
®

 September 2021Fungal Infections

M
a
tt

ia
 d

i N
a
n

n
i d

i S
te

fa
n

o
 (

1
4
0
3
–1

4
3
3
),

 S
ci

pi
o 

A
fr

ic
an

us
  
ca

. 
1
4
2
5
–1

4
3
0
. P

op
la

r,
 b

og
 o

ak
 a

nd
 o

th
er

 w
oo

d 
in

la
y,

 r
os

ew
oo

d,
 ti

n,
 b

on
e,

 tr
ac

es
 o

f g
re

en
 

co
lo

rin
g,

 2
4.

19
 in

 x
 1

7.
13

 in
/6

1.
5 

cm
 x

 4
3.

3 
cm

. P
ub

lic
 d

om
ai

n 
im

ag
e 

co
ur

te
sy

 o
f T

he
 M

et
ro

po
lit

an
 M

us
eu

m
 o

f A
rt,

 N
ew

 Y
or

k,
 N

Y,
 U

SA



Peer-Reviewed Journal Tracking and Analyzing Disease Trends Pages 2251–2514

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9, September 2021 

EDITOR-IN-CHIEF
D. Peter Drotman

®

Barry J. Beaty, Fort Collins, Colorado, USA
Martin J. Blaser, New York, New York, USA 
Andrea Boggild, Toronto, Ontario, Canada
Christopher Braden, Atlanta, Georgia, USA
Arturo Casadevall, New York, New York, USA
Kenneth G. Castro, Atlanta, Georgia, USA
Christian Drosten, Charité Berlin, Germany 
Isaac Chun-Hai Fung, Statesboro, Georgia, USA
Kathleen Gensheimer, College Park, Maryland, USA
Rachel Gorwitz, Atlanta, Georgia, USA
Duane J. Gubler, Singapore
Scott Halstead, Arlington, Virginia, USA
David L. Heymann, London, UK
Keith Klugman, Seattle, Washington, USA
S.K. Lam, Kuala Lumpur, Malaysia
Shawn Lockhart, Atlanta, Georgia, USA
John S. Mackenzie, Perth, Australia
John E. McGowan, Jr., Atlanta, Georgia, USA
Jennifer H. McQuiston, Atlanta, Georgia, USA
Tom Marrie, Halifax, Nova Scotia, Canada
Nkuchia M. M’ikanatha, Harrisburg, Pennsylvania, USA
Frederick A. Murphy, Bethesda, Maryland, USA
Barbara E. Murray, Houston, Texas, USA
Stephen M. Ostroff, Silver Spring, Maryland, USA
W. Clyde Partin, Jr., Atlanta, Georgia, USA
Mario Raviglione, Milan, Italy and Geneva, Switzerland
David Relman, Palo Alto, California, USA
Connie Schmaljohn, Frederick, Maryland, USA 
Tom Schwan, Hamilton, Montana, USA
Rosemary Soave, New York, New York, USA
Robert Swanepoel, Pretoria, South Africa
David E. Swayne, Athens, Georgia, USA
Kathrine R. Tan, Atlanta, Georgia, USA
Phillip Tarr, St. Louis, Missouri, USA
Neil M. Vora, New York, New York, USA             
Duc Vugia, Richmond, California, USA
Mary Edythe Wilson, Iowa City, Iowa, USA

Emerging Infectious Diseases is published monthly by the Centers for Disease Control  

and Prevention, 1600 Clifton Rd NE, Mailstop H16-2, Atlanta, GA 30329-4027, USA.  

Telephone 404-639-1960; email, eideditor@cdc.gov

Charles Ben Beard, Fort Collins, Colorado, USA
Ermias Belay, Atlanta, Georgia, USA
David M. Bell, Atlanta, Georgia, USA 
Sharon Bloom, Atlanta, Georgia, USA
Richard Bradbury, Melbourne, Australia 
Corrie Brown, Athens, Georgia, USA
Benjamin J. Cowling, Hong Kong, China
Michel Drancourt, Marseille, France
Paul V. Effler, Perth, Australia
Anthony Fiore, Atlanta, Georgia, USA
David O. Freedman, Birmingham, Alabama, USA
Peter Gerner-Smidt, Atlanta, Georgia, USA
Stephen Hadler, Atlanta, Georgia, USA 
Matthew J. Kuehnert, Edison, New Jersey, USA 
Nina Marano, Atlanta, Georgia, USA
Martin I. Meltzer, Atlanta, Georgia, USA
David Morens, Bethesda, Maryland, USA
J. Glenn Morris, Jr., Gainesville, Florida, USA
Patrice Nordmann, Fribourg, Switzerland
Johann D.D. Pitout, Calgary, Alberta, Canada
Ann Powers, Fort Collins, Colorado, USA
Didier Raoult, Marseille, France
Pierre E. Rollin, Atlanta, Georgia, USA
Frederic E. Shaw, Atlanta, Georgia, USA
David H. Walker, Galveston, Texas, USA
J. Todd Weber, Atlanta, Georgia, USA
J. Scott Weese, Guelph, Ontario, Canada 
Associate Editor Emeritus
Charles H. Calisher, Fort Collins, Colorado, USA
Managing Editor
Byron Breedlove, Atlanta, Georgia, USA 

Copy Editors Deanna Altomara, Dana Dolan, Terie Grant, 
Thomas Gryczan, Amy Guinn, Shannon O’Connor,  
Tony Pearson-Clarke, Jill Russell, Jude Rutledge,  
P. Lynne Stockton, Deborah Wenger 
Production Thomas Eheman, William Hale, Barbara Segal,  
Reginald Tucker

Journal Administrator Susan Richardson
Editorial Assistants J. McLean Boggess, Alexandria Myrick

Communications/Social Media Heidi Floyd,  
Sarah Logan Gregory  

Founding Editor
Joseph E. McDade, Rome, Georgia, USA

The conclusions, findings, and opinions expressed by authors 
contributing to this journal do not necessarily reflect the official  
position of the U.S. Department of Health and Human Services,  
the Public Health Service, the Centers for Disease Control and  
Prevention, or the authors’ affiliated institutions. Use of trade names 
is for identification only and does not imply endorsement by any of 
the groups named above.

All material published in Emerging Infectious Diseases is in the  
public domain and may be used and reprinted without special  
permission; proper citation, however, is required.

Use of trade names is for identification only and does not imply  
endorsement by the Public Health Service or by the U.S. Department 
of Health and Human Services. 

EMERGING INFECTIOUS DISEASES is a registered service mark 
of the U.S. Department of Health & Human Services (HHS). 

ASSOCIATE EDITORS EDITORIAL BOARD



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9, September 2021 

Fungal Infections                                            September 2021

Synopses

Epidemiology of Coronavirus Disease  
Outbreak among Crewmembers on Cruise Ship, 
Nagasaki City, Japan, April 2020 
H. Maeda et al.  2251 

Seroprevalence and Virologic Surveillance of 
Enterovirus 71 and Coxsackievirus A6,  
United Kingdom, 2006–2017 
E. Kamau et al.  2261 

Epidemiology, Clinical Features, and  
Outcomes of Coccidioidomycosis, Utah,  
2006–2015  
A. Carey et al.  2269 

Research

Maternal Carriage in Late-Onset Group B 
Streptococcus Disease, Italy  
At the time of late-onset disease, mothers often  
have positive breast milk culture or bacteriuria, 
suggesting heavy maternal colonization.
A. Berardi et al.  2279 

Transmission of Severe Acute Respiratory 
Syndrome Coronavirus 2 to Close Contacts,  
China, January–February 2020  
Y. Li et al.  2288 

Human and Porcine Transmission of  
Clostridioides difficile Ribotype 078, Europe 
G. Moloney et al. 2294 

Risk Factors for Middle East Respiratory Syndrome 
Coronavirus Infection among Camel Populations, 
Southern Jordan, 2014–2018  
P. Holloway et al.  2301 

Estimating the Impact of Statewide Policies 
to Reduce Spread of Severe Acute Respiratory 
Syndrome Coronavirus 2 in Real Time,  
Colorado, USA
A.G. Buchwald et al.  2312 

Patterns of Virus Exposure and Presumed 
Household Transmission among Persons with 
Coronavirus Disease, United States,  
January–April 2020   
R.M. Burke et al.  2323 

Severe Acute Respiratory Syndrome Coronavirus 2 
in Farmed Mink (Neovison vison), Poland  
L. Rabalski et al. 2333 

Risk for Acquiring Coronavirus Disease among 
Emergency Medical Service Personnel Exposed  
to Aerosol-Generating Procedures  
A. Brown et al.  2340 

On the Cover
Mattia di Nanni di Stefano (1403–1433), Scipio Africanus  
ca. 1425–1430. Poplar, bog oak and other wood inlay, 
rosewood, tin, bone, traces of green coloring, 24.19 in x 
17.13 in/61.5 cm x 43.3 cm. Public domain image courtesy of 
The Metropolitan Museum of Art, New York, NY, USA. 

About the Cover p. 2510



Multicenter Epidemiologic Study of Coronavirus 
Disease–Associated Mucormycosis, India  
A. Patel et al.   2349 

Real-time Genomics for Tracking Severe Acute 
Respiratory Syndrome Coronavirus 2 Border 
Incursions after Virus Elimination, New Zealand  
J. Douglas et al.   2361 

Genomic Epidemiology of Azithromycin-
Nonsusceptible Neisseria gonorrhoeae, Argentina, 
2005–2019 
R.A. Gianecini et al.   2369 

Development and Clinical Evaluation of a  
CRISPR-Based Diagnostic for Rapid Group B 
Streptococcus Screening  
L. Jiang et al.  2379 

Geographically Targeted Interventions  
versus Mass Drug Administration to Control  
Taenia solium Cysticercosis, Peru 
S.E. O’Neal et al.  2389

Risk Areas for Influenza A(H5) Environmental 
Contamination in Live Bird Markets,  
Dhaka, Bangladesh  
S. Chakma et al.   2399 

Perinatal Outcomes of Asynchronous Influenza 
Vaccination, Ceará, Brazil, 2013–2018  
J.Q. Filho et al.  2409 

Spatiotemporal Dynamics of Sporadic  
Shiga Toxin–Producing Escherichia coli Enteritis, 
Ireland, 2013–2017 
E. Cleary et al.  2421

Reduction in Antimicrobial Use and Resistance to 
Salmonella, Campylobacter, and Escherichia coli  
in Broiler Chickens, Canada, 2013–2019  
L. Huber et al.  2434 

Dispatches

A Community-Adapted Approach to SARS-CoV-2 
Testing for Medically Underserved Populations, 
Rhode Island, USA  
M. Murphy et al.   2445 

Transmission of SARS-CoV-2 from Human to 
Domestic Ferret 
J. Račnik et al.   2450 

Predictors of Nonseroconversion after  
SARS-CoV-2 Infection  
W. Liu et al. 2454 

Bordetella hinzii Meningitis in Patient with  
History of Kidney Transplant, Virginia, USA 
J. Pechacek et al.  2459

Disseminated Cutaneous Leishmaniasis and  
Alcohol Misuse, Northeast Brazil, 2015–2018  
A.Q. Sousa et al.  2462 

Ecologic Determinants of West Nile Virus 
Seroprevalence among Equids, Brazil 
E.F. de Oliveira-Filho et al.  2466

Association of Dromedary Camels and Camel  
Ticks with Reassortant Crimean-Congo Hemorrhagic 
Fever Virus, United Arab Emirates  
J.V. Camp et al.  2471 

September 2021

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9, September 2021 

2390

2353



Gram-Negative Bacteria Harboring Multiple 
Carbapenemase Genes, United States, 2012–2019 
D.C. Ham et al.  2475

Hotspot of Crimean-Congo Hemorrhagic Fever Virus 
Seropositivity in Wildlife, Northeastern Spain  
J. Espunyes et al. 2480 

Ongoing High Incidence and Case-Fatality Rates for 
Invasive Listeriosis, Germany, 2010–2019 
H. Wilking et al. 2485

Laboratory Exposures from an Unsuspected Case of 
Human Infection with Brucella canis  
J. Ahmed-Bentley et al.  2489 

Highly Pathogenic Avian Influenza A(H5N6) Virus  
Clade 2.3.4.4h in Wild Birds and Live Poultry 
Markets, Bangladesh
J.C.M. Turner et al.  2492

Research Letters 

Invasive Meningococcal Disease, 2011–2020, and 
Impact of the COVID-19 Pandemic, England  
S. Subbarao et al.  2495 

SARS-CoV-2 Infection among Pregnant and 
Postpartum Women, Kenya, 2020–2021 
N.A. Otieno et al.  2497

Genomic Evolution of SARS-CoV-2 in 
Immunocompromised Patient, Ireland  
M. Lynch et al.   2499 

Prevalence of mcr-1 in Colonized Inpatients,  
China, 2011–2019 
C. Shen et al.  2502

Haemophilus influenzae Type a Sequence Type 23, 
Northern Spain  
M. López-Olaizola et al.  2504 

Comment Letters 

SARS-CoV-2 Superspread in Fitness Center, Hong 
Kong, China, March 2021  

L.C. Marr  2507 

Fecal Excretion of Mycobacterium leprae,  
Burkina Faso 
A.V. Singh et al. 2507 

Books and Media

People Count: Contact-Tracing Apps and Public Health
I.C.-H. Fung, B.S.B. Chan  2509

About the Cover

Considering Mycological Rarities  
B. Breedlove  2510 

Etymologia

Talaromyces marneffei 
M. Mahajan 2278

Paracoccidioides 
L.N. Oliveira, P. de Sousa Lima  2360

Correction
Volume 26 No. 6  2508
The rate of pregnancy-related invasive group B 
Streptococcus episodes was misstated in Invasive Group 
B Streptococcus Infections in Adults, England, 2015–2016.

Online Report 
SARS-CoV-2 Wastewater Surveillance for  
Public Health Action 
J.S. McClary-Gutierrez et al.  
https://wwwnc.cdc.gov/eid/article/27/9/21-0753_article 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9, September 2021 

September 2021

2452

2463





Severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) was fi rst reported from Wu-

han, China (1), and led to outbreaks of coronavirus 
disease (COVID-19), which was declared a pandemic 

by the World Health Organization on March 11, 2020. 
COVID-19 also has been affecting global economies, 
leading to several recessions (2). Japan experienced 
an outbreak of COVID-19 on the cruise ship Diamond 
Princess during the early stages of the epidemic in Feb-
ruary 2020 (3–5). The government of Japan prohibited 
entry into the country at the end of March, declaring a 
state of emergency in 7 prefectures on April 7, which 
became a nationwide policy on April 16. Against this 
backdrop, the Italian cruise ship Costa Atlantica had 
remained docked at Nagasaki City since January 2020 
for full maintenance. In April 2020, we identifi ed an 
outbreak of COVID-19 on this cruise ship.

COVID-19 spreads easily on cruise ships because 
of the “3 Cs”: crowded places, close-contact settings, 
and confi ned and enclosed spaces (6–9). Given the spe-
cialized setting of a cruise ship and its closed popula-
tion, a cruise ship can offer important insights about 
infectious disease epidemiology and transmission dy-
namics (10). How to manage an outbreak of COVID-19 
on a cruise ship is a matter of debate, especially in a re-
source-limited situation. To improve our understand-
ing of COVID-19 and prepare for outbreaks to come, 
studies of outbreaks on cruise ships are valuable. In this 
article we describe the epidemiology of the COVID-19 
outbreak on Costa Atlantica and approaches taken for 
managing and responding to this outbreak.

Methods

Setting
On April 19, 2020, offi cials of Costa Atlantica, which 
had been docked in Nagasaki City since January 
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In April 2020, a coronavirus disease (COVID-19) out-
break occurred on the cruise ship Costa Atlantica in Na-
gasaki,	 Japan.	Our	outbreak	 investigation	 included	623	
multinational crewmembers onboard on April 20. Median 
age	was	31	years;	 84%	were	men.	Each	crewmember	
was isolated or quarantined in a single room inside the 
ship, and monitoring of health status was supported by 
a remote health monitoring system. Crewmembers with 
more severe illness were hospitalized. The investigation 
found that the outbreak started in late March and peaked 
in	late	April,	resulting	in	149	laboratory-confi	rmed	and	107	
probable cases of infection with severe acute respiratory 
syndrome coronavirus 2. Six case-patients were hospi-
talized for COVID-19 pneumonia, including 1 in severe 
condition and 2 who required oxygen administration, but 
no deaths occurred. Although the virus can spread rapidly 
on a cruise ship, we describe how prompt isolation and 
quarantine combined with a sensitive syndromic surveil-
lance system can control a COVID-19 outbreak.
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2020, reported to Nagasaki City Public Health Cen-
ter that they had febrile crewmembers (11,12). No 
passengers were on board the ship. All 623 crew-
members had already completed their quarantine 
upon entry in Japan, but they had been asked to re-
frain from leaving the ship unless necessary as part 
of the public health policy to prevent the spread of 
COVID-19. Because of cruise ship employment con-
tracts, 56 crewmembers embarked during March 14–
April 3. Given the COVID-19 pandemic, the body 
temperature of all crewmembers had been checked 
daily since the end of February. Beginning March 
22, at the discretion of the cruise ship company, any 
crewmember with a body temperature >37.1°C was 
to be isolated in a single-passenger cabin room of the 
ship; beginning April 19, every nonessential worker 
was isolated or quarantined in a single-passenger 
cabin room. Essential workers were defined as crew-
members who were involved in the operation of the 
ship or in maintaining its operation and functional-
ity, such as the captain, engineers, and food prepara-
tion staff.

On April 20, we performed PCR assays for SARS-
CoV-2 for 4 crewmembers who had a body temper-
ature >37.1°C, resulting in 1 positive result. During 
April 21–25, all crewmembers underwent universal 
screening for infection by using loop-mediated iso-
thermal amplification (LAMP) for SARS-CoV-2. After 
the universal screening, each nonessential worker re-
mained isolated or quarantined in a single passenger 
cabin room. Even for those whose test results were 
positive, crewmembers with mild illness or without 
signs or symptoms remained on the ship, and the 
health status of all crewmembers was monitored dai-
ly. If clinically indicated, regardless of test results, ill 
persons were transported and admitted to hospitals 
in Nagasaki City at the discretion of the ship’s medi-
cal doctor.

Data Collection and Definitions
The study population included 623 crewmembers 
who were on board on April 20, 2020. The cruise ship 
company provided demographic and body tempera-
ture data (ship’s medical record) during March 14–
May 27 for all crewmembers on board. Demograph-
ic data included sex, date of birth, nationality, and 
occupation category. Before disembarkation from 
the ship, crewmembers also provided information 
regarding their smoking history, presence of any 
underlying disease, height and weight, daily body 
temperature, and clinical signs or symptoms dur-
ing April 28–May 29 by using a smartphone-based 
remote health monitoring system (13). Obesity, as 

a risk factor for severe COVID-19, was defined as 
a body mass index (BMI) >30 (14,15). Clinical signs 
and symptoms of COVID-19 were fever (body tem-
perature >37.5°C), cough, shortness of breath, nasal 
congestion, sore throat, nausea or vomiting, con-
junctival congestion, headache, fatigue, myalgia or 
arthralgia, diarrhea, olfactory dysfunction, and taste 
disorder (loss of taste), which are globally recog-
nized COVID-19 signs and symptoms (1,13,16–18). 
In managing this outbreak, the threshold value of a 
body temperature >37.1°C was applied on the basis 
of the cruise ship’s definition for illness and criteria 
for isolation precaution.

We defined laboratory-confirmed cases as ill-
ness in anyone with a positive test result for SARS-
CoV-2 by PCR or LAMP. We defined a probable 
case was defined as illness in anyone with signs or 
symptoms indicative of COVID-19 but with a nega-
tive test result (19). We divided the severity of CO-
VID-19 into 4 groups (20): severe pneumonia that 
required intubation or intensive care unit admis-
sion, moderate pneumonia that required oxygen 
administration, mild illness with COVID-19 signs 
or symptoms that did not require oxygen admin-
istration, and an asymptomatic condition without 
any clinical signs or symptoms. We performed chest 
radiographs or chest computed tomography scans 
only for those suspected of having pneumonia, such 
as prolonged fever or shortness of breath, and those 
who were hospitalized.

Testing Strategy
We confirmed SARS-CoV-2 infection by using PCR or 
LAMP. We conducted PCR according to the protocol 
recommended by Japan’s National Institute of Infec-
tious Diseases (21). LAMP is used for the detection of 
SARS-CoV-2 because of its fast turnaround time and 
acceptable levels of sensitivity and specificity (22–24). 
LAMP was conducted at the Institute of Tropical 
Medicine at Nagasaki University and Nagasaki Uni-
versity Hospital. Persons who tested positive were al-
lowed to disembark and travel back to their countries 
after negative test results were confirmed in subse-
quent tests and their signs or symptoms had resolved.

Data Analysis
We constructed an epidemic curve on the basis of 
illness onset date, which was based on a body tem-
perature >37.1°C according to the ship’s medical 
record or the smartphone-based health monitoring 
system; the onset date of body temperature >37.1°C 
was defined as the date when body temperature was 
>37.1°C with a body temperature <37.1°C until the 
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previous day. For the epidemic curve, we used body 
temperature >37.1°C for 2 reasons: first, it was the 
cruise ship’s definition for illness and criteria for  
isolation precaution; second, describing the epi-
demic curve based on the test results of SARS-CoV-2 
from the universal screening would not give an ac-
curate picture of this outbreak because screening 
was introduced ≈1 month after the beginning of the 
outbreak and would only detect infections prevalent 
at the time of screening.

In addition to monitoring such incident events, 
we monitored the daily prevalent numbers of crew-
members with a body temperature >37.1°C or signs 
or symptoms. To evaluate the spatial distribution 
of infection, we plotted on the ship’s map the cabin 
rooms of crewmembers with a body temperature 
>37.1°C before isolation. We noted the demographic 
characteristics of all crewmembers according to their 
test results and presence of signs or symptoms. We 
calculated attack rates for both laboratory-confirmed 
case-patients (laboratory-confirmed case-patients 
divided by all crewmembers) and with the addi-
tion of probable case-patients (laboratory-confirmed 
case-patients and probable case-patients divided 
by all crewmembers). We also plotted the clinical 
course of symptomatic crewmembers individually 
by calendar date.

We expressed continuous variables as medians 
and interquartile ranges (IQRs). We summarized 
categoric variables as numbers and proportions. 
We conducted statistical analyses by using Stata 16 
(StataCorp, https://www.stata.com).

