medi-
cal masks (MacIntyre et al., 2015). To address concerns
that lay individuals may use both medical and/or cloth and
paper masks incorrectly, masking techniques and norms
need to be taught with targeted information to different
demographics, just as proper handwashing and social dis-
tancing techniques have been taught.
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