Ethics
The governments of Nagasaki City and Nagasaki 
Prefecture conducted the surveillance of the COV-
ID-19 outbreak on this cruise ship during April 20–
May 29, 2020, under authorization by the Infectious 
Diseases Control Law. This study was approved 
by the Institutional Review Board at the Institute 
of Tropical Medicine at Nagasaki University (ap-
proval no. 200619242).

Results

Demographic Characteristics of the Crewmembers
Among the 623 crewmembers, the median age was 
31 years (IQR 26–40 years), and 84% (523/623) were 
men (Table 1). Thirty-six nations were represented 
by the crewmembers, including (in descending or-
der) the Philippines, India, Indonesia, and China; 
most (80%) crewmembers were from countries in 
Asia. Characteristic data were available for 593 

crewmembers. Of those, 25% (148/592) had a his-
tory of smoking, and 3.7% (22/593) had underlying 
diseases, including hypertension (2.0% [12/592]), di-
abetes (1.7% [10/592]), cardiovascular disease (0.2% 
[1/592]), and asthma (0.2% [1/592]). Median BMI 
was 24.1 (IQR 21.7–26.7), and 9.4% (49/523) crew-
members had obesity (BMI >30).

Overview of the COVID-19 Outbreak on the Cruise Ship
A body temperature >37.1°C was first detected in a 
crewmember on March 22, and afterwards, 5 other 
crewmembers had a body temperature >37.1°C dur-
ing March 24–27 (Figure 1, panel A). Their crew cabin 
rooms were not concentrated in a single area on the 
ship (Figure 2, panel A). However, all of these crew-
members belonged to the entertainment occupation 
group that boarded the cruise ship from several coun-
tries in Europe on March 18 and 19 (Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/27/9/20-
4596-App1.pdf). On April 2, another crewmember 
had a body temperature >37.1°C, and the number of 
persons with incident fever increased and peaked on 
April 28, decreasing thereafter (Figure 1, panel A). 
During March 22–May 29, a total of 211 (34%) had a 
body temperature >37.1°C. One crewmember who 
had a body temperature >37.1°C associated with 
cellulitis was excluded. Apart from the first wave 
of persons with a body temperature >37.1°C in late 
March, SARS-CoV-2 infection was distributed simi-
larly across sex, and age group, nationality, and oc-
cupation type (Appendix Figure 1). The crew cabin 
rooms of crewmembers who had a body temperature 
>37.1°C also were widely distributed throughout the 
ship (Figure 2, panel B). No information on the ven-
tilation system on the cruise ship was available. We 
compiled the daily number of crewmembers with a 
body temperature >37.1°C or with signs or symp-
toms; a peak occurred on April 28, after which the 
number gradually decreased until the end of May 
(Figure 1, panel B).

Among all 623 crewmembers, 149 cases were 
laboratory-confirmed and 107 probable case-patients 
who tested negative had clinical signs or symptoms 
indicative of COVID-19. Restricted to laboratory-
confirmed cases, the attack rate for infection was 24%. 
When probable cases were included, the attack rate 
was 41%.

Outbreak Control Measures and Management  
of Disembarkation
An emergency operations center was established in 
the prefecture office, and an onsite field response cen-
ter was set up in the harbor near the cruise ship (12).  
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Company staff stayed on board to communicate with 
both the ship and public health authorities, and com-
pany staff introduced interventions to the ship. On-
line meetings among company staff on board, the on-
site field response center, the emergency operations 
center, and Nagasaki University Hospital took place 
almost every morning. In the evening, online meet-
ings between Japan’s Ministry of Health, Labour and  

Welfare and the emergency operations center took 
place. Through these communication and coordination 
mechanisms, we were able to share information, make 
informed decisions jointly, and implement interven-
tions on the cruise ship.

Every nonessential worker had been separately 
isolated or quarantined in a single passenger cabin 
room and not allowed to leave his or her room since 
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Table 1. Selected characteristics of crewmembers on cruise ship where a coronavirus disease outbreak occurred, by SARS-CoV-2 
test result and symptomatic status, Nagasaki, Japan, 2020* 

Characteristic All crewmembers 
Test-positive, n = 149  Test-negative, n = 474 

Symptomatic Asymptomatic  Symptomatic Asymptomatic 
Total    623 (100) 96 (100) 53 (100)  107 (100) 367 (100) 
Age, y 
 Median (IQR) 31 (26–40) 32 (27–39) 32 (23–42)  29 (25–35) 31 (26–41) 
 Distribution 
  10–19 3 (0.5) 1 (1.0) 1 (1.9)  0 1 (0) 
  20–29 271 (43) 37 (39) 20 (38)  55 (51) 159 (43) 
  30–39 184 (30) 36 (38) 14 (26)  33 (31) 101 (28) 
  40–49 123 (20) 17 (18) 15 (28)  13 (12) 78 (21) 
  50–59 34 (5.5) 4 (4.2) 2 (3.8)  6 (5.6) 22 (6.0) 
  >60 8 (1.3) 1 (1.0) 1 (1.9)  0 6 (1.6) 
Sex 
 M 523 (84) 82 (85) 46 (87)  88 (82) 307 (84) 
 F 100 (16) 14 (15) 7 (13)  19 (18) 60 (16) 
Nationality 
 Philippines 206 (33) 35 (36) 6 (11)  40 (37) 125 (34) 
 India 104 (17) 16 (17) 14 (26)  16 (15) 58 (16) 
 Indonesia 84 (13) 10 (10) 13 (25)  13 (12) 48 (13) 
 China 82 (13) 14 (15) 7 (13)  13 (12) 48 (13) 
 Italy 40 (6.4) 5 (5.2) 3 (5.7)  6 (5.6) 26 (7.1) 
 Other 107 (17) 16 (17) 10 (19)  19 (18) 62 (17) 
Occupation category 
 Essential worker 
  Engine 75 (12) 6 (6.3) 11 (21)  10 (8.1) 48 (13) 
  Hotel 73 (12) 13 (14) 3 (5.7)  6 (5.0) 51 (14) 
  Deck 70 (11) 11 (11) 10 (19)  11 (9.4) 38 (10) 
 Nonessential worker 
  Restaurant 96 (15) 13 (14) 6 (11)  21 (20) 56 (15) 
  Galley 77 (12) 18 (19) 5 (9.4)  22 (21) 32 (8.7) 
  Housekeeping 72 (12) 8 (8.3) 7 (13)  7 (6.5) 50 (14) 
  Entertainment 49 (7.9) 8 (8.3) 6 (11)  13 (12) 22 (6.0) 
  Technician 21 (3.4) 4 (4.2) 2 (3.8)  3 (2.8) 12 (3.3) 
  Others 90 (14) 15 (16) 3 (5.7)  14 (13) 58 (16) 
Smoking history, n = 592† 
 Yes 148 (25) 20 (22) 13 (28)  36 (35) 79 (23) 
Underlying disease, n = 593†‡ 
 Any 22 (3.7) 5 (5.5) 2 (4.4)  2 (1.9) 13 (3.7) 
 Hypertension 12 (3.0) 2 (2.2) 1 (2.2)  0 9 (2.6) 
 Diabetes 10 (1.7) 1 (1.1) 1 (2.2)  0 8 (2.3) 
 Cardiovascular disease 1 (0.2) 1 (1.1) 0  0 0 
 Asthma 1 (0.2) 0 0  1 (1.0) 0 
BMI, n = 523† 
 Median (IQR) 24.1 (21.7–26.7) 23.6 (21.3–26.0) 24.7 (21.6–28.0)  23.9 (21.3–26.7) 24.1 (22.0–26.5) 
 Distribution 
  Underweight, BMI < 18.5 29 (5.5) 5 (6.2) 3 (7.5)  2 (2.0) 19 (6.3) 
  Normal, 18.5 < BMI < 25 278 (53) 45 (56) 18 (45)  58 (59) 157 (52) 
  Overweight, 25 < BMI < 30 167 (32) 22 (27) 15 (36)  27 (28) 103 (34) 
  Obese, BMI >30 49 (9.4) 9 (11) 4 (10)  11 (11) 25 (8.2) 
*Values are no. (%) except as indicated. Symptomatic was defined as having any clinical sign or symptom of coronavirus disease (i.e., fever (>37.5°C), 
cough, shortness of breath, nasal congestion, sore throat, nausea or vomiting, conjunctival congestion, headache, fatigue, myalgia or arthralgia, diarrhea, 
olfactory dysfunction, or taste disorder [loss of taste]). BMI, body mass index; IQR, interquartile range, SARS-CoV-2, severe acute respiratory coronavirus 
2. 
†Among crewmembers who entered data into the health monitoring system since its introduction on April 28, 2020. 
‡Two crewmembers had both hypertension and diabetes. 
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April 19. Essential workers who tested negative and 
had no signs or symptoms served meals or collected 
laundry for nonessential workers. When medically 
indicated, a nonessential worker was transported out 
of the room for medical care. To prevent secondary 
infection, several interventions were taken. Essential 
workers were provided with guidance and training 
for infection prevention on April 26. To ensure that 
the essential workers did not interact directly with 
isolated or quarantined crewmembers in their rooms, 
some interventions were put in place, such as distrib-
uting an individual thermometer to each crewmem-
ber on April 28 and streaming educational videos on 
COVID-19 infection prevention in the cabin rooms 
on April 29. To avoid missing the signs of disease  

progression and to be able to respond to critical pa-
tients in a timely manner, a field clinic was estab-
lished, along with provision of a vehicle equipped 
with a computed tomography scanner and a medical 
transportation system. A remote health monitoring 
system was developed and introduced to support the 
cruise ship from outside of the ship (17). After the ini-
tial universal screening in April, only essential work-
ers and medical personnel were reexamined when a 
sign or symptom indicative of COVID-19 was noted; 
reexaminations were limited in this way to prevent 
potential spread of the infection.

Starting May 3, those crewmembers who tested 
negative at universal screening were given prior-
ity to disembark; the ship’s medical doctor made 
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Figure 1. Number of incident 
cases of persons with body 
temperature >37.1°C	and	number	
of prevalent cases of persons 
with body temperature >37.1°C	
or any sign or symptom of 
coronavirus disease on a cruise 
ship, Nagasaki, Japan, March 
14–May	29,	2020.	A)	Number	
of persons with illness onset, 
by date. Crewmembers started 
disembarking	on	May	3.	B)	
Daily number of crewmembers 
who reported having a body 
temperature >37.1°C	or	
coronavirus disease signs or 
symptoms. Signs or symptoms 
other	than	fever:	cough,	
nasal congestion, sore throat, 
headache, olfactory dysfunction, 
taste disorder, conjunctival 
congestion, diarrhea, myalgia or 
arthralgia, fatigue, shortness of 
breath, and nausea or vomiting.



SYNOPSIS

the decision on the basis of the crewmember’s body 
temperature and signs or symptoms. Starting May 
14, crewmembers who tested positive were able to 
disembark and travel back to their countries of ori-
gin, provided that they had a subsequent negative 
test result. Through this predisembarkation testing 
policy, a total of 495 crewmembers were able to dis-
embark and leave Japan. On May 31, the cruise ship 
set sail for Manila, the Philippines, with the remain-
ing 126 essential workers, none of whom had a posi-
tive test result.

Clinical Outcomes
We compiled the clinical outcomes of all crewmembers 
and their signs or symptoms during their respective ob-
servation periods (Table 2). Among all crewmembers,  

0.2% (1/623) had severe pneumonia, 0.3% (2/623) had 
moderate pneumonia, 32% (200/623) had mild ill-
ness, and 67% (420/623) had no signs or symptoms. 
Among crewmembers with laboratory-confirmed cas-
es, 0.7% (1/149) had severe pneumonia, 1.3% (2/149) 
had moderate pneumonia, 62% (93/149) had mild 
illness, and 36% (53/149) had no signs or symptoms. 
Of the 11 crewmembers admitted to a hospital, 6 had  
COVID-19 pneumonia.

Clinical Course of Crewmembers Who Had Signs  
or Symptoms
During the observation period, 96 persons with lab-
oratory-confirmed cases and 107 with probable cases 
experienced signs or symptoms. The median number 
of symptomatic days among laboratory-confirmed 
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Figure 2. Initial cabin room 
locations of the crewmembers on 
cruise ship where a coronavirus 
disease outbreak occurred, 
Nagasaki, Japan, 2020. A) 
Red indicates distribution of 
crewmembers with onset of body 
temperature >37.1°C	during	March	
22–27. Green indicates cabin 
rooms of crewmembers who did 
not have a body temperature 
>37.1°C.	B)	Red	indicates	
distribution of crewmembers 
with onset of body temperature 
>37.1°C	during	March	22–April	19.	
Green indicates cabin rooms of 
crewmembers who did not have a 
body temperature >37.1°C.
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case-patients was 4 days (IQR 1–8 days) (Appendix 
Table). Among laboratory-confirmed case-patients 
who were asymptomatic at the time of universal 
screening, 58 (52%) subsequently experienced signs 
or symptoms. Among 38% of the symptomatic crew-
members, symptoms were intermittent, or additional 
COVID-19 signs or symptoms appeared sporadically 
over time (Appendix Figure 2).

Discussion
We have described the key findings from the  
COVID-19 outbreak that occurred on a cruise ship 
with multinational crewmembers in Nagasaki City 
during April 20–May 29, 2020. Six crewmembers 
were hospitalized for COVID-19 pneumonia, 1 of 
whom had a severe case, but no deaths occurred. 
Our retrospective investigation revealed that the 
outbreak likely started in late March, with the infec-
tion introduced into this population from the enter-
tainment occupation group that boarded the ship, 
which then spread widely inside the ship, irrespec-
tive of occupational group, nationality, or crew cabin 
room location, resulting in 149 laboratory-confirmed 
cases and 107 probable cases. Because transmission 
of SARS-CoV-2 from presymptomatic or asymptom-
atic patients is known to occur (25), certain social ac-
tivities on the ship could have facilitated transmis-
sion which ultimately spread throughout the ship. 
The epidemic curve (Figure 1, panel A) shows that 
the number of incident case-patients with a body 

temperature >37.1°C peaked on April 28. The pe-
riod between the universal implementation of the 
quarantine policy (April 19) and the peak of onset 
(April 28) was longer than the expected incubation 
period (17,26). This fact might be attributable to sev-
eral reasons. For instance, before receiving training 
for infection prevention, essential workers might 
not have been able to sufficiently prevent infection 
transmission. Because an essential worker who was 
measuring body temperatures of isolated or quar-
antined crewmembers tested positive for SARS-
CoV-2 on May 3, we speculate that infection could 
have spread through any interactions during those 
measurements or through sharing of the thermom-
eters among the isolated or quarantined crewmem-
bers. These factors might have contributed to fur-
ther transmissions even after quarantine measures  
were enforced.

Management of the outbreak on Costa Atlantica 
was different from that observed on the Diamond 
Princess or other cruise ship outbreaks. The main 
difference was that the Costa Atlantica had only 
crewmembers whereas the Diamond Princess had 
both passengers and crewmembers. On Costa At-
lantica, because passenger cabin rooms inside the 
ship were empty, crewmembers could be isolated 
or quarantined inside the ship, which was not pos-
sible on the Diamond Princess or other cruise ship 
outbreaks with passengers. For the outbreak on the 
Diamond Princess, priority testing was given to 
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Table 2. Clinical outcomes of crewmembers on cruise ship where a coronavirus disease outbreak occurred, by SARS-CoV-2 test 
result, Nagasaki, Japan, 2020* 
Clinical outcome† All crewmembers Test-positive Test-negative 
Total 623 (100) 149 (100) 474 (100) 
Severe pneumonia 1 (0.2) 1 (0.7) 0 
Moderate pneumonia 2 (0.3) 2 (1.3) 0 
Mild illness 200 (32) 93 (62) 107 (23) 
Asymptomatic 420 (67) 53 (36) 367 (77) 
Fever (>37.5°C) 121 (19) 51 (34) 70 (15) 
Symptom, n = 593‡ 
 Cough 45 (7.6) 32 (23) 13 (2.9) 
 Nasal congestion 34 (5.7) 23 (17) 11 (2.4) 
 Sore throat 32 (5.4) 22 (16) 10 (2.2) 
 Headache 32 (5.4) 18 (13) 14 (3.1) 
 Olfactory dysfunction 31 (5.2) 25 (18) 6 (1.3) 
 Taste disorder 28 (4.7) 23 (17) 5 (1.1) 
 Conjunctival congestion 24 (4.1) 13 (9.5) 11 (2.4) 
 Diarrhea 16 (2.7) 12 (8.8) 4 (0.9) 
 Myalgia or arthralgia 13 (2.2) 11 (8.0) 2 (0.4) 
 Fatigue 11 (1.9) 7 (5.1) 4 (0.9) 
 Shortness of breath 8 (1.4) 7 (5.1) 1 (0.2) 
 Nausea or vomiting 5 (0.8) 4 (2.9) 1 (0.2) 
*Values are no. (%) except as indicated. SARS-CoV-2, severe acute respiratory coronavirus 2. 
†Severe pneumonia defined as illness requiring with intubation or intensive care unit admission; moderate pneumonia defined as illness requiring oxygen 
administration; mild illness defined as illness in patients who had coronavirus disease signs or symptoms without oxygen administration; asymptomatic, 
no clinical signs or symptoms. Body temperature data were obtained from the ship’s medical records and from the health monitoring system introduced by 
investigators on April 28, 2020. 
‡Among 593 crewmembers who entered data into the health monitoring system introduced by investigators; 137 crewmembers tested positive and 456 
tested negative for SARS-CoV-2. 
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the high-risk population. Passengers with positive 
test results for SARS-CoV-2 were transported to 
medical facilities, and their clinical courses fol-
lowed. For those passengers without positive test 
results, a 14-day health observation period was set 
before disembarking (27,28). One study suggested 
the possibility that evacuating all on board early 
would have prevented many on the Diamond Prin-
cess from becoming infected (29). Early evacuation 
of all crewmembers was thus initially considered in 
the Costa Atlantica outbreak. However, there were 
not enough medical facilities or accommodations 
to isolate or quarantine all crewmembers in the 
city, and preparing other isolation facilities would 
have required installing sewage systems and using 
communal toilets, which could promote transmis-
sion, making such options both impractical and of 
questionable value. Because we regarded the area 
inside the ship as contaminated, we developed and 
introduced a health monitoring system (13), aim-
ing to rapidly detect crewmembers requiring medi-
cal attention and to minimize the risk for second-
ary infection, which was an issue on the Diamond 
Princess (13,30). Debate is ongoing as to how to 
manage an outbreak of COVID-19 on a cruise ship, 
but we should take measures that are best suited 
for the particular context, especially in resource- 
limited situations.

As for clinical outcomes, we detected 3 crew-
members with moderate to severe pneumonia (2.0% 
of laboratory-confirmed cases and 1.2% of laboratory-
confirmed and probable cases); this proportion was 
lower than that noted in a previous report in China, in 
which 14% of case-patients had severe illness and 5% 
had critical illness (30). However, the population on 
the Costa Atlantica included only crewmembers, who 
were considerably younger and healthier by selection 
(i.e., healthy worker effect).

Among the laboratory-confirmed cases, we de-
termined 36% (42/149) to be in persons who were 
asymptomatic (25,31). In the Diamond Princess out-
break, the asymptomatic proportion was reported 
to be 55% (4), but after transfer to medical facilities, 
≈20% of asymptomatic subjects had onset of signs or 
symptoms (32,33). We were able to follow the clini-
cal courses of all laboratory-confirmed case-patients 
for >20 days, which prevented misclassification of 
presymptomatic cases as asymptomatic cases. We 
also obtained detailed clinical information after in-
troducing the health monitoring system, which had 
a high usage rate, enabling individual crewmem-
bers to report their signs or symptoms easily on a 
daily basis. These differences resulted in a lower  

proportion of asymptomatic cases in our study, 
which we think to be a more valid picture of the CO-
VID-19 severity spectrum.

Of note, we did not repeat LAMP and PCR tests 
for SARS-CoV-2 for nonessential workers in our test-
ing strategy. The main goal for our outbreak man-
agement was to prevent the spread of infection and 
to rapidly detect those persons who required medi-
cal attention (to provide them with appropriate and 
timely treatment); thus, repeat testing was not consid-
ered necessary as long as nonessential workers who 
were asymptomatic or had mild illness were isolated 
or quarantined. On the other hand, essential work-
ers were repeatedly tested because of the potential to 
spread the infection. Before the ship’s departure, 107 
probable cases were reported, which accounted for 
23% of crewmembers with negative test results. With 
limited frequency of testing, some interval-censored 
infections might have been missed, but with a sensi-
tive health monitoring system and an isolation and 
quarantine policy in place, we believe our operations 
were justifiable and effective.

Our study’s first limitation is that we might have 
underestimated the number of laboratory-confirmed 
cases because most crewmembers were only tested 
once. Second, the clinical signs or symptoms of the 
crewmembers before the introduction of the health 
monitoring system or after disembarkation could not 
be tracked, meaning additional symptomatic cases 
might have occurred.

In conclusion, we have described the epidemiol-
ogy, along with our management approach, of a CO-
VID-19 outbreak on a cruise ship with crewmembers 
isolated or quarantined inside the ship. Although 
SARS-CoV-2 can spread rapidly in closed settings, 
prompt isolation and quarantine and a sensitive sur-
veillance system using a remote health monitoring 
approach could successfully control a COVID-19 out-
break on a cruise ship and result in timely medical 
care for affected persons.
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Enteroviruses within species A are the primary 
cause of hand, foot and mouth disease (HFMD), 

mostly affecting infants and young children. HFMD 
is highly contagious and manifests as a self-limiting 
illness; it typically includes fever, skin eruptions on 
hands and feet, and vesicles in the mouth (1,2). In 
severe disease, patients develop neurologic and sys-
temic complications that can be fatal, including me-
ningoencephalitis, pulmonary edema, and acute fl ac-
cid paralysis (3,4).

Enterovirus A71 (EV-A71) is the predominant 
cause of HFMD outbreaks. In the Asia-Pacifi c region, 

the effects of the virus on public health have been 
substantial; in Europe these infections are considered 
mild and often remain undiagnosed (5), although se-
vere neurologic manifestations and small outbreaks 
have been reported more recently (6–10). EV-A71 is 
classifi ed into 7 genogroups (A–G) and several sub-
genogroups (B0–B5, C1–C5) based on the viral protein 
1 gene; the appearance of novel EV-A71 genogroups 
has been associated with large HFMD outbreaks (5).

Coxsackievirus A6 (CVA6) has become another 
major cause of HFMD since 2008 (11,12). CVA6 infec-
tions have often been linked to a febrile atypical form 
of HFMD, affecting both pediatric and adult popula-
tions (13–15). The severity of the clinical manifesta-
tions associated with CVA6 infections and the recent 
increase of HFMD cases associated with EV-A71 and 
CVA6 in Europe (10) may have originated through the 
evolution of recombinant forms or changes in patho-
genicity of emerging strains (16,17). Alternatively, 
their clinical prominence may have resulted from an 
increase in infections in a larger previously unexposed 
and susceptible populations. To investigate that theo-
ry, we determined the age-stratifi ed seroprevalence of 
EV-A71 and CVA6 in representative cross-sections of 
the UK population in 2006, 2011, and 2017; we used 
serotype-specifi c microneutralization assays and 
compared our fi ndings with the numbers of infections 
reported through public health surveillance.

The 2011 timepoint corresponded to the approxi-
mate timing of large EV-A71 outbreaks, especially in 
Vietnam and China (12,18) in addition to emergence 
of CVA6 infections associated with atypical clinical 
phenotypes (11,19). Whereas the 2006 timepoint was 
selected to precede these recorded events and the 2017 
to measure population immunity post-CVA6 emer-
gence period, the last timepoint also corresponded to 
recorded EV-A71 outbreaks in Spain and elsewhere 
in Europe in 2016 (4,7,8). Collectively, these selected 
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Enterovirus	A71	(EV-A71)	and	coxsackievirus	A6	(CVA6)	
cause hand, foot and mouth disease (HFMD) and are 
occasionally linked to severe neurologic complications 
and	 large	 outbreaks	worldwide.	We	 estimated	 EV-A71	
and	 CVA6	 seroprevalence	 using	 cross-sectional	 age-
stratifi	ed	 samples	 collected	 in	 2006,	 2011,	 and	 2017.	
Seroprevalences	 of	 EV-A71	 and	CVA6	 increased	 from	
32%	and	54%	at	6–11	months	to	>75%	by	10	years	of	
age. Antibody titers declined after 20 years, which could 
indicate infrequent re-exposure in older populations. Age 
profi	les	 for	 acquiring	 infections	 and	 mean	 titers	 were	
comparable	 in	 the	3	 testing	 years,	 despite	 the	marked	
increase	in	incidence	of	CVA6-related	HFMD	from	2010.	
The uncoupling of changes in disease severity from the 
infection	kinetics	of	CVA6	as	we	inferred	from	the	sero-
prevalence data, rather than incidence of infection over 
the 11-year study period, provides further evidence for a 
change in its pathogenicity.
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timepoints reflected changed activity of both viruses 
and hence enabled us to measure their effects on pop-
ulation immunity.

Materials and Methods

Serum Samples
We obtained a convenience sample of 1,573 residual 
serum samples collected in 2006 (n = 514), 2011 (n 
= 498), and 2017 (n = 561) from the seroepidemiol-
ogy unit archive collection of Public Health England 
(PHE; Manchester, UK). This archive is an oppor-
tunistic collection of residual clinical samples from 
laboratories throughout England. Case-patients were 
divided into 7 age groups: <6 months, 6–11 months, 
1–5 years, 6–10 years, 11–20 years, 21–40 years, and 
>40 years. We aimed to obtain 100 samples from each 
group (Appendix, https://wwwnc.cdc.gov/EID/
article/27/9/20-4915-App1.pdf). We anonymized all 
samples and unlinked any patient identifying infor-
mation; we retained age, sex, date of collection, sam-
ple type, and contributing laboratory information.

Virus Strains
We obtained 2 CVA6 strains isolated in Finland in 
2008 and 2016 from the National Institute for Health 
and Welfare (Helsinki, Finland). The CVA6/2008 
isolate was obtained during a HFMD outbreak in 
Finland (20), and the CVA6/2016 isolate was a 
contemporary clinical strain. We used the EV-A71 
genogroup B4 strain isolated in Singapore (5865/
SIN/000009). We propagated EV-A71 viruses in 
a rhabdomyosarcoma cell line obtained from the 
American Type Culture Collection. We propagated 
CVA6 viruses in TE32 or 130T cells obtained from 
the UK National Institute for Biologic Standards 
and Control. We determined the 50% tissue culture 
infective dose (TCID50) of virus stocks by means of 
endpoint dilution using the Reed and Muench meth-
od: in a 96-well format, 8 replicates of a 10-fold se-
rial dilution were incubated with cells in Dulbecco 
minimum essential medium (DMEM; Sigma-Al-
drich, https://www.sigmaaldrich.com) containing 
2% vol/vol fetal bovine serum (FBS; Sigma-Aldrich) 
and penicillin/streptomycin (10,000 U/mL; Sigma-
Aldrich) at 37 °C in 5% CO2 for 4–5 days.

Neutralization Assays
The microneutralization assay was performed as pre-
viously described (21) (Appendix). In brief, we inac-
tivated serum samples for 3 min at 56°C, and then 
diluted 2-fold serially in 2% DMEM-FBS from 1:8 to 
1:1,024. We mixed 50µL of diluted samples and 100 

TCID50 of virus stock diluted in 50 µL in 96-well mi-
croplates and incubated at 37°C for 1 hour. We added 
100 µL of cell suspension containing average of 20,000 
rhabdomyosarcoma cells in 10% DMEM-FBS for EV-
A71 assays and average of 20,000 TE32 cells in 5% 
DMEM-FBS for CVA6 assays. We observed cytopath-
ic effect in an inverted microscope after incubating at 
37°C in 5% CO2 for 4–5 days. We used pooled adult 
serum with known neutralizing antibody titer (nAb; 
13/328, obtained from the UK National Institute for 
Biologic Standards and Control) as a positive control 
and inactivated horse serum (obtained from Ameri-
can Type Culture Collection) as negative control. We 
included a virus control and an uninfected cell con-
trol for each batch of tests. We tested each sample in 
duplicate and calculated results as their geometric 
mean titers (GMT).

To determine the optimal strain  for the CVA6 
neutralizing assay, we compared titers of 36 serum 
samples collected in 2006 against the 2 CVA6 clini-
cal isolates. We selected 18 samples each for the 
1–5-year (representing serologic responses acquired 
during 2001–2006) and >40-year (representing sero-
logic responses acquired substantially before 2006) 
age groups. For the 1–5-year age group, 16/18 sam-
ples tested were seropositive for the CVA6/2008 
and 17/18 samples tested were seropositive for 
CVA6/2016 isolates. All 18 samples tested from the 
>40-year age group were seropositive for both CVA6 
isolates. GMT to both CVA6 isolates were comparable 
between the 1–5-year and >40-year age groups (Ap-
pendix, Figure 1). Samples collected from the >40-
year age group in 2006 had proportionately higher 
nAb against the CVA6/2008 isolate (p = 0.008 by 
paired Wilcoxon signed rank test). Because the differ-
ences in GMT between the CVA6 isolates were mi-
nor, we selected the more contemporary CVA6/2016 
strain for the assay used in this study.

We reported the neutralizing titer as the recipro-
cal titer of serum dilutions that inhibited 50% virus 
growth. For both EV-A71 and CVA6, samples with 
nAb titers of >1:8 were considered seropositive as 
previously reported (22,23). For GMT calculations, 
we excluded titers <1:8; we assigned a value of 2,048 
to titers >1:1,024. We classified GMT values as low 
(<1:64), moderate (1:64–1:256), and high (>1:512).

Virological Surveillance Data
We collected information on enterovirus-positive 
samples submitted for typing to the PHE Enteric Virus 
Unit (London, UK), during 2006–2017. Local diagnos-
tic laboratories in England and Wales were asked to 
forward samples in which EV RNA has been detected 
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for typing, for the purposes of national enhanced  
enterovirus surveillance. Data collected included a 
total number of enterovirus-positive samples submit-
ted for typing and the number identified as EV-A71 or 
CVA6 per month, patient age group, and sample type.

We used these data to compare the prevalence of 
infections estimated from serologic data with EV-A71– 
and CVA6-associated infections reported through this 
voluntary enhanced enterovirus surveillance.

Statistical Analysis
We compared rates of seropositivity in different 
groups using χ2 or Fisher exact test, with Bonfer-
roni adjustment for multiple comparison. We com-
pared age-stratified GMTs between the serum col-
lection time points using the Mann-Whitney U or 
Kruskal-Wallis test with Dunn’s post hoc analysis. 
We calculated 95% CIs of the seroprevalence rates 
according to the Wilson method (http://vassarstats.
net/prop1.html) and considered p<0.05 statistically 
significant. We computed all the statistical analyses 
in R (https://www.r-project.org).

Results

Enterovirus Reporting in the United Kingdom, 2006–2017
We identified 402 EV-A71–positive and 1,519 CVA6-
positive samples from 20,221 enterovirus-positive 
samples referred to PHE for typing (Figure 1, panel 
A). Over the study period, the numbers of enterovi-
rus-positive samples referred for typing increased 
substantially from 189 in 2006 to 1,479 in 2017. At the 
same time, the proportion of samples typed as CVA6 
increased sharply, from ≈1% in 2007–2008 to 10% in 

2016–2017, and the proportion of samples typed as 
EV-A71 decreased.

Most EV-A71 infections were reported in even 
years; ≈10% of all enterovirus-positive samples were 
identified as EV-A71 in 2006, 2008, and 2010, where-
as this proportion has remained at ≈3% since 2012. 
The peak months for EV-A71 detections were July–
August and for CVA6 detections were October–De-
cember. The highest monthly detections were 20 of 
EV-A71 in July 2013 and 74 of CVA6 in October 2017 
(Figure 1, panel B).

EV-A71 infections were mostly identified in feces 
(122/381, 32%; data not available for 21 samples), fol-
lowed by cerebrospinal fluid (CSF) (100/381, 26.2%), 
respiratory specimens (46/381, 12.1%), vesicle or 
skin swabs (21/381, 5.5%), and blood (24/381, 6.3%) 
(Table). Consistent with its association with HFMD 
in the UK, CVA6 was mostly detected in vesicle or 
skin swabs (759/1,033, 73.5%; data not available 
for 486 samples), followed by respiratory speci-
mens (136/1,033, 13.2%), feces (84/1,033, 8.1%), CSF 
(44/1,033, 4.3%), and blood (42/1,033, 4.1%).

Patient age data were available for 9,636/20,211 
total samples. Age data were available for 381/402 
EV-A71 samples, and for 1,029/1,519 CVA6 samples. 
Most enterovirus-positive samples were obtained 
from young children <3 months of age (3,730/9,636, 
39%), or young adults (2,309/9,636, 24%) (Figure 2, 
panel A). EV-A71 detections were highest in infants 
<3 months (222/381, 58%), whereas 58/381 (15%) 
were identified in children 4–12 months of age and 
63/381 (17%) in children 1–5 years of age. CVA6 
infections were diagnosed most often in older chil-
dren 1–5 years of age (52%, 537/1,029), followed by 

Figure 1. 	EV-A71	and	CVA6	identified	in	enterovirus-positive	samples	referred	to	Public	Health	England	from	laboratories	throughout	
England,	UK,	by	year,	2006–2017.	A)	Percentage	of	samples	typed	as	EV-A71	and	CVA6	in	each	referral	year	(total	no.	cases	above	
each	bar).	Solid	black	line	indicates	number	of	samples	referred	for	virus	typing.	B)	Distribution	of	EV-A71	(n	=	381)	and	CVA6	(n	=	
1,033)	clinical	detections	in	England,	using	monthly	totals	for	the	period	2006–2017.	CVA6,	coxsackievirus	A6;	EV,	enterovirus;	EV-A71,	
enterovirus A71. 
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children 4–12 months of age (23%, 239/1,029). In 
contrast, a small number of CVA6 infections were re-
ported in infants <3 months of age (56/1,029, 5%). We 
observed no change in EV-A71 or CVA6 detection by 
age group for 2006–2017 (Figure 2, panels B and C).

Seroprevalence of EV-A71
The overall seropositivity rate of EV-A71 was 74% 
(95% CI 71.8%–76.2%). The seropositivity rates for the 
3 timepoints were comparable at 71% (95% CI 66.8%–
75.0%) in 2006, 73% (95% CI 69.1%–77.0%) in 2011, 
and 77% (95% CI 73.8%–80.9%) in 2017. Age-specific 
seroprevalence of EV-A71 nAb in each timepoint 
were lowest in children 6–11 months of age and grad-
ually increased with age category (p<0.001 by χ2 test 
for trend) (Figure 3; Appendix Table 1). The seroposi-
tivity rate for the >40-year age group increased from 
77% in 2011 to 91% in 2017 (p = 0.003 Fisher exact test).

The proportion of samples with moderate (64–
256) and high (≥512) nAb titers increased with age 
from 1–20 years but decreased thereafter; most (>85%) 
samples from adults >20 years had titers <256 (Figure 
3). For example, in 2006, the proportion of patients 
with high titers decreased from 30% in the 11–20-year 
age group to 6.7% in the 21–40-year age group and to 
3.8% in the >40-year age group. We observed a simi-
lar trend of declining titers through 2011, in which 
the proportion of patients with high titers dropped 
by age group, from 12% (11–20 years) to 9% (21–40 
years) to 2% (>40 years), and through 2017, when ti-
ters drop from 19% (11–20 years) to 11% (21–40 years) 
to 5% (>40 years).

The seropositive samples from infants (<6 months 
of age) in 2006 had a GMT 5-fold higher than the same 
age group in 2017, whereas those from children 6–11 
months of age in 2006 had a geometric mean titer 3.6-
fold higher than the same age group in 2017. Simi-
larly, the samples from children 1–5 years of age in 
2011 had a GMT 5.5-fold higher than in 2017 (Appen-
dix, Appendix Table 1). Significant increases in titers 
of seropositive samples were found among children 
<6 months (p = 0.014 by Kruskal-Wallis test) and 1–5 
years of age (p = 0.0026) and also among patients 
aged 11–20 years of age (p = 0.0067) (Appendix, Ap-
pendix Figure).

Seroprevalence of CVA6
The seropositivity for CVA6 was 80% (95% CI 78.2–
82.3) overall and 82% (95% CI 78.7–85.3) for 2006, 78% 
(95% CI 74–81.8) for 2011, and 80% (76.7–83.3) for 
2017; seropositivity similarly increased with increas-
ing age group (p<0.001 by χ2 test for trend) (Figure 
3; Appendix, Appendix Table 2). The seropositivity 
rates were comparable across age groups (p>0.05 by 
Fisher exact test). We observed significant differ-
ences in CVA6 antibody titers among seropositive 
samples from children <6 months of age (p<0.001 by 
Kruskal-Wallis test), 1–5 years of age (p = 0.005), and 
6–10 years of age (p<0.001). Neutralizing antibody ti-
ters were significantly lower in 2011 for seropositive 
samples (titer >8) in the 21–40-year and >40-year age 
groups (Appendix, Appendix Figure 2).

The proportion of infants <6 months of age with 
titers >64 was significantly higher in 2006 (75%) than 

 
Table. EV-A71– and	CVA6-positive	samples	submitted	to	the	Public	Health	England	Enteric	Virus	Reference	Department,	United	
Kingdom,	2006–2017* 
Virus Blood CSF Gastrointestinal Respiratory Skin Tissue Total 
EV-A71 24	(6.3) 100	(26.2) 122	(32) 46	(12.1) 21 (5.5) 25	(6.6) 381 
CVA6 42	(4.1) 44	(4.3) 84	(8.1) 136	(13.2) 759	(73.4) 19	(1.8) 1,084 
*Totals	of	positive	samples	are	given	as	no.	(%).	CSF,	cerebrospinal	fluid;	CVA6, coxsackievirus	A6; EV-A71, enterovirus A71. 

 

Figure 2.	EV-A71	and	CVA6	identified	in	enterovirus-positive	samples	referred	to	Public	Health	England	from	laboratories	throughout	
England,	UK,	by	age,	2006–2017.	A)	Percentage	of	all	enterovirus-positive	samples,	by	age	group.	B,	C)	EV-A71	(B)	and	CVA6	(C)	
detection	by	age	group	and	by	year	of	sampling.	CVA6,	coxsackievirus	A6;	EV-A71,	enterovirus	A71.
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in 2011 (17%) and 2017 (14%), whereas the propor-
tion of adults >40 years of age with moderate titers 
was significantly lower in 2011 (27.8%) than in 2006 
(49.2%) and 2017 (51.7%) (p<0.001 by Fisher exact 
test) (Figure 3). Geometric mean titers were highest in 
children 1–10 years of age in 2017 and >5-fold higher 
in 2006 for the <6-month-olds (Appendix Table 2).

Discussion
Seroepidemiology findings in this study showed that 
EV-A71 and CVA6 infections were highly preva-
lent among children and adults in the United King-
dom. From the minimum values in the 6–11-month 
age group after the decline of maternally conferred 
immunity (24,25), we determined that EV-A71 and 
CVA6 neutralizing antibody detection frequencies 
and titers increased steadily with age, which indicates 
ongoing exposure and infection throughout child-
hood. EV-A71 seropositivity rates observed in the 
United Kingdom were comparable to those observed 
among preschool children <6 years of age (63.4%) in 
Germany (26) and in children <5 years of age in the 
Netherlands (27). EV-A71 seroprevalence in adults 
(>75%) was comparable for the United Kingdom, the 
Netherlands, and Germany.

The number of persons with high titers of EV-A71 
neutralizing antibodies declined with age; this finding 
is consistent with previous seroepidemiological stud-
ies, including the report of high EV-A71 antibody ti-
ters in the 10–14-year age group in Germany (28), and 
comparable to the peak titers recorded in the 11–20-
year age group in our study. These findings indicate 
that EV-A71 primarily circulates in and infects chil-
dren, and the subsequent decline in titers but not fre-

quencies of seropositivity indicates that re-exposure 
in the older population is uncommon (28–30). The 
decline in titers may also reflect the differences be-
tween acute serologic responses post-infection in the 
younger population and homeostatic antibody levels 
in the older population that become established years 
after infection (30). Related to this decline, the >4-fold 
attrition in mean EV-A71 neutralizing antibody titers 
in the 21–40-year age group (Appendix Table 1) may 
also create the low mean titers of maternally derived 
antibodies observed in children <6 months of age. 
This finding may underpin the high incidence of EV-
A71 diagnosis reported in the 0–3-month age group 
when infants are most susceptible to severe infection 
outcomes (Figure 3). Of note, the largest share (39%) 
of enterovirus-positive samples were obtained from 
this age group, which might attest to infants’ vulner-
ability and higher likelihood of sampling.

The global emergence of CVA6 since 2008 has 
been linked to an increase in pathogenicity of CVA6 
around 2010 (31), becoming another major causative 
agent for HFMD in several countries worldwide (23). 
This change was reflected in the number of atypical 
HFMD caused by CVA6 in Scotland in 2014 (19) and 
also in the increasing numbers of reported CVA6 in-
fections in our study (Figure 1). Our seroprevalence 
data show that CVA6 circulated widely before the 
emergence of atypical HFMD in 2008 (25); serop-
revalence approached 90% in adults >40 years of 
age as recorded in 2006 (Figure 3). This observation 
discounts the idea that the increased incidence of 
CVA6-associated HFMD simply reflects a change in 
its infection incidence and the existence of a widely 
susceptible population.

Figure 3.	EV-A71(A)	and	CVA6	(B)seroprevalence	in	England,	UK,	in	2006,	2011,	and	2017,	by	age	group.	Results	are	expressed	as	
percentage	of	samples	displaying	neutralizing	antibody	titers	<8	to	>1,024	(colored	bars).	Red	dots	represent	point	estimates	of	the	
seropositive	proportion;	error	bars	indicate	95%	CI.	Samples	were	scored	seropositive	if	neutralization	was	achieved	at	serum	dilution	of	
>1:8.	CVA6,	coxsackievirus	A6;	EV-A71,	enterovirus	A71.
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Comparing the 2 serotypes, CVA6 seroprevalence 
was higher than EV-A71 seroprevalence in younger 
children (1–10 years) in each study year (Figure 3; Ap-
pendix Tables 1, 2). However, this difference was not 
reflected in the peak age group for CVA6 infections 
(1–5 years) (Figure 2), which contrasts with the pre-
dominance of EV-A71 infections recorded in neonates 
and infants. CVA6 infections were predominantly de-
tected in skin vesicle fluids (Table; Appendix), which 
would primarily be associated with HFMD manifes-
tations (32–34).

Over the study period, the number of samples re-
ferred to PHE substantially increased (Figure 1), but 
rather than indicating more enterovirus-associated 
disease, this finding is more likely a reflection of im-
provements in detection through exclusive introduc-
tion of PCR in the clinical laboratories (35). Diagnostic 
practices in general, and for enteroviruses in particu-
lar, have changed over time in England and Wales 
as previously described (35). The use of PCR has 
increased rapidly, from 36% in 2000 to 45% in 2011, 
and probably approached 100% in 2015, replacing the 
slow and laborious virus culture entirely.

Changes in clinical practice or diagnostic pro-
cedures, such as the threshold for investigating and 
hospitalizing patients with suspected viral infections, 
or performing lumbar puncture (35), may have fur-
ther influenced the number of samples submitted to 
PHE. Controlled cohort-based surveillance studies 
are required to better infer EV incidence.

A limitation of this study is that we based our 
inferences of incidences of EV-A71 and CVA6 in-
fections on referral of clinical samples for typing at 
PHE. The much lower numbers of EV-A71–positive 
samples identified from older children and adults 
(Figure 2) at a time when seroprevalence was in-
creasing (Figure 3) is indicative of subclinical infec-
tions or benign disease in these age groups. Differ-
ences in clinical practices could have also influenced 
the number of samples obtained and referred from 
older children and adults to PHE. For instance, CSF 
samples are more likely to be obtained for enterovi-
rus testing from these patients who had any neuro-
logic symptoms, compared with throat, fecal, or rec-
tal swab specimens from which the viral loads would 
be higher and virus excretion prolonged (36,37). In 
addition, delayed lumbar puncture also reduces the 
likelihood of a positive pathogen detection. Atypi-
cal and varying clinical manifestations, especially 
in older adults, and the absence of CSF pleocytosis 
may also impede the timely diagnosis of enteroviral 
infections and consequently reduce the number of 
samples found to be positive and referred to PHE.

We used a convenience sample of residual se-
rum samples from diagnostic laboratories through-
out England. Although we attempted to include 
equal sample sizes for all ages, the serosurvey was 
not powered to provide precise seroprevalence es-
timates for certain age groups. The volume of avail-
able specimens, particularly for the younger age 
groups, was insufficient, thus limiting the number 
of samples tested and generalization of our results 
to the larger pediatric population. Convenience sam-
ples are also prone to chance variations in sampling 
between geographic regions. Lack of additional in-
formation on participants’ risk factors for exposure 
was another limitation.

In summary, we provide an analysis of age-strat-
ified seroprevalence of EV-A71 and CVA6 in the UK 
population. Prevalence of infection by both viruses 
inferred from age-related changes in seroprevalence 
varied little over the 11-year study period despite the 
emergence of CVA6-associated HFMD in 2010, im-
plying changes in CVA6 pathogenicity rather than 
changes in population susceptibility to severe infec-
tion outcomes. This study will enable a more detailed 
understanding of population susceptibility, the emer-
gence of enterovirus serotypes, and potential changes 
in serotype pathogenicity and transmissibility.
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Coccidioidomycosis, also known as Valley fever, 
is caused by Coccidioides immitis and C. posadasii, 

endemic, dimorphic environmental fungi found in 
the soil of the southwestern United States, Mexico, 
and Central and South America (1). Clinical infection 
ranges from asymptomatic to diverse manifestations 
including pneumonia, soft tissue and osteoarticu-
lar infection, meningitis, and disseminated disease 
(2). On the basis of fi ndings from the seminal 1957 
seropositivity survey (3) that established the com-

monly accepted geographic distribution of Coccidi-
oides in the United States, 6 states were classifi ed as 
coccidioidomycosis-endemic (Arizona, California, 
Nevada, New Mexico, Texas, and Utah); California 
and Arizona had the highest seroprevalence (4). On 
the basis of that study, 3 counties in southwestern 
Utah were considered coccidioidomycosis-endemic: 
Iron, Kane, and Washington (3). With the exception 
of reports from a widely publicized 2001 outbreak of 
coccidioidomycosis at an archeological dig in Uintah 
County in the US Park Service’s Dinosaur National 
Monument (5–7), there are few published data on 
this disease in Utah. However, recent data suggest 
that southwestern Utah might represent an area of 
increased disease burden (8). Here we report a de-
scription of the epidemiology of coccidioidomycosis 
in Utah and explore environmental and climatic fac-
tors contributing to regional variations in statewide 
incidence using data from cases reported to the Utah 
Department of Health (UDOH) during 2009–2015. 
We also describe clinical characteristics and out-
comes using patient-level data from the Intermoun-
tain Healthcare System during 2006–2015.

Methods

Clinical Characteristics
To describe the clinical characteristics and outcomes 
of coccidioidomycosis, we used patient-level data 
from Intermountain Healthcare, an integrated health 
network with 21 hospitals and 180 clinics in urban 
and rural Utah. Each year, 1.5 million unique pa-
tients, over half of Utah’s 2010 population of 2,763,885 
(https://www.census.gov/quickfacts/UT), receive 
care in the Intermountain Healthcare network. We 
identifi ed all cases of proven or probable coccidioido-
mycosis recorded during January 1, 2006–December 
31, 2015, by applying a previously published query 
methodology to clinical data from the Intermoun-
tain electronic data warehouse. We used an iterative 
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On the basis of a 1957 geographic Coccidioides sero-
positivity	survey,	3	counties	in	southwestern	Utah,	USA,	
were considered coccidioidomycosis-endemic, but there 
has been a paucity of information on the disease burden 
in	Utah	since.	We	report	fi	ndings	 from	a	 recent	clinical	
and	epidemiologic	study	of	coccidioidomycosis	 in	Utah.	
To	describe	clinical	characteristics,	we	identifi	ed	all	coc-
cidioidomycosis cases in an integrated health system in 
the	 state	 during	 2006–2015.	 For	 epidemiologic	 analy-
sis,	we	used	cases	reported	to	the	Utah	Department	of	
Health during 2009–2015. Mean state incidence was 
1.83	cases/100,000	population/year.	Washington	Coun-
ty,	in	southwestern	Utah,	had	the	highest	incidence,	17.2	
cases/100,000 population/year. In a generalized linear 
model	with	time	as	a	fi	xed	eff	ect,	mean	annual	tempera-
ture, population, and new construction were associated 
with	 regional	 variations	 in	 incidence.	 Using	 these	 vari-
ables in a spatiotemporal model, we estimated the ad-
justed regional variation by county to predict areas where 
Coccidioides infections might increase.
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search process by querying each of 7 different types of 
clinical and diagnostic data associated with the diag-
nosis of coccidioidomycosis: codes from the Interna-
tional Classification of Diseases (ICD) 9th (code range 
114.x) and 10th (code range B38.x) Revisions, labora-
tory tests for Coccidioides, microbiologic culture data, 
pathologic data, radiologic data, pharmacy data for 
antifungal medications, and composite data identify-
ing immunocompromised patients at higher risk for 
fungal disease (9). Laboratory data included serologic 
assays for Coccidioides: IgM/IgG by ELISA, IgM/IgG 
by immunodiffusion, complement fixation (CF) titers 
for IgG (ARUP Laboratories, https://www.aruplab.
com), and PCR for Coccidioides (Mayo Medical Labo-
ratories, https://www.mayocliniclabs.com).

We extracted demographic and other clinical data 
for patients in the Intermountain electronic data ware-
house cohort, then manually reviewed all potential 
cases identified by electronic query to verify the diag-
nosis by laboratory, microbiologic, and pathologic test 
results; we validated correlating clinical symptoms 
using imaging reports, clinical notes, and electronic 
medical record (EMR) data. We classified each case 
as proven or probable according to definitions estab-
lished by the European Organization for Research and 
Treatment of Cancer/Invasive Fungal Infections Co-
operative Group and Mycoses Study Group (EORTC/
MSG) (10). We considered cases proven if they met 
≥1 of the following requirements: histopathologic, 
cytopathologic, or direct microscopic evidence of Coc-
cidioides spherules with tissue damage from sterile 
specimen or tissue biopsy; culture from any specimen 
or tissue biopsy positive for C. immitis or C. posadasii; 
positive blood culture for C. immitis or C. posadasii; 
positive Coccidioides serology in cerebrospinal fluid; or 
2-dilution rise in Coccidioides CF titer measured in con-
secutive blood samples tested concurrently. We con-
sidered cases probable if case-patients had a Coccidi-
oides CF titer >1:2 or positive IgM or IgG by enzyme 
immunoassay (EIA)/ELISA or immunodiffusion in 
the setting of a compatible clinical syndrome, which 
could include >1 of the following: 1) systemic infec-
tion with fever, chills, night sweats, weight loss; 2) 
cutaneous or musculoskeletal infection; 3) pulmonary 
involvement with nodules, cavitation, hilar lymph-
adenopathy; 4) meningitis; or 5) visceral infiltration. 
We included case data in the study if the cases met 
criteria for proven or probable infection (Figure 1).

For the Intermountain Healthcare cohort used for 
describing clinical characteristics, we included cases 
from small communities just outside the Utah border 
for which Intermountain Healthcare facilities serve as 
the primary access to healthcare. These cases were not 

included in the cohort used for epidemiologic anal-
yses. We excluded cases in which it was clear from 
the EMR that the infection was acquired outside of 
Utah and surrounding communities. We also exclud-
ed cases that did not meet the EORTC/MSG defini-
tion for proven or probable infection. Because of the 
higher likelihood of a false positive test with ELISA 
IgM, we excluded cases if the ELISA IgM was posi-
tive but not the ELISA IgG and a diagnosis other than 
coccidioidomycosis was considered more likely. We 
also excluded cases with a positive ELISA IgG alone 
and no corresponding clinical signs or symptoms. We 
manually confirmed the location of diagnosis and 
management using the patient’s residential ZIP code 
from EMRs. If the city of residence was identified but 
not the ZIP code, we randomly imputed 1 of the ZIP 
codes corresponding to that city. We reviewed clini-
cal notes for information regarding disease presenta-
tion, reasons for testing for coccidioidomycosis, and 
interpretation of laboratory results by the physician. 
We also documented whether antifungal drugs were 
prescribed and the duration of treatment.

Epidemiologic Analyses
For epidemiologic analyses, we used data from 
UDOH to ensure we evaluated the entire state pop-
ulation. For this cohort, we included case counts by 
county by year during 2009–2015. We excluded cases 
from before 2009 because of acknowledged limita-
tions in data accuracy before that time. As a sensitiv-
ity analysis, we compared agreement between results 
from the case-finding methodology applied to the 
Intermountain Healthcare data with records from 
UDOH of cases diagnosed within Intermountain 
Healthcare facilities.

Statistical Analysis
Descriptive statistics to compare clinical characteris-
tics were performed using a χ2 test for categorical data 
and the Mann-Whitney U-test for nonnormally dis-
tributed continuous data. To compare characteristics 
between patients with pulmonary and nonpulmo-
nary disease, we developed a logistic regression mod-
el including factors significant at an α-significance of 
<0.1, then reduced it to a parsimonious model. We 
confirmed the goodness of fit using the Hosmer-
Lemeshow method and fitted a simple least-squares 
linear regression to model the variation in statewide 
incidence over time.

To explore the association between environ-
mental and anthropological features and geographic 
variation in observed coccidioidomycosis incidence, 
we developed a generalized linear model using year, 
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annual population for 2006–2015 (US Census Bureau, 
https://www.census.gov), PRISM AN81m mean 
annual air temperature and precipitation (https://
prism.oregonstate.edu) (11,12), and total annual 
new construction permits per 100,000 population 
for 2006–2015 (Ivory-Boyer Construction Report and 
Database, https://gardner.utah.edu/economics/
ivory-boyer-construction-database) as covariates. We 
included year to account for potential fixed-year ef-
fects and population to capture differences in signals 
and levels of cases between urban versus rural coun-
ties. We included temperature and precipitation data 
because both climate factors have been shown to cor-
relate with cases in other endemic regions (8,13–16). 
Last, we included new construction permits because 
coccidioidomycosis outbreaks have occurred in areas 
with construction activity, caused by soil-disrupt-
ing activities that increase airborne dust containing 
Coccidioides spp. (17–19). We also explored the con-
tributions of soil pH (SSURGO database, https://
www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/
survey/?cid=nrcs142p2_053627) and soil frost-free 
days and freeze-free intervals (Utah Climate Cen-
ter, https://climate.usu.edu) but ultimately did not 
include these in the final model. We assessed model 
fitness using F-test, R2, and residuals. Then, to predict 
geographic variation in coccidioidomycosis incidence 
after accounting for environmental and construction 
factors and the secular trend, we used an analysis of 
covariance model using county as a fixed variable to 
estimate the adjusted mean incidence. We input these 
estimated adjusted incidences into a spatiotemporal 
geographic information systems model to map pre-
dicted incidence by county for the time period. Sta-
tistical analysis was conducted using SPSS Statistics 
22 (IBM, https://www.ibm.com). This study was ap-
proved by the Intermountain Healthcare institutional 
review board.

Results

Demographic and Clinical Data
From the 788 cases we electronically identified ini-
tially, 364 patients had serologic, microbiological, or 
pathological evidence of proven or probable coccidi-
oidomycosis (Figure 1); we excluded an additional 
115 patients living in the endemic regions of Utah 
because they had positive IgG results from ELISA 
but no evidence of clinical disease. We classified 192 
(52.7%) of the 364 cases as proven and 172 (47.3%) as 
probable (Table 1). Median age of case-patients was 61 
years (range 1–97 years); 3.6% were <18 years of age. 
Over half (55.2%) of patients were male, and 87.9% 

identified as white. Patients had a median Charlson 
comorbidity score of 2 (range 0–4); the most common 
coexisting conditions were chronic pulmonary dis-
ease (144, 39.6%), diabetes mellitus (81, 22.3%), and 
malignancy (76, 20.9%). Only a few patients were 
taking immunosuppressive medications (27, 7.4%) 
or undergoing chemotherapy (4, 1.1%) at the time of 
their diagnosis, and 154 (42.3%) patients were hospi-
talized for coccidioidomycosis with the length of stay 
0–5 days (0 indicating only an emergency room visit); 
25.3% of the cohort had ≥1 hospitalization within ≤6 
weeks after diagnosis. All-cause mortality was 5.5% 
at 42 days and 9.1% at 1 year.

Sites of Infection
Primary pulmonary infection was the most com-
mon type of infection, in 323 (88.7%) of 364 patients; 
4 (1.1%) pulmonary patients had meningitis. Of 41 
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Figure 1. Flowchart showing process for inclusion of 
possible coccidioidomycosis studies in study of cases in 
Utah,	2006–2015.	Confirmed	cases	had	≥1	of	the	following:	
1) histopathological, cytopathological, or direct microscopic 
evidence of Coccidioides spherules with tissue damage from 
sterile specimen or tissue biopsy; 2) culture from any specimen 
or tissue biopsy positive for C. immitis or C. posadasii;	3)	
blood culture positive for C. immitis or C. posadasii;	4)	positive	
Coccidioides	serology	in	cerebrospinal	fluid;	or	5)	two-dilution	
rise in Coccidioides CF titer measured in consecutive blood 
samples tested concurrently. Probable cases had a Coccidioides 
complement	fixation	titer	>1:2	or	positive	IgM	or	IgG	by	EIA/
ELISA	or	immunodiffusion	in	the	setting	of	a	compatible	
clinical	syndrome	and	≥1	of	the	following:	1)	systemic	infection	
with fever, chills, night sweats, weight loss; 2) cutaneous or 
musculoskeletal	infection;	3)	pulmonary	involvement	with	
nodules,	cavitation,	hilar	lymphadenopathy;	4)	meningitis;	or	
5)	visceral	infiltration.	Definitions	based	on	criteria	set	by	the	
European Organization for Research and Treatment of Cancer/
Invasive Fungal Infections Cooperative Group; National Institute 
of Allergy and Infectious Diseases Mycoses Study Group (10).
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patients with nonpulmonary disease, 11 (26.8%) had 
disseminated infection (Table 2; Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/27/9/21-
0751-App1.pdf). We noted no significant differences 
in age or coexisting conditions, but did find a trend 
toward significance (p≤0.05) for chronic neurologic 
disease, diagnosed in 24.4% (10/41) of nonpulmo-
nary disease patients compared with 13.0% (42/323; 
p = 0.08) of pulmonary disease patients (Appendix 
Table 1). Among all those with nonpulmonary dis-
ease, 22.2% (9/41) were nonwhite patients, but only 
10.8% (35/323; p = 0.05) of patients with pulmonary 
disease were nonwhite. Nonpulmonary disease was 
also more common than pulmonary disease in pa-
tients receiving immunosuppressive medications, 
14.6% (6/41) versus 6.5% (21/323; p = 0.06) and those 
with lymphopenia preceding diagnosis, 9.8% (4/41) 

versus 2.5% (8/323; p = 0.04). In a multivariable lo-
gistic regression including use of any immunosup-
pressing medication, neurologic disease, and lym-
phopenia, only lymphopenia remained a predictor 
for nonpulmonary disease (OR 4.56, 95% CI 1.2–14.8).

Diagnosis and Management
We confirmed a coccidioidomycosis diagnosis with 
serologic testing in 51.9% of cases and with microbio-
logic or pathologic evidence of Coccidioides in 48.1% of 
cases (Table 2). Patients were diagnosed in a hospital 
in 110 (30.2%) cases; among outpatients, 23.1% were 
diagnosed by a pulmonologist, 11.8% by a primary 
care provider, 10.7% by a surgeon, and only 0.8% by 
an infectious disease physician. Of interest, 104 pa-
tients (28.6%) were diagnosed as part of a workup 
for malignancy, usually for an incidental pulmonary 
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Table 1. Demographic and clinical data from coccidioidomycosis cases identified in the Intermountain Healthcare system,	Utah,	USA, 
2006–2015* 
Variables No. (%) 
Total patients 364 
Demographics  

 Age, y, median (IQR) 61	(44–72) 
 Pediatric <18	y 13	(3.6) 
 Male sex 201 (55.2) 
Race  

 American Indian 5	(1.4) 
 Asian 2 (0.5) 
 Black 1	(0.3) 
 Hispanic 20 (5.5) 
 Pacific Islander 9 (2.5) 
 Unknown 7 (1.9) 
 White 320	(87.9) 
Coexisting conditions/medical factors  
 Charlson comorbidity score, median (IQR) 2 (0–4) 
 Diabetes mellitus 81	(22.3) 
 Hepatic disease 61	(16.8) 
 Chronic pulmonary disease 144	(39.6) 
 Connective tissue disease 27	(7.4) 
 Congestive heart failure 53	(14.6) 
 Neurologic disease 52	(14.3) 
 Renal disease 45	(12.4) 
 History of malignancy 76	(20.9) 
 Hematopoietic stem cell transplant 2 (0.5) 
 Solid organ transplant 2 (0.5) 
 Any immunosuppressive medication 27	(7.4) 
 Corticosteroids 25	(6.9) 
 Anti-TNF 3	(0.8) 
 Antimetabolite 2 (0.5) 
 Chemotherapy 4	(1.1) 
Laboratory test results  

 Lymphopenia, absolute lymphocyte count <500 12	(3.3) 
 Lymphopenia value at diagnosis, absolute lymphocyte count, median (IQR) 300	(300–400) 
Outcomes  

 Coccidioidomycosis-related hospital admission 154	(42.3) 
 Hospital length of stay, d, median (IQR) 0 (0–5) 
 42-d all-cause mortality 20 (5.5) 
 1-y all-cause mortality 33	(9.1) 
Case classification  

 Proven 192 (52.7) 
 Probable 172	(47.3) 
*Values	are	no.	(%)	except	as	indicated.	IQR, interquartile range; TNF, tumor necrosis factor. 
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nodule. Of the 364 patients in the study, 209 (57.4%) 
were treated with antifungal therapy alone; 12.6% of 
case-patients received no surgical or antifungal ther-
apy (Appendix Table 2). Fluconazole (91.7%) was the 
most common antifungal agent prescribed, followed 
by amphotericin B (3.2%); 20.8% of patients received 
>1 different antifungal agent during their treatment.

Epidemiology and Geographic Variation
We found 366 cases reported during 2009–2015. Mean 
observed statewide incidence was 1.83 cases/100,000 
population/year; yearly rates increased by a mean 
of 0.02 cases/100,000 population/year from 2009 
through 2015 (R2 = 0.018, Figure 2). Washington 
County, in the southwestern part of the state, account-
ed for the largest proportion (47.5%) of cases, a mean 
observed incidence of 17.2 cases/100,000 population/
year (Figure 3, Table 3). Outside of Washington Coun-
ty, incidence was next highest in the adjacent south-
western counties of Beaver, Garfield, Iron, and Kane, 
then in Daggett and Rich Counties in the northeast 
corner of the state (Table 3; Figure 3). In the general-
ized linear model accounting for temporal trend, the 
factors that best explained regional variation in ob-
served incidence included population (effect size [par-
tial η2] 0.068, p = 0.001), mean air temperature (effect 
size 0.246; p<0.001), and new construction permits/ 

100,000 population (effect size 0.072; p = 0.001), but 
precipitation was not significantly associated (effect 
0.022; p = 0.059; R2 = 0.42) (Appendix Table 3).

For the analysis of covariance model, in which we 
used county as a fixed effect and adjusted by secular 
trend, population, mean annual temperature, precipi-
tation, and new construction permits, the estimated 
mean statewide incidence was 3.45 cases/100,000 
population/year (R2 = 0.92); (Table 3; Appendix 
Table 4). In this model, estimated adjusted mean in-
cidence was highest in Washington County at 17.2 
cases/100,000 population per year. The estimated 
incidence was higher than the observed incidence in 
Summit, Uintah, Duchesne, Morgan, and Rich Coun-
ties in northeastern Utah (Table 3).

Discussion
These data, representing the results of a modern epi-
demiologic study, confirm coccidioidomycosis as a 
clinically relevant endemic mycosis in Utah. Our 
analyses benefited from the granularity of patient-
level data combined with UDOH statewide data. 
Although not on the scale of incidence reported for 
Arizona (154.6 cases/100,000 population/year) or 
California (9.37 cases/100,000 population/year) 
(20–22), the incidence (1.83 cases/100,000 popula-
tion/year) in Utah during 2009–2015 was higher than  
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Table 2. Clinical features based on case classification from the Intermountain Healthcare system,	Utah,	USA, 2006–2015 

Characteristic 
No.	(%)	cases 

Total Proven Probable 
Total 364	(100) 192 (52.7) 172	(47.3) 
Primary method of diagnosis  

  

 Laboratory 189	(51.9) 17	(8.9) 172 (100) 
 Microbiology 43	(11.8) 43	(22.4) 0 
 Pathology 106	(29.1) 106	(55.2) 0 
 Microbiology, pathology 26	(7.1) 26	(13.5) 0 
Infection site  

  

 Abdomen, peritoneal fluid 1	(0.3) 1 (0.5) 0 
 Adrenal 2 (0.5) 2 (1.0) 0 
 Back 1	(0.3) 1 (0.5) 0 
 Disseminated 11	(3.0) 10 (5.2) 1	(0.6) 
 Extremity 6	(1.6) 6	(3.1) 0 
 Liver 1	(0.3) 0 1	(0.6) 
 Lung only 316	(86.8) 154	(80.2) 162	(94.2) 
 Lung and lymph node 7 (1.9) 7	(3.6) 0 
 Lymph node only 4	(1.1) 4	(2.1) 0 
 Meningitis 4	(1.1) 3	(1.6) 1	(0.6) 
 Skin 5	(1.4) 3	(1.6) 2 (1.2) 
 Unknown 6	(1.6) 1 (0.5) 5 (2.9) 
Location of diagnosis  

  

 Urgent	care/emergency	department 12 (3.3) 2 (1.0) 10	(5.8) 
 Inpatient hospital 110	(30.2) 59	(30.7) 51 (29.7) 
 Primary care provider 43	(11.8) 22 (11.5) 21 (12.2) 
 Pulmonary department 84	(23.1) 40	(20.8) 44	(25.6) 
 Infectious diseases 3	(0.8) 0 3	(1.7) 
 Surgery department 39	(10.7) 38	(19.8) 1	(0.6) 
 Other 24	(6.6) 19 (9.9) 5 (2.9) 
 Unknown 50	(13.7) 12	(6.3) 38	(22.1) 
 Diagnosed as work-up for malignancy 104	(28.6) 100 (52.1) 4	(2.33) 
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previously reported, and Utah ranks as the third most 
endemic state (4).

Coccidioidomycosis clusters regionally within 
the state. Washington, Garfield, Beaver, Kane, and 
Iron Counties in the southwestern portion of the 
state account for the most cases. Although regional 
climate contributes to this distribution, rapid pop-
ulation growth and new construction in this area 
of the state might also play a role. As of 2018, St. 
George, located in Washington County, was one of 
the fastest growing metropolitan areas in the United 
States (US Census Bureau). Residential and commer-
cial construction disrupts soil and exposes residents 

to aerosolized arthroconidia, increasing the risk for 
contracting coccidioidomycosis (19,23). With in-
creasing population growth in this area, we hypoth-
esize that the rate of coccidioidomycosis incidence 
will also continue to rise. Future studies focusing on 
incidence among construction workers or residents 
living in areas with increased rates of construction 
will be key to further understand this association. 
Washington County also represents a large recre-
ational area for travelers, both those commuting to 
other destinations in the Interstate 15 corridor and 
those traveling to Zion National Park, the fourth-
most visited national park in the United States in 
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Figure 2. Annual statewide 
coccidioidomycosis incidence 
calculated from cases reported 
to	the	Utah	Department	of	
Health,	Utah,	2009–2015.	The	
dotted line represents the line 
of	best	fit	for	the	data	with	an	
R2	of	0.018.

Figure 3. Comparison of mean 
coccidioidomycosis incidence (per 100,000 
population	per	year)	by	county,	Utah,	2009–
2015 (A), with mean annual air temperature 
(B);	precipitation,	mm	(C);	construction	
permits per 100,000 population (D); and 
population (E). K, thousand; M, million.
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2018, which averages 4.3 million visitors/year (Na-
tional Park Services Visitor Use Statistics, https://
irma.nps.gov/STATS).

Of additional interest, when climate, population, 
and construction factors were taken into account, our 
model predicted a second hotspot for future high coc-
cidioidomycosis incidence in the northeastern corner 
of the state. Although the current observed incidence 
in these counties is low, they are also sparsely popu-
lated but with substantial population growth expect-
ed, the incidence in these areas might also be expect-
ed to increase. This finding was especially intriguing 
in the context of the 2001 coccidioidomycosis out-
break (adjusted mean incidence: 2.70 cases/100,000 
population/year) that occurred in Uintah County in 
northeast Utah, which includes part of Dinosaur Na-
tional Monument.

In addition to the factors that we included in our 
analyses, other environmental factors such as soil 
pH and composition and the geographic distribution 
of small mammal species important in the lifecycle 
of Coccidioides (24) might also contribute to the geo-
graphic variation in disease incidence and merit addi-
tional research. Future studies including PCR testing 
of soil and air samples will be important to clarify the 
interactions between the environment and Coccidioi-
des pathogens and enable more accurate epidemio-
logic forecasting.

The observed all-cause mortality in the study co-
hort was higher than reported in an earlier study (25). 
Because roughly one third of cases in our study were 
diagnosed in a hospital, delay in diagnosis because of 
lack of clinical awareness might have led to increased 
death. In addition, because of this finding of elevated 
death rates, potential differences in virulence among 
Coccidioides strains circulating in Utah should be con-
sidered to better understand this phenomenon (26). 
Congruent with findings from prior studies (27), per-
sons of non-White race and those taking immunosup-
pressive medications were more likely to have the 
nonpulmonary form of the disease.

Given the high incidence in southwestern Utah, 
more widespread efforts to educate clinicians about 
coccidioidomycosis are urgently needed, especially 
as the population increases and ages. In these areas, 
where pulmonary and infectious diseases special-
ists are scarce, primary care providers and those 
working in urgent care settings serve as the front 
line for diagnosing and treating diseases such as 
coccidioidomycosis. Because nearly one third of 
patients in this cohort were diagnosed as part of a 
workup for malignancy, our findings suggest that 
additional awareness efforts should be targeted to 
the hematologists and oncologists serving a broad 
referral area in Utah, Nevada, and Arizona. Radi-
ologists should also be included so that they might 
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Table 3. Distribution	by	county	of	coccidioidomycosis	cases	reported	to	the	Utah	Department	of	Health,	Utah,	USA,	2009–2015 

County* Total (%)† 
Observed mean 

cases/year 
Mean incidence/100,000 population/year 

Observed Estimated 
Washington 174	(47.5) 24.9 17.2 17.2 
Salt Lake 79	(21.6) 11.3 1.06 –0.01 
Davis 23	(6.3) 3.29 1.02 –0.11 
Utah 21 (5.7) 3.00 0.56 1.00 
Iron 17	(4.6) 2.43 5.23 4.18 
Weber 10 (2.7) 1.43 0.60 –0.79 
Tooele 6	(1.6) 0.86 1.43 0.65 
Summit 5	(1.4) 0.71 1.93 4.57 
Beaver 4	(1.1) 0.57 8.83 6.93 
Cache 4	(1.1) 0.57 0.50 1.14 
Garfield 3	(0.8) 0.43 8.44 7.32 
Box	Elder 2 (0.5) 0.29 0.85 –0.03 
Kane 2 (0.5) 0.29 5.95 4.73 
Juab 2 (0.5) 0.29 2.78 0.64 
Sanpete 2 (0.5) 0.29 1.01 0.20 
Uintah 2 (0.5) 0.29 0.80 2.70 
Carbon 1	(0.3) 0.14 0.68 –0.88 
Daggett 1	(0.3) 0.14 12.9 13.7 
Duchesne 1	(0.3) 0.14 0.71 2.62 
Emery 1	(0.3) 0.14 1.34 –1.00 
Morgan 1	(0.3) 0.14 1.40 2.43 
Rich 1	(0.3) 0.14 6.33 11.0 
Sevier 1	(0.3) 0.14 0.69 –0.98 
Wasatch 1	(0.3) 0.14 0.58 5.66 
Utah 366‡ (100) 52.3 1.83 3.45 
*Counties	with	no	cases	included	in	the	table:	Grand,	Millard,	Piute,	San	Juan,	and	Wayne. 
†Two cases in 2015 could not be classified by county. 
‡Data from analysis of covariance model adjusting for year, mean annual temperature, mean annual precipitation, mean annual population, and mean 
number of new construction permits/100,000 population/year. 
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consider coccidioidomycosis as a differential diagno-
sis in the presence of relevant radiological features.

An additional 115 patients living in southwest-
ern Utah were excluded from the study although 
they had positive IgG ELISA results because of a 
lack of clinical disease evidence. It is unclear if these 
cases represent temporally remote or subclinical ex-
posures with long-lasting seropositivity, question-
ing the current paradigm that Coccidioides IgG wanes 
over time. Additional analysis of that subgroup of 
the cohort will need to be conducted to further un-
derstand this phenomenon.

Our study’s first limitation is that the reported 
demographic and clinical data are based on the sub-
set of cases from Intermountain Healthcare identi-
fied within the state, but incidence data are based on 
cases reported to the state health department. When 
we manually compared Intermountain Healthcare 
patient-level data with statewide reportable disease 
data from UDOH for the same cases, there were dif-
ferences, particularly for case confirmation and re-
gional distribution (e.g., more reportable cases in 
northern counties). This might have been because 
of decreased specificity related to the granularity of 
laboratory-initiated health department data and de-
creased sensitivity in Intermountain Healthcare data, 
where not all possible cases might have been detect-
ed. For example, not all physicians used EMR, and 
in some cases clinical data were missing; therefore, 
we excluded those cases to maintain data integrity. 
This process likely led to an underestimation of the 
true number of cases within the state. Third, we used 
ZIP code information as a surrogate for the location 
of disease acquisition. Without a direct survey of pa-
tients to elucidate occupational and recreational ex-
posures, this might skew the distribution of disease 
across the state. Last, we excluded cases from the 
demographic and clinical analyses when Coccidioides 
CF was positive at 1:2 titer, although UDOH includes 
cases with CF positive at that titer. However, manual 
review revealed only 2 cases excluded with an exact 
1:2 titer without another positive serologic result. One 
case had missing clinical information that did not per-
mit us to confirm symptomatology, and 1 case was 
imported from outside of the state.

In conclusion, we found that coccidioidomycosis 
incidence in Utah is higher than previously described 
and clusters primarily in the recognized endemic 
area in the southwestern part of the state. However, 
in geospatial modeling accounting for environmental 
factors, we identified a second potential area in the 
northeast that might have conditions conducive to fu-
ture increases in Coccidioides incidence. Increasing the 

awareness of front-line providers and especially on-
cologists in southwestern Utah is necessary for early 
recognition and clinical management of the disease, 
but enhanced clinical surveillance in the northeast 
might increase case detection. Serologic and environ-
mental testing might further elucidate distribution of 
Coccidioides organisms and determine the effects of air 
temperature, population growth, and construction on 
coccidioidomycosis disease burden in the state.
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ern China, or northeastern 
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syndrome. This disease 
occurs after inhalation 
of aerosolized fungal spores from the environ-
ment. Although the precise reservoir is unknown, 
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Figure 2. A)	Ultrastructural	morphology	of	
Talaromyces marneff ei, including chains of 
single-celled, teardrop-shaped conidia, each 
originating	from	its	respective,	fl	ask-shaped	
phialide.	Source:	Libero	Ajello,	Centers	for	
Disease	Control	and	Prevention	(https://phil.
cdc.gov/Details.aspx?pid	=	4240).	B)	Superior	
(front) view of a petri dish culture plate on 
which a wrinkled colony of Penicillium marneff ei 
has	been	cultivated.	Source:	James	Gathany,	
Centers for Disease Control and Prevention 
(https://phil.cdc.gov/Details.aspx?pid	=	1879).	
C) Mouse testicle tissue specimen showing 
globe-shaped yeast cells of T. marneff ei 
undergoing	multiplication	by	binary	fi	ssion	not	
by	mitosis	(methenamine	silver	stain).	Source:	
Libero Ajello, Centers for Disease Control 
and	Prevention	(https://phil.cdc.gov/Details.
aspx?pid	=	4235);	D)	Gradual	conversion	of	
mycelial phase of T. marneff ei	(growth	at	25°C)	to	yeast	phase	on	brain	heart	infusion	agar	after	incubation	at	37°C.	Mycelial	
phase	(fi	rst	tube	marked	25°C)	shows	diff	usible	red	pigment.	Source:	Monika	Mahajan,	Postgraduate	Institute	of	Medical	
Education and Research, Chandigarh, India; E) Loose network of hyphae of T. marneff ei forming gymnothecium that contains 
asci.	Source:	https://istudy.pk/ascomycota-fruit-bodies/.

Figure 1.	Hubert	Marneff	e	
(1901‒1970)	Source:	
Wikimanche,	Institut	
Pasteur, public domain.
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Group B Streptococcus (GBS; Streptococcus agalac-
tiae) is a notable cause of sepsis and meningitis 

in infancy (1). Intrapartum antimicrobial prophylaxis 
(IAP) has substantially reduced the rates of early-on-
set disease (EOD; onset on day 0–6 postpartum) (2,3) 
but does not prevent late-onset disease (LOD; onset 
on day 7–89 postpartum) (4). Thus, in some settings, 
LOD has become the most common manifestation of 
neonatal GBS disease (2,3).

Prevention efforts are hampered by poor knowl-
edge of both the pathogenesis of LOD and the rel-
evance of any mode of GBS transmission. GBS can be 
transmitted from a mother to the neonate during pas-
sage through the birth canal or from sources other than 
delivery (2). A controversial issue concerns the trans-
mission of GBS from a mother to the neonate in the 
postpartum period (5,6); because IAP does not eradi-
cate maternal colonization (5,7), the mother remains a 
possible source of GBS transmission to the infant. The 
transmission of LOD GBS has been poorly investigat-
ed. Mothers of neonates with LOD show prenatal vagi-
nal/rectal (VR) colonization ranging from 30% to 38% 
(8,9). However, also knowing the maternal VR status at 
the time of disease onset can help defi ne the maternal 
carriage more precisely (10); this status may vary over 
time or, in some cases, be falsely negative at the time 
of screening (11). Breast milk has been suggested as a 
possible source of LOD, but its role remains controver-
sial (10,12–14). It is not yet clear whether breast milk 
leads to LOD through repeated GBS transmission and 
persistent intestinal colonization (13) or is a marker for 
high levels of neonatal nasopharyngeal GBS coloniza-
tion (5). Establishing the role of breast milk is necessary 
because ending breast-feeding can have long-term 

consequences. The literature concerning breast milk–as-
sociated cases of LOD is based almost exclusively on 
case reports, and we found no studies in large popula-
tions that provide stronger evidence. Finally, quantify-
ing the burden of LOD transmitted from mothers can 
help in predicting the effects of future strategies, because 
a GBS vaccine might reduce maternal carriage (15).

To clarify the dynamics of GBS mother-to-infant 
transmission, we defi ned maternal carriage on the ba-
sis of VR status assessed both at the prenatal screening 
and at the time of disease onset with full assessment 
of maternal carriage. We used additional maternal 
cultures collected from urine and breast milk at dis-
ease onset to investigate further possible associations 
with neonatal LOD.

Methods
We retrospectively analyzed data from a network of 
hospitals in Italy. Episodes of LOD GBS are anony-
mously reported on a monthly basis to the coordinat-
ing center, Azienda Ospedaliero—Universitaria of 
Modena (Modena, Italy) (10). Hospitals participating 
in the network follow US Centers for Disease Control 
and Prevention (CDC) guidelines regarding antenatal 
GBS screening and IAP administration to women who 
are GBS-colonized (11). During January 1, 2007–De-
cember 31, 2018, we received notifi cation of 175 cases 
of LOD, of which 98 had a full assessment of mater-
nal carriage (see defi nitions in Appendix, https://
wwwnc.cdc.gov/EID/article/27/9/21-0049-App1.
pdf). We used a special form for surveillance, designed 
for both EOD and LOD reporting, that included pa-
tient demographics, mode of delivery, risk factors for 
EOD, and IAP administration. Surveillance offi cers 
extracted all clinical information from the labor and 
delivery records using this standardized form; they 
obtained any missing data by telephone from the co-
ordinating center. To maintain patient confi dentiality, 
spreadsheets submitted to the principal investigator 
were anonymous and did not include any identifi able 
data of patients or caregivers. The case reporting and 
isolate collection were determined to be non-research 
public health surveillance. The local ethical committee 
of Azienda Ospedaliero–Universitaria of Modena ap-
proved the study (no. 423/2019). We obtained a waiver 
of informed consent for each of the patients included.

Microbiological Methods
We processed vaginal and rectal samples according 
to CDC recommendations: growth in preenrichment 
broth and isolation in selected media. We collected and 
cultured breast milk samples as previously described 
(10). We processed blood, cerebrospinal fl uid, and 
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We	retrospectively	investigated	mother-to-infant	transmis-
sion	of	group	B	Streptococcus	(GBS)	in	98	cases	of	late-
onset	disease	reported	during	2007–2018	by	a	network	
in Italy. Mothers with full assessment of vaginal/rectal 
carriage tested at prenatal screening (APS) and at time 
of late onset (ATLO) were included. Thirty-three moth-
ers	(33.7%)	were	never	GBS	colonized;	65	(66.3%)	were	
vaginal/rectal	colonized,	of	which	36	(36.7%)	were	persis-
tently colonized. Mothers with vaginal/rectal colonization 
ATLO	had	high	rates	of	GBS	bacteriuria	(33.9%)	and	posi-
tive	breast	milk	culture	(27.5%).	GBS	strains	from	moth-
er–infant pairs were serotype III and possessed the sur-
face protein antigen Rib. All but 1 strain belonged to clonal 
complex	17.	GBS	strains	from	4	mother–infant	pairs	were	
indistinguishable	through	pulsed-fi	eld	gel	electrophoresis.	
At least two thirds of late-onset cases are transmitted from 
mothers, who often have vaginal/rectal carriage, positive 
breast	milk	 culture,	 or	GBS	bacteriuria,	which	 suggests	
heavy maternal colonization.



Late-Onset	Group	B	Streptococcus Disease

urine cultures with automated systems, Bactec 9240 
(Becton Dickinson, https://www.bd.com) and Bac-
talert (bioMérieux, https://www.biomerieux.com).

We sent the maternal and infant LOD GBS strains 
isolated at the time of onset to the National Reference 
Center for Streptococci at Istituto Superiore di Sanità 
(Rome, Italy). We performed species confirmation by 
determining group B Lancefield surface antigen us-
ing the Streptococcal Grouping kit (Oxoid, https://
www.oxoid.com). We based serotyping on a commer-
cial latex agglutination test, ImmuLex Streptococcus 
Group Kit (SSI Diagnostica, https://www.ssidiagnos-
tica.com). We performed molecular typing of capsular 
types Ia-IX using a multiplex PCR assay (16); we iden-
tified surface protein antigens belonging to the α-like 
family by a multiplex PCR (17). We assessed bacterial 
genetic population structure by multilocus sequence 
typing (MLST) and, for selected strains, by pulsed-field 
gel electrophoresis (PFGE). We assessed antimicrobial 
susceptibility profile to erythromycin, clindamycin, 
and tetracycline as previously described (18,19). We 
identified pilus island gene content using PCR (20).

Maternal Cultures
We tested GBS carriage at the vaginal and rectal sites 
both at the prenatal screening and at the time of LOD 
onset in a full assessment of maternal carriage. We 
collected additional breast milk and urine cultures 
from mothers at LOD onset. We conducted molecular 
analyses on the available maternal GBS strains col-
lected at the time of LOD onset.

Statistical Analyses
We used Stata/SE version 14.2 (StataCorp, https://
www.stata.com) and MedCalc version 9.3 (MedCalc 

Software, https://www.medcalc.org). Continuous vari-
ables are expressed as mean +SD or median and inter-
quartile range (IQR), and categorical data are expressed 
as numbers (percentages). We compared categorical 
and continuous variables across patient groups using a 
χ2 test, Fisher exact test, Student t-test, or Mann-Whitney 
test, as appropriate. All p values refer to 2-tailed tests of 
significance; p<0.05 was considered significant.

Results
A full assessment of maternal carriage was available 
in 98 cases of LOD during 2007–2018. Most cases of 
LOD (89/98) came from a regional area-based sur-
veillance in which incidence of EOD is 0.18/1,000 live 
births (21) and of LOD is 0.31/1,000 live births (10), 
and the prevalence of maternal VR colonization is 
21% (22).

Eighty (81.6%) cases occurred in full-term neo-
nates and 18 (18.4%) in preterm neonates (of which 
10 were still in hospital at the time of LOD onset). 
Compared with full-term neonates, preterm neonates 
were less likely to be delivered vaginally and more 
likely to undergo mechanical ventilation (Table 1). 
Twenty mothers (3 preterm and 17 full-term) were 
exposed to adequate IAP; of those, 17 (85%) carried 
GBS at the time of LOD diagnosis.

Thirty-three (33.7%) of 98 mothers were persis-
tently not GBS-colonized; the other 65 (66.3%) moth-
ers were GBS-colonized, 36 (36.7%) persistently (Ta-
ble 2).. Maternal VR colonization was more likely to 
be detected at the time of onset (58/65) than at the 
prenatal screening (43/65; p<0.01). At the time of 
LOD onset, 59.2% of mothers were colonized, 18.9% 
had asymptomatic GBS bacteriuria, and 20.5% had 
positive breast milk culture. 
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Table 1. Demographics and clinical data of neonates with late-onset	group	B	Streptococcus disease, Italy* 

Characteristic 
LOD cases in preterm 
neonates,	n	=	18† 

LOD cases in full-term 
neonates,	n	=	80 p value Total,	N	=	98 

Median birthweight, g (IQR) 1,285	(987–1,800) 3,185	(2,898–3,518) NA 3,110	(2,570–3,425) 
Gestational age at delivery, wks, median (IQR) 31.0	(27.0–33.0) 39.0	(38.0–40.0) NA 39	(38–40) 
Vaginal delivery 4	(22.2) 56	(70.0) <0.01 60	(61.2) 
Planned caesarean section 8	(44.4) 18	(22.5) 0.11 26	(26.5) 
IAP exposure‡ 9 (50.0) 29	(36.3) 0.42 38	(38.8) 
Age at onset, median, d (IQR) 33	(26–45) 27 (15–43) 0.08 29	(16–43) 
Mechanical ventilation 7	(38.9) 4	(5.0) <0.01 11 (11.2) 
Focal infection§ 0 6	(7.5) 0.51 6	(6.1) 
Meningitis with or without sepsis¶ 8	(57.1) 32	(56.1) 0.82 40	(56.3·) 
Brain	lesions	at	discharge	from	hospital# 7	(38.9) 15	(18.8) 0.12 22	(22.4) 
Death 1	(5.6) 1	(1.3) 0.81 2 (1.0) 
*Values	are	no.	(%)	except	as	indicated.	GBS,	group	B	streptococcus;	IAP,	intrapartum	antibiotic	prophylaxis;	IQR,	interquartile	range;	LOD,	late-onset 
disease; NA, not applicable. 
†14 were early to moderate and 4 were late preterm neonates. 
‡IAP was adequate (ampicillin, penicillin, or cefazolin given >4	h	before	delivery)	in	3/9	(33.3%)	cases	in	preterm	neonates	and	in	17/29	(58.6%)	cases	in	
full-term neonates. 
§GBS-positive blood culture result associated with focal signs outside the respiratory tract (cellulitis, arthritis, parotiditis, others) (10). 
¶Percentage	and	significance	were	calculated	based	on	findings	from	lumbar	puncture	(in	preterm	neonates,	14	cases;	in	full-term neonates, 57 cases). 
Meningitis was culture-proven	in	36/40	cases.	 
#Brain	lesions	were	confirmed	through	ultrasound,	magnetic resonance study, or both.  
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All mothers with asymptomatic GBS bacteriuria 
also carried GBS at the VR site. Median urinary bacterial 
count was 40,000 CFU/mL (interquartile range [IQR] 
10,000–100,000 CFU/mL; range 1,000–1 million CFU/
mL). GBS bacteriuria was significantly more likely to be 
detected at the time of LOD onset (17/90 tested) rather 
than during pregnancy (2/92 tested; p<0.01).

Among 17 women with a positive breast milk cul-
ture, 1 mother had mastitis (1 million CFUs/mL) and 
16 had no mastitis (median bacterial count 300,000 
CFU/mL; IQR 100,000–725,000 CFU/mL; range 
9,000–6,400,000 CFU/mL). Fourteen (82.4%) of the 
17 mothers were GBS colonized at the VR site at the  

prenatal screening or at the time of onset, or both, but 
the other 3 (17.6%) were persistently not colonized.

Urine and Breast Milk Cultures According to Maternal 
VR Carriage
Forty-three women tested GBS colonized at the VR 
site at the prenatal screening (Figure 1). At the time 
of LOD onset, most (36, 83.7%) were confirmed GBS-
colonized at the VR site; of those, 11/34 tested (32.4%) 
also had GBS bacteriuria and 9/32 tested (28.1%) had 
positive breast milk culture.

Fifty-five women tested GBS-noncolonized at 
the prenatal VR screening (Figure 2). At the time of 
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Figure 1. Longitudinal analysis 
of cultures obtained from 
women	carrying	GBS	at	the	
vaginal/rectal site at screening. 
Gray-shaded boxes represent 
GBS positivity.	GBS,	group	B	
Streptococcus; LOD, late-onset 
disease; NA, not assessed; –, 
negative; +, positive.

 
Table 2. Maternal	cultures	of	group	B	Streptococcus, Italy* 

Culture  
Preterm cases, 

n	=	18 
Missed 
cases 

Full-term cases, 
n	=	80 

Missed 
cases p value 

Total cases, 
n	=	98 

Cultures before delivery       
 VR tested 18	(100) 0 80	(100) 0 NA 98	(100) 
  Positive culture 8	(44.4) 0 35	(43.8) 0 0.83 43	(43.9) 
 Urine	tested 18	(100) 0 74	(92.5) 6 0.51 92	(93.9) 
  GBS	bacteriuria† 0 (0) 0 2 (2.7) 0 0.85 2 (2.2) 
Cultures at onset of LOD  
 VR tested 18	(100) 0 80	(100) 0 NA 98	(100) 
  Positive culture 7	(38.9) 0 51	(63.8) 0 0.09 58	(59.2) 
 Urine	tested 18	(100) 0 72 (90.0) 8 0.36 90	(91.8) 
  GBS	bacteriuria† 5	(27.8) 0 12	(16.7) 0 0.46 17	(18.9) 
 Breast	milk	tested‡ 15	(83.3) 3 68	(85.0) 12 0·85 83	(84.7) 
  Positive culture† 2	(13.3) 0 15 (22.1) 0 0.69 17 (20.5) 
*Values	are	no.	(%)	except	as	indicated.	Samples	were	obtained	during	pregnancy	(urine),	at	prenatal	screening	(VR),	and	at	onset of LOD (urine, VR, 
and	breast	milk).	GBS,	group	B	Streptococcus; LOD, late-onset disease; NA, not assessible; VR, vaginal/rectal. 
†Percentage and significance are calculated based on the patients who were tested. 
‡Among	18	preterm	neonates,	7	were	exclusively	fed	breast	milk	(1	positive	culture),	7	were	fed	pump-extracted milk (1 positive culture), 2 were fed 
formula milk, 1 was fed	mixed	breastmilk	(missing	culture),	and	1	was	fed	donor	human	milk.	Among	80	full-term	neonates,	58	were	exclusively	fed	breast	
milk	(14	positive	cultures	and	1	missing	culture),	and	10	were	fed	mixed	breast	milk	(1	positive	culture	and	1	missing	culture). 
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LOD onset, 40% (22/55) carried GBS at the VR site; 
of those, 31.6% (6/19 tested) also had GBS bacteriuria 
and 5/19 tested (26.3%) tested positive in the breast 
milk culture. Overall, we found very high frequencies 
of GBS bacteriuria (33.4%) and GBS-positive breast 
milk (27.5%) in women with VR colonization at the 
time of LOD onset, independent of the VR status at 
prenatal screening.

GBS Molecular Typing
Fifty-eight mothers were GBS colonized at the time of 
LOD onset, and the cultures obtained from 20 (34.5%) 
of them were available along with isolates from their 
infants for molecular typing. Overall, 57 bacterial 
isolates from different sources were available (Table 
3). We collected 24 strains of neonatal isolates from 
blood, CSF, or both and collected maternal isolates 
from VR swab only (7 cases), milk only (3 cases), 
both VR swab and milk (7 cases), or both VR swab 
and urine (3 cases). All GBS strains were serotype III 
and possessed the surface protein Rib gene. At MLST 
analysis, all strains collected from mother–infant 
pairs were sequence type (ST) 17, which is part of the 
clonal complex (CC) 17 (6,19), except for 1 mother–in-
fant pair whose strains were ST449. Each mother–in-
fant pair displayed the same antimicrobial suscepti-
bility profile; only strains from 3 pairs were resistant 
to both erythromycin and clindamycin, mediated by 
the ermB gene. Of note, these resistant strains were 
also resistant to tetracycline mediated by the tetO 

gene and, unlike all other strains that possessed the 
pili island (PI) 1 and 2b, they lacked PI-1 and had only 
PI-2b (Table 3).

In addition, we analyzed 12 bacterial isolates from 
4 mother–infant pairs by PFGE. We assigned strains 
within each pair the same PFGE type if they presented 
an identical genomic band pattern profile (18).

Discussion
It is crucial to understand the pathway of GBS trans-
mission in LOD to determine the necessary interven-
tions. We collected a large set of maternal cultures at 
the onset of LOD and focused on mothers with a full 
assessment of VR carriage. At the time of LOD onset, 
a substantial proportion of mothers were found to 
carry GBS at the VR site, although some of them were 
GBS-noncolonized at prenatal VR screening. Mater-
nal GBS colonization is an important risk factor for 
GBS disease, and determining the extent and types of 
colonization is essential for the formulation of a vac-
cine against GBS (8,23,24).

Rates of maternal asymptomatic GBS bacteriuria 
were strikingly high (≈19%). GBS bacteriuria, which 
affects 2%–7% of pregnant women (11) (2.2% in a 
recent area-based study in Italy [22]), is a marker 
for heavy genital tract colonization. GBS bacteri-
uria is associated with an increased risk for EOD 
in neonates (11), but its role in LOD has not been 
previously investigated. GBS bacteriuria was pres-
ent in approximately one third of the cases among  
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Figure 2. Longitudinal analysis 
of cultures obtained from women 
who	did	not	carry	GBS	at	the	
vaginal/rectal site at screening. 
GBS,	group	B	Streptococcus; 
LOD, late-onset disease; NA, not 
assessed; –, negative; +, positive.
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mothers with VR colonization at the time of LOD 
onset. This observation suggests that mothers, espe-
cially those heavily colonized, may be a main source 
of GBS exposure for their infants. Indeed, molecu-
lar typing indicated that GBS isolates collected from 
mother-infant pairs were closely related. All mater-
nal and infant bacterial strains were serotype III and 
possessed the surface antigen Rib, and all but 1 pair 
displayed the same MLST type. The common origin 
of the bacterial maternal–infant pairs was confirmed 
by PFGE analysis when performed and the compa-
rable antimicrobial susceptibility profile. This find-
ing is consistent with a previous longitudinal study 
in 160 mother–infant pairs, which demonstrated 
that GBS strains isolated from healthy neonates and 
their mothers until 8 weeks postpartum were indis-
tinguishable (i.e., had identical band patterns) by 
PFGE analyses (5). Globally, serotype III strains are 
clinically the most important, accounting for 25% of 
colonizing strains and 62% of strains causing inva-
sive disease in infants, although geographic varia-
tion exists (1).

In this study, strains from all but 1 case belonged to 
clonal complex (CC) 17, a hypervirulent clonal lineage 
predominantly responsible for both EOD and LOD. In 
animal models, GBS CC17 shows higher abilities of in-
testinal colonization and translocation through physi-
ologic barriers (25,26); >80% of cases of GBS serotype 
III LOD worldwide are caused by the hypervirulent 
CC17 (6,19,26,27). The emergence of a multidrug-resis-
tant CC17 sublineage has been increasingly reported 

since its identification in China, Canada, and Europe 
(27–29); it is identifiable by the replacement of the pi-
lus island 1 genetic locus by mobile elements carrying 
both tetO and ermB genes plus aminoglycoside resis-
tance genes. The presence of the tetO-ermB genes along 
with that of PI-2b alone can be considered a marker of 
the emerging multidrug-resistant hypervirulent CC17 
clonal lineage (27–29). Although we did not perform a 
detailed genomic analysis for all GBS strains, the an-
timicrobial resistance we detected was probably due 
to this multidrug-resistant CC17 subclone whose dis-
semination is still limited among neonatal infections in 
Italy. GBS resistance to clindamycin is well document-
ed, but is relevant to only a small population of women 
and not to infants.

Mother-to-infant postdelivery GBS transmission 
can be assumed in some cases. Indeed, many neo-
nates were born to mothers who had been exposed 
to IAP (which interrupts maternal-to-fetal transmis-
sion). Because maternal VR carriage at the time of 
late onset was confirmed in 85% of mothers who re-
ceived adequate IAP, a postdelivery transmission is 
likely. This finding is consistent with recent studies 
showing risks of neonatal postpartum colonization 
from a maternal source (5,6,25). The importance of 
maternal colonization is probably greater in neo-
nates born full-term because they have frequent and 
close contact with their mothers, whereas preterm 
neonates admitted to hospital have fewer chances for 
transmission of GBS during close contact with their 
mothers. Although in this study VR colonization 
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Table 3. Mother-infant pairs and isolates	of	group	B	Streptococcus in study of late-onset disease, Italy* 

Pair 
Maternal isolates 

 
Infant isolates Sequence 

type 
Pili island 

gene content 

Erythromycin resistance 
genes 

 

Tetracycline 
resistance 

genes 
Urine VR Breast	milk Blood CSF ermB ermA mefA/E tetM tetO 

Pair 1 
  

X  X X ST449 1+2b – – –  + – 
Pair 2 

 
X 

 
 X 

 
ST17 1+2b – – –  + – 

Pair	3 
 

X X  X 
 

ST17 1+2b – – –  + – 
Pair	4 

  
X  X 

 
ST17 1+2b – – –  – – 

Pair 5 
 

X X  X X ST17 1+2b – – –  + – 
Pair	6 X X 

 
 X 

 
ST17 1+2b – – –  + – 

Pair 7 
  

X  X 
 

ST17 1+2b – – –  + – 
Pair	8 

 
X 

 
 X 

 
ST17 1+2b – – –  + – 

Pair 9 X X 
 

 X 
 

ST17 1+2b – – –  + – 
Pair 10 

 
X X  X 

 
ST17 1+2b – – –  + – 

Pair 11 X X 
 

 X 
 

ST17 1+2b – – –  – – 
Pair 12 

 
X X  X 

 
ST17 1+2b – – –  – – 

Pair	13 
 

X X  X 
 

ST17 1+2b – – –  + – 
Pair	14 

 
X 

 
 X X ST17 1+2b – – –  + – 

Pair 15 
 

X 
 

 X 
 

ST17 1+2b – – –  + – 
Pair	16 

 
X 

 
 X 

 
ST17 1+2b – – –  + – 

Pair 17 
 

X 
 

 X 
 

ST17 2b + – –  – + 
Pair	18 

 
X 

 
 X 

 
ST17 1+2b – – –  + – 

Pair 19 
 

X* X†  X 
 

ST17 2b + – –  – + 
Pair 20 

 
X X†  X X ST17 2b + – –  – + 

*CSF, cerebrospinal fluid; ST, sequence type; VR, vaginal/rectal; –, negative; +, positive. 
†Two samples were taken at different times. 
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rates at the time of LOD onset were higher in full-
term mothers (64% vs. 39% in preterm mothers), the 
difference was not significant, perhaps because of 
the small sample size.

In this study, we found GBS in ≈20% of breast-
feeding mothers. Mastitis in LOD was infrequent; 
mothers with positive breast milk culture were 
more often asymptomatic, although their milk bac-
terial counts were sometimes high. This finding 
suggests a silent maternal duct colonization, and it 
is consistent with case reports of GBS breast milk–
associated LOD, in which most mothers have no 
sign of mastitis (13).

Furthermore, in our study most mothers with 
positive breast milk culture carried GBS at the VR site, 
which was often heavily colonized. Maternal VR car-
riage would appear to be associated with GBS trans-
mission into breast milk, perhaps in some cases after 
translocation from the gastrointestinal tract through 
the lymphatic system to the mammary glands (30). In 
contrast, only 3 mothers who had positive breast milk 
culture were persistently GBS-noncolonized at the 
VR site. In such cases, a circular mechanism of GBS 
transmission to neonates could be implicated. The 
retrograde theory assumes that GBS, present in the 
infant’s throat, colonizes the mammary ducts during 
breast-feeding; GBS load increases in the milk, and, 
in turn, the infant is infected during breast-feeding. 
Our data do not suggest that breast milk itself is a risk 
factor for LOD. Breast milk is known to contain im-
munomodulatory and antimicrobial components (12) 
(i.e., sIgA and cytokines) that may protect from LOD, 
and the lack of these components seems to increase 
the risk of persistent neonatal colonization (31) and 
LOD (32).

Taken all together, these results show that moth-
ers are largely the predominant source of GBS in cas-
es of LOD, both during childbirth (especially if IAP 
is not given) and in the postpartum period. GBS-pos-
itive breast milk is one of the ways by which heavily 
colonized mothers expose their infants to GBS.

The first limitation of our investigation is that it 
was an observational study without a control group. 
Therefore, the relevance of a positive breast milk in 
LOD could not be clearly assessed, because we do 
not know how many breastfeeding GBS-colonized 
mothers with healthy neonates have GBS-positive 
breast milk. However, Berardi et al. (5) found much 
lower rates (≈7%) of GBS-positive breast milk in a 
cohort of breastfeeding mothers (GBS-colonized 
at the VR site) who had healthy neonates. In addi-
tion, we cannot rule out an accidental contamina-
tion of some breast milk samples during collection,  

although we had provided instructions for collec-
tion. Second, although we proposed doing so, we 
did not systematically perform full assessment of 
VR culture both at prenatal screening and at the 
time of disease onset; just over half of the mothers 
had the full assessment during surveillance. In fact, 
not all of them had prenatal screening; furthermore, 
the collection of cultures at the time of LOD diag-
nosis and then shipping the maternal strains were 
challenging to organize. Third, the PFGE analysis 
was available only in a few mother-infant pairs. 
However, previous studies demonstrate that the 
concordance of GBS strains collected from mothers 
and their own neonates at delivery or in the fol-
lowing weeks is very high, reaching ≈100% of cases 
(5,6,18). Finally, maternal colonization rates could 
be higher than we found as a result of inherent in-
sufficient sensitivity of maternal VR cultures (11), 
which may lead to false-negative culture results. 
We did not investigate the possible role of the fa-
ther in the transmission of GBS.

In conclusion, this study suggests that most 
cases of LOD are strictly associated with maternal 
VR colonization and that CC17 is the predominant 
clonal lineage. Rates of asymptomatic GBS bacteri-
uria at the time of LOD onset are strikingly high, 
and this finding suggests heavy maternal coloniza-
tion. Positive breast milk culture is relatively com-
mon among asymptomatic breastfeeding mothers 
of neonates with LOD, especially if they carry GBS 
at the VR site. However, the causal role of breast-
feeding remains uncertain, and our data do not lead 
to definitive conclusions. Mother-to-infant trans-
mission may occur after delivery. Our findings call 
attention to maternal transmission after delivery 
as an underestimated source of neonatal LOD and 
may assist in predicting the impact of maternal GBS 
vaccination.
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etymologia revisited
Coronavirus

The first coronavirus, avian infectious bronchitis virus, was 
discovered in 1937 by Fred Beaudette and Charles Hudson. 
In 1967, June Almeida and David Tyrrell performed electron 
microscopy on specimens from cultures of viruses known to 
cause colds in humans and identified particles that resembled 
avian infectious bronchitis virus. Almeida coined the term 
“coronavirus,” from the Latin corona (“crown”), because the 
glycoprotein spikes of these viruses created an image similar 
to a solar corona. Strains that infect humans generally cause 
mild symptoms. However, more recently, animal coronavi-
ruses have caused outbreaks of severe respiratory disease in 
humans, including severe acute respiratory syndrome (SARS), 
Middle East respiratory syndrome (MERS), and 2019 novel 
coronavirus disease (COVID-19).

Sources: 
1. Almeida JD, Tyrrell DA. The morphology of three
previously uncharacterized human respiratory viruses
that grow in organ culture. J Gen Virol. 1967;1:175–8.
https://doi.org/10.1099/0022-1317-1-2-175
2. Beaudette FR, Hudson CB. Cultivation of the virus of
infectious bronchitis. J Am Vet Med Assoc. 1937;90:51–8.
3. Estola T. Coronaviruses, a new group of animal RNA
viruses. Avian Dis. 1970;14:330–6.
https://doi.org/10.2307/1588476
4. Groupe V. Demonstration of an interference
phenomenon associated with infectious bronchitis
virus of chickens. J Bacteriol. 1949;58:23–32.
https://doi.org/10.1128/JB.58.1.23-32.1949



Transmissibility of an emerging infectious dis-
ease is a key factor for determining transmission 

dynamics in a population. The basic reproductive 
number, R0, indicates the average number of new 
cases resulting from 1 infected person in a complete-
ly susceptible population (1). In December 2019, an 
outbreak of coronavirus disease (COVID-19), caused 
by severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2), was identifi ed in Wuhan, Hubei 
Province, China (2). The mean R0 of COVID-19 was 
estimated to be in the range of 1.90–6.49 (3), indi-
cating a high contagiousness that led to its rapid 
spread across the world (4). Another indicator of in-
fectiousness is secondary attack rate (SAR), which is 
the probability that infection occurs among suscep-
tible persons within a reasonable incubation period 
after known contact with an infectious person or 
an infectious source (5,6). Few estimates are avail-
able for the SAR for COVID-19 and its variation by 
type of contact, characteristics of index case-patients 
and contacts, and other factors. Information about 
factors associated with variation in SAR could help 
identify persons at high risk of transmitting the vi-
rus or acquiring COVID-19. Studies have reported 
transmission during the incubation period of COV-
ID-19 (7–10) but with unclear quantifi cation of risk. 
We estimated the SAR for COVID-19 and factors as-
sociated with risk for transmission.

Methods
We conducted this study from January 23 through 
February 25, 2020, in Yichang, Hubei Province, China; 
the city has a population of ≈4 million. In accordance 
with National Health Commission guidelines for 
prevention and control of COVID-19 (http://www.
gov.cn/xinwen/2020-01/23/content_5471768.htm), 
close contacts of COVID-19 case-patients were placed 
under 14-day quarantine for medical observation, 
during which time they would be tested by PCR for 
SARS-CoV-2 one time if illness symptoms developed 
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We	 estimated	 the	 symptomatic,	 PCR-confi	rmed	 sec-
ondary	 attack	 rate	 (SAR)	 for	 2,382	 close	 contacts	 of	
476	 symptomatic	 persons	 with	 coronavirus	 disease	 in	
Yichang,	Hubei	Province,	China,	identifi	ed	during	Janu-
ary	 23–February	 25,	 2020.	 The	 SAR	 among	 all	 close	
contacts	 was	 6.5%;	 among	 close	 contacts	 who	 lived	
with	an	index	case-patient,	the	SAR	was	10.8%;	among	
close-contact spouses of index case-patients, the SAR 
was	15.9%.	The	SAR	varied	by	close	contact	age,	from	
3.0%	for	those	<18	years	of	age	to	12.5%	for	those	>60	
years of age. Multilevel logistic regression showed that 
factors	signifi	cantly	associated	with	increased	SAR	were	
living together, being a spouse, and being >60	years	of	
age.	Multilevel	regression	did	not	support	SAR	diff	ering	
signifi	cantly	by	whether	the	most	recent	contact	occurred	
before or after the index case-patient’s onset of illness (p 
=	0.66).	The	relatively	high	SAR	for	coronavirus	disease	
suggests relatively high virus transmissibility.
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but not tested if illness symptoms did not develop 
during the quarantine period.

Nasopharyngeal and pharyngeal swab samples 
from symptomatic quarantined persons were ob-
tained and placed in airtight, freeze-tolerant tubes 
containing 3.5 mL of UTM (universal transport me-
dium) viral transport medium. Sealed tubes were 
transported to the Yichang Center for Disease Control 
and Prevention laboratory (Yichang, China) within 24 
hours of specimen collection. Viral RNA was extract-
ed from samples and tested by using a commercial 
SARS-CoV-2 PCR diagnostic kit (Bioperfectus Tech-
nologies, https://www.bioperfectus.com) according 
to the manufacturer’s instructions. The commercial 
kit targets the open reading frame 1ab and nucleocap-
sid protein genes of the SARS-CoV-2 genome.

An index case-patient was defined as a person in 
this study with a positive SARS-CoV-2 PCR result. A 
close contact was defined as someone who had con-
tact with an index case-patient without effective pro-
tection and within 1 meter, regardless of contact du-
ration. Persons who had close contact with the index 
case-patient during or 2 days before the index case-
patient’s illness onset were counted as close contacts. 
Secondary case-patients were close contacts with pos-
itive SARS-CoV-2 test results.

The types of contacts were considered mutually 
exclusive and were living together in the same house-
hold as an index case-patient, eating together (having 
meals together at a party, in a restaurant, or in an-
other setting), caring for a patient (including doctors, 
nurses, and family members taking care of patients), 
sharing a vehicle (riding the same vehicle with an 
index case-patient but with no other close contact), 
or staying in a confined space (in the same confined 

space with an index case-patient, excluding in a  
vehicle, and with no other close contact). We includ-
ed in our analyses close contacts who had completed 
their 14-day quarantine or who had positive SARS-
CoV-2 results during quarantine in our study period. 
We excluded from our analyses close contacts of sus-
pected case-patients for whom laboratory evidence of 
COVID-19 was lacking. We also excluded close con-
tacts of >1 index case-patient or those whose informa-
tion about contact type was missing.

We estimated the SAR by dividing the number 
of secondary cases by the number of close contacts. 
SAR in our study refers to secondary case-patients 
who had symptomatic, PCR-confirmed infection. 
We estimated the SAR for each type of close contact, 
tested statistical significance of differences by using 
χ2 or Fisher exact tests as appropriate, and considered 
p< 0.05 to be significant. We further analyzed factors 
significantly associated with SAR in univariate analy-
ses with multilevel logistic regression mixed-effect 
models. We estimated crude and adjusted odds ratios 
(ORs) and 95% CIs, accounting for random effects of 
index case-patients.

Surveillance and analysis of close contacts of CO-
VID-19 case-patients is part of public health surveil-
lance in China. These procedures are exempted from 
need for institutional review board approval.

Results
We included in our analyses 2,382 close contacts of 
476 symptomatic index case-patients, all of whom 
completed their 14-day quarantine with assessed out-
comes and who provided contact-related information 
(Figure). Close contacts were generally younger and 
more likely to be female than their corresponding 
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Figure. Enrollment of close 
contacts in study of transmission 
of severe acute respiratory 
syndrome coronavirus 2 to 
close contacts, China, January–
February 2020.
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index case-patients (Table 1). The overall SAR was 
6.5%. SAR was 10.8% among close contacts who lived 
together with an index case-patient; this rate was sig-
nificantly higher than that for other contact types, for 
which SAR ranged from 1.5% to 4.0% (Table 2). The 
SAR was 15.9% among spouses of index case-patients. 
SAR did not differ by sex of close contacts or of in-
dex case-patients. SAR increased with age, from 3.0% 
among close contacts <18 years of age to 12.5% among 
close contacts >60 years of age. A similar pattern by 
age was found for index case-patients (Table 2).

The SAR was 4.7% for close contacts whose most 
recent contact with an index case-patient was during 
the index case-patient’s incubation period, compared 

with a SAR of 7.3% for close contacts for whom the 
most recent contact occurred after index case-patient 
illness onset (p = 0.023). In multilevel univariate anal-
ysis that accounted for index case-patient variation, 
the pattern of ORs for factors associated with SAR 
was similar to the pattern described above (Table 3). 
In multilevel analysis that used a multivariate model 
with age of close contact, adjusted ORs for the fol-
lowing differed slightly from those for the univariate 
analysis: age of index case-patient, type of contact, 
whether the close contact and the index case-patient 
were spouses, and most recent contact time between 
close contact and index case-patient. Associations 
between SAR and the most recent contact time with 
the index case-patient (before/after illness onset) and 
age of the index case-patients (<60 years/>60 years) 
were no longer statistically significant, although the 
directions of the associations were the same (Table 
3). The associations of SAR with age of contact, liv-
ing together with an index case-patient, and being the 
spouse of an index case-patient were still significant, 
although the point estimates of the adjusted ORs be-
came smaller (Table 3).

Discussion
We found the SAR among all close contacts to be 
6.5%. Because confirmed case-patients were centrally 
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Table 1. Characteristics of 476 index case-patients and 2,382 
close contacts in study of transmission of severe acute 
respiratory syndrome coronavirus 2 to close contacts, China, 
January–February 2020* 

Characteristic 
Index case-

patients Close contacts 
Age, y, mean (range) 49 (2–91) 43 (0–94) 
Age group, y   
 <18 5 (1) 267 (12) 
 18–59 339 (71) 1,559 (68) 
 >60 132 (28) 465 (20) 
Sex   
 M 262 (55) 1,162 (49) 
 F 214 (45) 1,198 (51) 
*Values are no. (%) unless otherwise indicated. 

 

 
Table 2. Secondary attack rate for coronavirus disease, overall and by characteristic, China, January–February 2020 
Characteristic Close contacts, no. Secondary	cases,	no.	(%) p value 
Overall 2,382 156	(6.5)  
Contact    
 Type of contact   <0.001 
  Living together 1,020 110	(10.8)  
  Eating together 835 33	(4.0)  
  Care 80 2 (2.5)  
  Sharing vehicle 68 1 (1.5)  
  Stay in a confined space 379 10	(2.6)  
 Most recent contact with index case-patient   0.023 
  Before	illness onset 686 32	(4.7)  
  After illness onset 1,696 124	(7.3)  
 Whether	contacts	and	index	case-patients were spouses   <0.001 

 No 2,105 112	(5.3)  
 Yes 277 44	(15.9)  

Close contacts    
 Age   <0.001 

 <18	y 267 8	(3.0)  
 18–59 y 1,559 89	(5.7)  
 >60	y 465 58	(12.5)  

 Sex   0.644 
 M 1,162 71	(6.1)  
 F 1,198 83	(6.9)  

Index case-patients    
 Age   <0.001 

 <18	y 86 0  
 18–59 y 1,747 90 (5.2)  
 >60	y 549 66 (12.0)  

 Sex   0.704 
 M 1,303 82	(6.3)  
 F 1,079 74	(6.9)  
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isolated and away from home, the SAR we measured 
may be lower than it would have been under condi-
tions of home isolation. Factors independently as-
sociated with significantly higher risk of contracting 
COVID-19 were living in the same house as an index 
case-patient, being a spouse of an index case-patient, 
and being older. We found evidence of presymptom-
atic transmission, in which close contacts who only 
had contact with a COVID-19 case-patient during the 
incubation period subsequently had positive SARS-
CoV-2 test results. The SAR among these close con-
tacts was 4.7%, significantly lower than that for con-
tacts whose most recent contact occurred after illness 
onset of the index case-patient.

We estimated the COVID-19 SAR in a household 
to be 10.8%, slightly higher than SAR estimates for 
seasonal influenza and pandemic influenza (H1N1) 
viruses in Hong Kong (11). Our results suggest that 
transmissibility of SARS-CoV-2 might be similar or 
slightly higher than that of influenza virus, which 
has a SAR of ≈10% in the household setting (11). This 
similarity is consistent with the finding that the R0 for 
COVID-19 is also similar to or slightly higher than that 
for influenza (12). In contrast, the SAR in households 
is estimated to be 2%–7% for Middle East respiratory 
syndrome (13) and 6.2% for severe acute respiratory 
syndrome (14), suggesting slightly weaker transmis-
sibility compared with COVID-19.

Our findings corroborated transmissibility of 
SARS-CoV-2 during the COVID-19 incubation peri-
od. Viral shedding has been observed during the CO-
VID-19 incubation period (15,16). Our results were 
consistent with those of another study that estimated 
that 40% of the transmission events in COVID-19 
clusters were attributed to presymptomatic virus 

transmission in China (17). Our multivariate analysis 
did not find statistically significant differences in SAR 
before and after illness onset, which is consistent with 
a SAR study in southern China that found infectivity 
during the incubation period to not differ statistically 
from infectivity after illness onset. Although respira-
tory signs such as coughing and sneezing after illness 
onset increased the probability of virus transmission 
compared with during the incubation period (18–20), 
studies suggest that viral load peaks right before ill-
ness onset (10,21), highlighting the threat for pres-
ymptomatic SARS-CoV-2 transmission.

Risk of contracting COVID-19 was positively as-
sociated with intimacy between contacts and index 
case-patients. Living in the same household with 
index case-patients considerably increased risk for 
COVID-19. Being a spouse of an index case-patient 
independently increased the risk of contracting COV-
ID-19, consistent with findings from another study (P. 
Cui et al., unpub. data, https://www.medrxiv.org/
content/10.1101/2020.02.26.20028225v2). However, 
the SAR was relatively low among contacts who pro-
vided care to patients, implying that risk for infection 
can be reduced by using protective equipment and by 
protective behaviors.

Previous studies indicated that age was associ-
ated with risk for severe and fatal infection (22); how-
ever, few studies directly assessed the effect of age on 
risk of contracting COVID-19. Our study confirmed 
that senior persons are at high risk for contracting 
COVID-19, highlighting the need to pay special atten-
tion to facilities with numerous seniors, such as nurs-
ing homes. However, our findings also suggested 
that older age does not necessarily increase the risk 
of transmitting the virus; our multivariate analysis 
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Table 3. Univariate	and	multivariate	analyses	of	factors	associated	with	secondary	attack	rate	for coronavirus disease, China, 
January–February 2020* 

Characteristic of contact 
Univariate 

 
Multivariate† 

Crude	OR	(95%	CI) p value Adjusted	OR	(95%	CI) p value 
Type of contact      
 Not living together Referent   Referent  
 Living together 7.85	(3.89–15.83) <0.01  5.12 (2.11–12.45) <0.01 
Spouse of index case-patient      
 No Referent   Referent  
 Yes 6.46	(3.30–12.61) <0.01  2.83	(1.31–6.11) <0.01 
Age of contact, y      
 <60	 Referent   Referent  
 ≥60 3.29	(1.86–5.82) <0.01  2.61	(1.43–4.78) 0.01 
Age of index case-patient, y      
 <60 Referent   Referent  
 ≥60 5.13	(1.66–15.86) <0.01  2.92	(0.80–10.59) 0.1 
Most recent contact with index case-patient      
 Before	illness Referent   Referent  
 After illness 2.20	(1.06–4.59) 0.03  1.23	(0.49–3.07) 0.66 
*Multilevel logistic regression model of mixed effects accounted for random effects of index cases. OR, odds ratio.  
†Other covariates included in the model were contact type, whether the contact was a spouse of the index case-patient, age of contact, age of index 
case-patient, and most recent contact with index case-patient. 
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found that the association between older age of index 
case-patients and SAR was not statistically signifi-
cant, a finding consistent with a study showing that 
viral loads did not differ significantly by age (10).

The first limitation of our study is that for surveil-
lance of close contacts, laboratory testing was initiated 
only when the contacts showed symptoms of illness. 
Asymptomatic infections with SARS-CoV-2 occur; for 
example, 1 study estimated that 17.9% of persons in-
fected with SARS-CoV-2 did not have any symptoms 
(23). Therefore, our study will have missed asymp-
tomatic case-patients and therefore underestimated 
the true SAR. Our estimates should therefore be inter-
preted as SAR limited to secondary case-patients with 
symptomatic COVID-19. The second limitation is that 
SAR is determined not only by infectiousness of the 
virus but also by protection levels, which might differ 
by geography, phase of the pandemic, education level 
of persons at risk, perceived threat from COVID-19, 
and other confounding factors. The third limitation is 
that the number of index case-patients <18 years of age 
and corresponding contacts was small; thus, our esti-
mates of SAR for COVID-19 are more representative 
of transmissibility among adults than among children.

In conclusion, the SAR for COVID-19 is relative-
ly high, suggesting relatively high transmissibility. 
This SAR is influenced by type of contact, level of 
intimacy between case-patients and contact, and age 
of contact. Our results provide additional evidence 
that SARS-CoV-2 can be transmitted by presymp-
tomatic persons.
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Clostridioides (formerly Clostridium) diffi cile was 
considered to be a predominantly nosocomial 

pathogen until fi ndings of several whole-genome se-
quencing studies suggested a more complex epide-
miology. For example, Eyre et al. reported that only 
35% of nosocomial C. diffi cile infections (CDIs) were 
potentially attributable to other cases on the basis of 
genomic data, and only 19% were additionally linked 
through sharing possible hospital-based contact (1). 
This fi nding suggests that a major proportion of C. 
diffi cile from CDI cases occurring in healthcare insti-
tutions originates from other sources, including the 
community (2).

Community-associated CDI (CA-CDI) is now 
well recognized, accounting for ≈25% of cases in Aus-
tralia, <25% of cases in Europe, and 33% of cases in 
the United States (3,4). There is increasing recognition 
that C. diffi cile is a near ubiquitous environmental or-
ganism and that humans have widespread environ-
mental exposure to it. C. diffi cile has been detected in 
samples from parks (24.6%); water sources, including 
rivers, lakes, and sea water; homes (17.1%); commer-
cial stores; and other premises (6.5%–8.1%), in addi-
tion to hospitals (16.5%) (5,6). Isolates of C. diffi cile

from these studies underwent ribotype analysis. 
Overall, ribotype 027 isolates were most commonly 
identifi ed in hospital samples, and ribotype 014–020 
isolates predominated in other environmental sam-
ples. Isolates of the most common ribotypes were not 
restricted to any particular location (5). These fi nd-
ings support the possibility that there are different 
sources for exposure to each C. diffi cile ribotype.

Occurrence of CDI caused by C. diffi cile ribotype 
027 has been greatly reduced in the United Kingdom, 
most likely the result of the combination of antimi-
crobial stewardship and hospital infection prevention 
and control measures. However, these interventions 
have not reduced the incidence of infections caused 
by other ribotypes, including ribotype 078 (7).

Findings of genomic analysis of isolates from 
the European, Multi-Center, Prospective, Bian-
nual, Point-Prevalence Study of Clostridium diffi cile 
Infection in Hospitalized Patients with Diarrhea 
(EUCLID) showed that specifi c C. diffi cile ribotypes 
were associated with healthcare clusters, and other 
ribotypes had an international distribution across 
Europe (8). For example, ribotype 078 isolates did 
not cluster by their country of origin, indicating a 
complex distribution unrelated to nosocomial trans-
mission. The mechanisms of transmission have not 
been identifi ed, but might be related to the move-
ment of food, other animal-derived products, or per-
sons across Europe (8).

C. diffi cile carriage and infection has been well 
described in livestock and other animals (3); certain 
ribotypes of C. diffi cile are considered to be major 
ribotypes from a One Health perspective. These ri-
botypes include ribotype 078, carriage of which has 
been reported in 9%–100% of piglets from North 
America, Europe, Asia, and Australia (3). Carriage 
rates in calves (56%) and cows (13%) have been lower. 
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Genomic analysis of a diverse collection of Clostridi-
oides diffi  cile	 ribotype	078	 isolates	 from	Ireland	and	9	
countries in Europe provided evidence for complex re-
gional and international patterns of dissemination that 
is not restricted to humans. These isolates are associ-
ated with C. diffi  cile colonization and clinical illness in 
humans and pigs.



 Transmission of C. difficile	Ribotype	078,	Europe

Although many studies did not identify any major 
carriage in adult pigs, 1 study in the Netherlands re-
ported a rate ranging from 6.6% to 100% (3).

We have reported C. difficile ribotype 078 in cases 
of typhlocolitis in neonatal piglets in Ireland (9), and 
Knetsch et al. found that ribotype 078 isolates carried 
by farmers in the Netherlands and their pigs were 
identical by whole-genome sequence analysis (10). 
These findings suggest that C. difficile isolates might 
be shared between humans and pigs when in close 
proximity. However, the mechanisms and directions 
of transmission are not known.

In this study, we investigated the genomic re-
lationships between C. difficile ribotype 078 isolates 
of human and porcine origin collected from Ire-
land and compared these with international ribo-
type 078 isolates. We also investigated the extent to 
which geographic proximity could explain clusters 
of clonal isolates.

Methods

Samples and Settings
Clinical isolates of C. difficile ribotype 078 were col-
lected prospectively as part of an investigation of 
consecutive episodes of CDI conducted at St. James’s 
Hospital (Dublin, Ireland), a 900-bed tertiary referral 
center, during 2013–2016. Stool samples, sent from 
patients with diarrhea, had the C. difficile toxin B gene 
identified by using the EntericBio PCR Kit (Serosep, 
https://www.serosep.com). We reviewed medical 
notes of inpatients to obtain relevant clinical data, in-
cluding antimicrobial drugs and proton pump inhibi-
tors prescribed before the onset of diarrhea, features 
indicative of severe CDI with or without complica-
tions, and the antimicrobial drugs used for manage-
ment of CDI. These data were pseudonymized and 
stored in a dedicated database.

We retrieved an additional 9 C. difficile 078 iso-
lates from a study of recurrent CDI at St. James’s Hos-
pital during 2012–2013 (11). Five additional C. difficile 
ribotype 078 isolates were provided from those sub-
mitted to a national surveillance study of CA-CDI in 
Ireland conducted during 2015. Isolates of C. difficile 
were recovered from pigs that had been referred for 
autopsy at the Central Veterinary Research Labora-
tory (CVRL; Backweston, Ireland) during 2014–2015, 
irrespective of the suspected cause of death, by sam-
pling colonic contents or feces that had positive re-
sults for C. difficile toxins A/B by using the Premier 
Elisa Kit (Meridian BioScience Inc., https://www.
meridianbioscience.com). We treated human fecal 
and porcine colonic/fecal samples with ethanol shock 

before anaerobic incubation on cycloserine cefoxitin 
egg yolk medium. DNA was extracted from result-
ing colonies for PCR ribotype analysis and Illumina  
(https://www.illumina.com) genomic library prepa-
ration as described (11).

Whole-Genome Sequencing
Whole-genome sequencing was performed either 
on an Illumina MiSeq or MiniSeq platform at Trinity 
College (Dublin, Ireland) or on the Illumina HiSeq 
platform at the Wellcome Centre for Human Genet-
ics, University of Oxford (Oxford, UK). Sequence data 
generated have been deposited in the National Cen-
ter for Biotechnology Information Short Read Archive 
(https://www.ncbi.nlm.nih.gov/sra) under BioPro-
ject PRJNA692997.

We mapped sequence reads to the ribotype 078 
reference genome M120 (GenBank accession no. 
FN665653.1), and identified high-quality variants 
by using an approach developed and calibrated for 
C. difficile (1) with later refinements (12) (Appendix, 
https://wwwnc.cdc.gov/EID/article/27/9/20-
3468-App1.pdf). We obtained published comparison 
sequences from the EUCLID pan-European cross-sec-
tional survey conducted during in 2012–2013 (8) and 
from farm animal and human isolates from the Neth-
erlands (2002–2011) described by Knetsch et al. (10).

Sequence Comparisons
We compared sequences by using single-nucleotide 
polymorphisms (SNPs) and obtained differences be-
tween sequences from maximum-likelihood phylog-
enies corrected for recombination (Appendix). We 
reviewed phylogenetic analysis of closely related ge-
nomes in conjunction with available epidemiologic 
data. Within the clinical database, CDI recurrence was 
defined as identification of 2 isolates within 10 SNPs 
from 1 patient (1) for which that patient had clearly 
documented clinical resolution of symptoms after 
their first episode. On the basis of rates of C. difficile 
evolution and within-host diversity (1), we defined 
plausible, short-term, transmission/mutual exposure 
as isolates differing by 0–2 SNPs.

We made epidemiologic matches between pa-
tients who had in-patient admissions and demonstra-
ble links with respect to time, location, or healthcare 
staff, where their C. difficile isolates were within 0–2 
SNPs. Because epidemiologic details were not avail-
able for either the CA-CDI investigation in Ireland or 
the EUCLID isolates, we analyzed linkage between 
cases on the basis of genetic similarity alone. These 
genomic pairs were named by the isolate sources in 
chronologic order of identification.
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Ethics
Investigation of hospital-associated CDI (HA-CDI) 
cases at St James’s Hospital was conducted after ob-
taining approval from the St. James’s Hospital/Tal-
laght Research Ethics Committee. Porcine isolates 
were exempt from requiring ethics approval.

Results
A total of 171 C. difficile ribotype 078 isolates were 
included in the analysis: 53 isolates from CDI epi-
sodes in 44 inpatients at St. James’s Hospital, in-
cluding 5 community-associated isolates; 20 por-
cine isolates from Ireland; 67 clinical, farmer, and 
porcine isolates from the Netherlands; and 31 clini-
cal EUCLID isolates. We provide details of their 
country of origin, source, and date of isolation 
(Table 1). The EUCLID isolates were obtained from 
9 countries in Europe. Six countries, including Ire-
land, submitted >2 isolates.

Of the 53 isolates causing CDI in Ireland, 9 were 
from recurrent CDI episodes in 7 patients (7 subse-
quent isolates were 0 SNPs different from, the base-
line isolate, 1 was 1 SNP different, and 1 was 8 SNPs 
different). Only the first isolate from each patient 
was considered in subsequent analyses. We provide 
genomic relationships between the remaining 162 
ribotype 078 isolates (Figure). Despite the diverse 
sampling frame, only limited diversity was seen; the 
greatest root-to-tip distance in the phylogenetic tree 
was 48 SNPs.

Isolates from Ireland were found throughout the 
tree, but specific clusters of these isolates were seen, 

including, as shown at the ≈240° (≈8 o’clock) posi-
tion (Figure), a cluster of cases that included isolates 
from HA-CDI and CA-CDI cases as well as cases from 
pigs. Within this cluster, several porcine isolates were 
directly ancestral to 1 HA-CDI case. Another 5 CDI 
cases, including 1 CA-CDI, had another porcine iso-
late directly ancestral. This finding suggests a porcine 
origin for these cases, either directly or by >1 or more 
intermediate (unsampled) transmission routes. This 
same cluster also contained an isolate from a pig and 
a farmer from the Netherlands. Several other clinical 
isolates from the Netherlands were closely related to 
porcine isolates (Figure).

We provide epidemiologic links between ge-
netically related isolates within 0–2 SNPs (Table 2). 
Although nearly all genomic pairs occurred among 
isolates with the same country of origin, the epidemi-
ologic information available can explain only a small 
proportion of transmissions/mutual exposures.

Discussion
Our findings support a complex regional and interna-
tional distribution of C. difficile ribotype 078 isolates. 
In contrast to the EUCLID study, which obtained 
samples on single days in winter and summer, more 
dense sampling was undertaken in our study. In the 
EUCLID study, no evidence of clustering of ribotype 
078 within countries was seen, which is consistent 
with a complex pattern of dissemination in Europe 
over timescales spanning years (Figure). However, 
our study showed evidence of sublineages of ribotype 
078 that are predominantly found in isolates from the 
Netherlands and others predominantly found in iso-
lates from Ireland (Figure). It is likely that this denser 
sampling has enabled recent, local, onward transmis-
sion to be better captured. We also identify a EUCLID 
isolate from Italy (2013) and a CA-CDI isolate from 
Dublin, Ireland (2014), that are within 2 SNPs, which 
is consistent with a temporally related transmission. 
However, we do not know of any epidemiologic link 
between these 2 cases.

For 10 pairs of isolates within 2 SNPs from in-
patients who had HA-CDI, possible healthcare-
based epidemiologic links could be made for 6 of 
these pairs but not the other 4. Plausible ward-based 
transmission only accounted for 3 pairs. For other 
genetically related isolates pertaining to inpatients 
in our study, there was a median of 559 days be-
tween their associated CDI episodes (range 147–651 
days) without overlapping hospital admissions or 
appointments. Overall, nosocomial transmission ac-
counted for 15% of closely genetically related (<2 
SNPs) C. difficile ribotype 078 cases in this study, and 
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Table 1. Countries from which Clostridioides difficile 078	isolates	
originated, their identified sources, and timeframe of collection* 
Origin and source of 
isolates Timeframe of collection 

No. 
isolates 

Ireland (11)   
 HA-CDI 2012‒2016 48† 
 Porcine 2014–2015 20 
 CA-CDI 2015 Apr–Jun  5 
Netherlands (10)   
 CDI 2002–2011 31 
 Porcine 2009, 2011 20 
 Healthy farmers 2011 16 
EUCLID	(8), HA-CDI 2012 Dec‒2013	Aug  
 Germany  9 
 Italy  7 
 United	Kingdom  4 
 France  3 
 Portugal  3 
 Ireland  2 
 Spain  1 
 Greece  1 
 Austria  1 
*CDI, C. difficile infection; EUCLID,	European,	Multi-Center, Prospective, 
Biannual,	Point-Prevalence Study of Clostridium difficile Infection in 
Hospitalized Patients with Diarrhea; HA-CDI, hospital-associated CDI. 
†Includes 9 isolates from HA-CDI cases (11). 
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equal proportions were attributable to farms and 
unknown transmission routes. In a study in Leeds, 
UK, which had comparable phylogenetic analysis, 
hospital ward-based epidemiologic linkage was re-
ported as 11% for ribotype 078 cases versus 64% for 
ribotype 027 cases (13).

A EUCLID isolate from Ireland (2013) forms a ge-
nomic cluster with 1 CA-CDI isolate (2015) and 2 HA-
CDI isolates (July 2015 and December 2015). These 4 
isolates were from patients in 3 Dublin healthcare fa-
cilities and from 1 case of CA-CDI that had been col-
lected within a 3-year period. This finding suggests 
shared exposure across the greater Dublin area, 
and that nosocomial transmission is not the domi-
nant route of acquisition of C. difficile ribotype 078.  

This observation is consistent with the EUCLID 
study findings (8).

It is not clearly understood how persons who 
have CA-CDI acquired their infection because they 
do not have the risk factors for HA-CDI (14). Ander-
son et al. described proximity to livestock farms, agri-
cultural industry, and nursing home facilities as risk 
factors for CA-CDI in North Carolina, USA, but they 
did not include analysis of C. difficile molecular data 
in their models (15). In contrast, Van Dorp et al. found 
no evidence of either localized point sources or live-
stock exposure as risk factors for C. difficile acquisition 
in the Netherlands (16). They included ribotype detail 
in their analysis, but found no evidence of geographic 
clustering of ribotype 078 CDI cases (16). This finding 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9, September 2021 2297

Figure. Recombination-adjusted maximum-likelihood phylogenetic tree of sequences from human and porcine Clostridioides difficile 
isolates from Ireland and 9 other countries in Europe. Isolates are shown as triangles for healthcare-associated C. difficile cases 
and circles for community-associated C. difficile cases. Isolates from pigs are shown as crosses and those from farmers as squares. 
The	color	at	each	tip	indicates	the	country	of	origin	of	the	isolate.	The	tree	was	based	on	4,861	variable	sites	before	correction	for	
recombination,	based	on	a	median	(interquartile	ranges)	of	93.4%	(93.0%–93.8%)	and	(83.1%–96.2%)	of	the	reference	genome	being	
called. Scale bar indicates single-nucleotide polymorphisms.
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is consistent with that of Knetsch et al., who reported 
clonal isolates of farm and clinical origin without a 
geographic basis for those clusters (10).

Knetsch et al. identified another genomic clus-
ter of C. difficile ribotype 078 isolates, which includ-
ed an isolate of animal origin from Canada (2004) 
and 8 isolates of clinical origin from the United 
Kingdom (2008–2012) (17). We also identified a 
cluster of clinical and porcine 078 isolates from 
Ireland, where there was no known occupational 
exposure of the affected patients who lived in ur-
ban locations far from relevant pig farms. Knight et 
al. reported clonal ribotype 014 isolates from Aus-
tralia that were considerable geographic distances 
from each other, which is suggestive of long-range 
transmission and major community reservoirs (18). 
They concluded that this transmission was unlikely 
to have been caused by direct contact between the 
humans and animals involved, and suggested that 
by-products, such as manure or compost, could 
enable indirect transmission from animals and hu-
mans (18). In a study from the United States, biosol-
id-based compost had the highest rate of C. difficile 
recovery that included ribotype 078 isolates (19), 
which was also the most common ribotype in an 
investigation of manure from Japan (20).

Findings based on ribotype analysis alone are 
insufficient for clear identification of transmission 
events pertaining to community reservoirs (21). 
Moradigaravand et al. identified ≈90% of their col-
lection of clinical and wastewater isolates as clade 
1 (231/256), and only 10 (3.9%) as clade 5/ribotype 
078 (22). When their ribotype 078 isolates were com-

pared with the same isolates from the Netherlands 
included in our analysis, they found divergence 
of ≈20 years between the isolates from the United 
Kingdom and the Netherlands. This finding sug-
gests that water is not the primary reservoir or route 
for dissemination of C. difficile ribotype 078 isolates. 
It is still considered possible that dissemination of 
ribotype 078 isolates occurs by the food chain, the 
environment, or both (23,24). This view is supported 
by the presence and distribution of tetracycline-re-
sistant determinants in C. difficile genomes, reflect-
ing the antimicrobial drug selection pressure from 
tetracycline use in agriculture or veterinary practice, 
and thereby facilitating emergence and spread of ri-
botype 078 bacteria (24).

It is not completely understood how some live-
stock might have asymptomatic C. difficile coloni-
zation, whereas others show development of infec-
tion (25). The porcine isolates from Ireland in this 
analysis were from available samples processed at 
the CVRL. These isolates included samples from 
neonatal piglets that had typhlocolitis (9). We have 
identified genomic similarities among isolates caus-
ing human and veterinary infections. This finding 
augments the need for a One Health approach for 
C. difficile ribotype 078.

The strengths of this analysis include the large 
number of C. difficile ribotype 078 isolates included, 
from different sources including humans and animal 
species, and geographic origin. The limitations of this 
study include the lack of epidemiologic data avail-
able to the investigators for CA-CDI and the limited 
number of porcine strains from samples available at 
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Table 2. Pairs of Clostridioides difficile ribotype	078	isolates	matched	by	country	of	origin	and	source	case,	with	associated	
epidemiology* 

Country Source of isolate(s) Country 2 Source of isolate(s) 
No. pairs of 

isolates Associated epidemiology 
Ireland CA-CDI Ireland CA-CDI 2 No known links 
Ireland CA-CDI Ireland HA-CDI 2 No known links 
Ireland HA-CDI Ireland HA-CDI 10 Possible	transmission	6	pairs,† 

unknown	for	4	pairs 
Ireland Porcine Ireland HA-CDI 3 No known links 
Ireland Porcine Ireland Porcine 12 8	pairs	at	1	farm,	3	pairs	at	1	farm,	1	

pair at 1 farm, no pairs between farms 
Ireland CA-CDI Italy HA-CDI 1 Unknown 
Ireland HA-CDI United	Kingdom HA-CDI 1 Unknown 
Germany HA-CDI Germany HA-CDI 1 Unknown 
Netherlands HA-CDI Netherlands HA-CDI 1 Unknown 
Netherlands CDI Netherlands Farmer 1 No known links 
Netherlands CDI Netherlands Porcine 1 No known links 
Netherlands Farmer Netherlands Farmer 3 Unknown 
Netherlands Farmer Netherlands Porcine 10 Farm exposures 
Netherlands Porcine Netherlands Porcine 1 No known links 
Portugal HA-CDI Portugal HA-CDI 1 Unknown 
*CA-CDI, community-assocated C. difficile infection; HA-CDI, healthcare-associated C. difficile infection. 
†The	6	possible	healthcare-associated	transmission	pairs	shared	time	and	space	on	the	same	hospital	ward	(n	=	3)	or	time	on	different	hospital	wards	
while	under	the	care	of	the	same	medical	team	(n	=	3). 
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the CVRL. In conclusion, our analysis of C. difficile  
ribotypes 078 isolates from Ireland and 9 other 
countries in Europe showed close overlap between 
isolates from humans and pigs, including the occur-
rence of plausible transmission, either directly or by 
an unknown intermediate source.
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Middle East respiratory syndrome (MERS) coro-
navirus (MERS-CoV) represents 1 of 3 major 

zoonotic coronaviruses to have emerged with global 
impact in the past 2 decades, alongside severe acute 

respiratory syndrome coronavirus (SARS-CoV-1) in 
2002–2003 and severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) from 2019 onward (1). 
The earliest known outbreak of MERS-CoV began in 
a hospital in Zarqa, Jordan, in April 2012 (2,3). Since 
that time, >2,500 cases and 880 deaths (case-fatality 
rate of 34%) have been reported across 27 countries 
worldwide (4). The fi rst detection of positive MERS-
CoV by serologic testing in camels was also from Zar-
qa, Jordan, in 2013 (5); camels were later confi rmed as 
the reservoir for MERS-CoV infection in humans (6) 
and bats the likely ancestral host (7).

Most confi rmed MERS-CoV cases have occurred 
within the Arabian Peninsula; Saudi Arabia, the lo-
cation of ≈80% of all human cases, is the epicenter 
(8). Phylogenetic analyses of viral sequences isolated 
from camels and humans suggest that multiple cam-
el-to-human spillover events have occurred since the 
initial MERS outbreaks in 2012 (9). Although humans 
sometimes represent a dead-end host, secondary hu-
man-to-human infection does occur, leading in some 
cases to large-scale outbreaks in hospital settings, 
such as those seen in Saudi Arabia and South Korea 
in recent years (10,11). Whereas infection in camels 
might be subclinical or cause mild upper respirato-
ry symptoms (12,13), infection in humans can range 
from asymptomatic to severe acute respiratory dis-
ease or death (14).

The World Health Organization has declared 
MERS-CoV a priority disease in its Research and De-
velopment Blueprint program as a public health risk 
of epidemic potential (15); vaccination of camels is 
a potential key component of future disease control 
strategies (16). Although MERS-CoV is widespread 
among camel populations in Africa, the Middle East, 
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After	 the	 fi	rst	 detection	 of	Middle	East	 respiratory	 syn-
drome coronavirus (MERS-CoV) in camels in Jordan in 
2013,	we	conducted	2	consecutive	surveys	in	2014–2015	
and	2017–2018	investigating	risk	factors	for	MERS-CoV	
infection among camel populations in southern Jordan. 
Multivariate analysis to control for confounding demon-
strated that borrowing of camels, particularly males, for 
breeding purposes was associated with increased MERS-
CoV seroprevalence among receiving herds, suggesting 
a potential route of viral transmission between herds. In-
creasing age, herd size, and use of water troughs within 
herds were also associated with increased seropreva-
lence. Closed herd management practices were found 
to be protective. Future vaccination strategies among 
camel populations in Jordan could potentially prioritize 
breeding males, which are likely to be shared between 
herds. In addition, targeted management interventions 
with the potential to reduce transmission between herds 
should be considered; voluntary closed herd schemes of-
fer a possible route to achieving disease-free herds.
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and South Asia, its epidemiology within these popu-
lations remains poorly understood, particularly with 
regard to viral transmission routes and risk factors 
for infection (17). Such knowledge is urgently needed 
if camel vaccines currently in development are to be 
deployed effectively (18–21) and if management in-
terventions with the potential to contribute to disease 
control are to be identified. We addressed these key 
knowledge gaps through 2 large-scale, consecutive 
epidemiologic surveys among camel populations in 
southern Jordan, close to the border of Saudi Arabia.

Methods

Study Design and Study Population
We conducted 2 distinct studies during February 
2014–December 2015 and October 2017–October 2018. 
Both studies were conducted in Aqaba and Ma’an 
governorates of southern Jordan, an area with ≈8,000 
camels (according to Jordanian Ministry of Agricul-
ture [MoA] data) and 550 km of desert border with 
Saudi Arabia to the south and east (Figure 1).

In the 2014–2015 study, because of the absence 
of an adequate sampling frame, we conducted non-
probabilistic sampling among clients of a centrally 
located private veterinary practice in Al Quwayrah 
(Aqaba governorate). During the study period, the Al 
Quwayrah clinic closed (February 2015); the final 53 
herds included in the study were recruited through 
local contacts of government veterinarians working 

in the study area. We collected serum samples from 
the onset, whereas collection of nasal swab specimens 
began in March 2015 and occurred in the final 53 
herds only.

In the 2017–2018 study, we conducted multistage 
cross-sectional random sampling by using MoA-
supplied lists of camel owners for Aqaba and Ma’an 
governorates organized by 4 local administrative ar-
eas (Aqaba East, Aqaba West, Ma’an East, and Ma’an 
West). We collected serum samples and nasal swab 
specimens from the onset.

In both studies, to encourage owner compliance, 
we sampled <12 camels per herd; in herds of <12, we 
sampled all camels, subject to accessibility and owner 
permissions. A structured questionnaire regarding 
potential risk factors for MERS-CoV infection was 
administered in the local dialect on paper (2014–2015 
study) or on Android tablets using the application 
Open Data Kit (2017–2018 study) (https://getodk.
org) to herd owners face-to-face at the time of sam-
pling or by telephone after sampling. A veterinary 
surgeon clinically examined all camels included in 
the study to assess general health before sampling.

Sample Storage and Laboratory Methods
Blood samples were collected in 8 mL serum vacutain-
er tubes and centrifuged at 2,000 RPM for 10 min, fol-
lowed by serum collection and storage at −20°C. Nasal 
swab specimens were placed in viral transport me-
dium and chilled before storage at −20°C (2014–2015 
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Figure 1.	Location	of	camel	herds	sampled	for	Middle	East	respiratory	syndrome	coronavirus	in	southern	Jordan,	February	2014–
December	2015	and	October	2017–October	2018.	A)	2014–2015	study;	B)	2017–2018	study.	Samples	were	taken	from	camels	from	
97	herds	in	the	2014–2015	study	and	from	121	herds	in	the	2017–2018	study.	In	the	2017–2018	study,	because	of	local	grazing	
movements,	3	herds	selected	from	the	Jordanian	Ministry	of	Agriculture	list	for	Ma’an	West	were	sampled	in	the	neighboring	region,	
Tafilah,	and	results	from	these	herds	attributed	to	Ma’an	West.	
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study) or −80°C (2017–2018 study). All laboratory test-
ing of samples was performed at the Diagnostic Labo-
ratory, Veterinary Health Centre, Jordan University of 
Science and Technology (Irbid, Jordan).

ELISA
We tested serum samples in duplicate by using a 
MERS-CoV spike protein ELISA as previously de-
scribed by van Doremalen et al. (22). In brief, maxi-
sorp plates were coated overnight with S1 protein 
(Sino Biological, https://www.sinobiological.com) 
before blocking with 1% milk. MERS-CoV S1-spe-
cific antibodies were detected by using anti-llama 
IgG horseradish peroxidase-conjugated antibodies 
(Agrisera, https://www.agrisera.com) and subse-
quently developed with peroxidase-substrate reagent 
(KPL). Optical densities were measured at 405 nm 
and positivity at 3 times mean negative camel serum 
samples collected from United States–bred drom-
edary camels confirmed to be MERS-CoV–free. This 
assay does not cross-react with antibodies to bovine 
coronavirus, OC43, or SARS-CoV-1 (23).

Viral RNA Extraction and MERS-CoV Detection
RNA was extracted from nasal swab specimens by 
using the QiaAmp Viral RNA kit (QIAGEN, https://
www.qiagen.com) according to the manufacturer’s 
instructions <18 months after sample collection. Ex-
tracted RNA was used in a 1-step real-time reverse 
transcription PCR (rRT-PCR) UpE MERS-CoV assay 
performed on a QIAGEN Rotor-Gene instrument, 
with positivity set at a cycle threshold value of <40, 
on the basis of standard operating procedures as de-
scribed in Corman et al. (24).

Statistical Analysis
In each study, we separately calculated seropreva-
lence estimates weighted according to sample size 
relative to the estimated camel population (based 
on MoA data) and ran regression models for identi-
fication of risk factors. Because of the differences in 
sampling strategy, weighting was conducted by re-
gion for the 2014–2015 study and by subregion for the 
2017–2018 study. In both studies, we excluded camels 
<6 months of age from analyses because of the poten-
tial influences of maternally derived immunity.

We conducted univariate analyses by using 
mixed-effects regression with herd as a random effect 
and camel serologic status considered a binary out-
come. All potential risk factors were analyzed as cate-
gorical variables, with the exception of camel age and 
herd size, which were analyzed as continuous vari-
ables. Variables were herd level with the exception of 

age, sex, racing camel, and nasal discharge. For the 
2017–2018 study (data were missing in the 2014–2015 
study), we constructed a composite variable “closed 
herd,” which we defined as herds in which no bor-
rowing, lending, purchasing, racing, or contact with 
local or distant herds occurred.

We considered variables with a p value of <0.2 for 
inclusion in the multivariate models, with the excep-
tion of any variables missing >10% of their values. We 
used the Pearson R coefficient and a threshold of 0.4 
to compare collinearities between variables; we ex-
cluded colinear variables from the same multivariate 
model and tested in separate models. We conducted 
multivariate models by using mixed-effects regres-
sion with herd as a random effect and constructed 
using a backward stepwise method, removing the 
least significant variable at each step while p>0.1, 
unless the variable was considered an a priori factor 
(region, sex, and age) or the removal of the variable 
demonstrated a significant effect on the other vari-
ables (a change in log odds of >10%). We repeated 
model creation by using a forward stepwise method, 
beginning with a priori variables and adding new 
variables in order of significance, keeping variables if 
they showed significance of p<0.1 or changed the log 
odds of other risk factors by >10%. We performed all 
statistical analyses in R version 3.5.1 (https://cran.r-
project.org) and generated mixed-effects models by 
using the glmer function of the R package lme4 ver-
sion 1.1–21.

Ethics Statement
Informed consent was obtained from all participating 
camel owners at the time of sampling, and institution-
al and national guidelines for care, use, and handling 
of animals were followed at all times. Studies were 
conducted with institutional review board approval 
by the Royal Veterinary College and London School 
of Hygiene and Tropical Medicine, National Institute 
of Allergy and Infectious Diseases, and Jordan Uni-
versity of Science and Technology and MoA.

Results

Study Results for 2014–2015
For 2014–2015, we included 433 camels with a medi-
an age of 6 years (interquartile range [IQR] 3–9 years) 
representing 97 herds (median herd size 11 [IQR 
5–22]). We obtained blood samples from an average of 
4.5 camels/herd and collected nasal swab specimens 
from 65% of included camels. The questionnaire was 
completed for 93 of 97 herds; we excluded 4 herds 
(17 camels) that lacked questionnaire data from the 
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analysis of risk factors. A total of 21 questionnaires 
were completed at the time of sampling, and 72 were 
completed subsequently by telephone.

In total, 128 sampled camels (from 22 herds) were 
from Ma’an region and 305 (from 75 herds) were from 
Aqaba region. MoA records indicated an estimated 
population of 4,436 camels (317 herds) in Ma’an re-
gion and 3,314 camels (265 herds) in Aqaba region; 
we weighted adjusted seroprevalence accordingly. Of 
433 camels sampled, 381 were seropositive for MERS-
CoV, an unadjusted seroprevalence of 88.0% and ad-
justed seroprevalence of 86.8% (95% CI 82.8–90.3). 
Of these, 9 camels were <6 months of age, of which 
4 were seropositive (44.4%). After we excluded these 
calves from the dataset, the adjusted seroprevalence 
was 88.0% (95% CI 84.1–91.4). No nasal swab speci-
mens tested positive for MERS-CoV RNA on rRT-
PCR.

Of 97 herds sampled, 93 had >1 seropositive 
camel (including calves <6 months of age), result-
ing in an unadjusted herd-level seroprevalence of 
95.9% and adjusted herd-level seroprevalence of 
92.3% (95% CI 83.3–97.1); median herd sample se-
roprevalence was 100% (IQR 80%–100%) (Figures 2, 
3). Highest weight-adjusted seasonal seroprevalence 
was in summer (93%) and lowest was in fall (84%); 
winter and spring results were both 88%.

In univariate analysis, age, sex, herd size, num-
ber of herds nearby, quarantine >3 days after pur-
chase, borrowing of breeding males, and water 
source were all found to be associated with seroposi-
tivity at p<0.2, although we identified no significant 
correlations for these variables (Table 1, https://
wwwnc.cdc.gov/EID/article/27/9/20-3508-T1.
htm; Table 2; Figures 4, 5). Quarantine was exclud-
ed from the multivariate models because of a high 
number of missing values (62%). 

Variables in the final multivariate model results 
were age, herd size, borrowing of males for breeding 
purposes, and water source (Table 3). We noted evi-
dence of an association between camel seropositivity 
and borrowing of males for breeding purposes (ad-
justed OR [aOR] 4.18 (95% CI 1.45–12.09); p = 0.01), 
age per year (aOR 1.24 [95% CI 1.08–1.42]; p<0.01), 
and herd size per additional camel (aOR 1.04 [95% CI 
1.01–1.08]; p = 0.02).

Study Results for 2017–2018 
Blood samples and nasal swab specimens were col-
lected from 404 camels (median age 5 years [IQR 3–8 
years]) in 121 herds; an average of 3.3 camels were 
sampled per herd (median herd size 9 [IQR 4–17]). 
The questionnaire was administered to all 121 herd 
owners; 114 questionnaires were completed at the 
time of sampling, and 7 were completed subsequent-
ly by telephone. In total, 90 camels (29 herds) were 
sampled from Ma’an East, 70 (21 herds) Ma’an West, 
152 camels (36 herds) from Aqaba East, and 92 (35 
herds) from Aqaba West. MoA records described an 
estimated 1,909 camels (138 herds) in Aqaba East, 
1,405 camels (127 herds) in Aqaba West, 3,563 cam-
els (198 herds) in Ma’an East, and 873 camels (119 
herds) in Ma’an West; we weighted adjusted serop-
revalence accordingly.

Of 404 camels sampled, 264 were seropositive 
for MERS-CoV, for an unadjusted seroprevalence of 
65.3% and an adjusted seroprevalence of 70.2% (95% 
CI 65.6–74.7). Of these, 26 of 39 camels <6 months of 
age were seropositive (66.7%), which compares with 
18 (22.8%) of 79 among camels >6 months–2 years of 
age (OR 20.8 [95% CI 4.8–226.3]; p<0.01). After re-
moval of calves <6 months from the dataset, the ad-
justed seroprevalence was 70.2% (95% CI 65.0–75.2) 
among 119 herds.

2304 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9,, September 2021

Figure 2. Frequency distribution of camels sampled for Middle East respiratory syndrome coronavirus in southern Jordan, February 
2014–December	2015	and	October	2017–October	2018,	stratified	by	age.	A)	2014–2015	study;	B)	2017–2018	study.
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Of 119 herds sampled, 92 had >1 seropositive 
camel (including calves <6 months of age), result-
ing in an unadjusted herd-level seroprevalence of 
77.3% and adjusted herd-level seroprevalence of 
77.0% (95% CI 69.8–83.0); median herd sample se-
roprevalence was 75% (IQR 25%–100%) (Figures 2, 
3). The highest weight-adjusted seasonal seropreva-
lence was in spring (75%) and the lowest in win-
ter (63%); seroprevalence in fall was 70% (because 
of logistical constraints, no samples were collected 
during the summer).

No nasal swab specimens tested positive for 
MERS-CoV RNA on rRT-PCR. Nasal discharge was 
noted in 8 camels (2.6% [95% CI 1.4%–4.8%]) at the 
time of sampling (ages 3, 5, 6, 7, 7, 12, 14 and 15 years).

In the univariate analysis, the following 12 vari-
ables were found to be associated with seroposi-
tivity at p<0.2: region, age, sex, herd size, number 
of herds nearby, herd being kept as a single group 
throughout the year, contact with local herds, bor-
rowing of camels for breeding purposes, lending of 
camels for breeding purposes, use of camels for rac-
ing, water source, and closed herd status (Tables 1, 
2; Figures 4, 5). We identified correlations between 
contact with local herds and lending for breeding 
purposes (Pearson R coefficient = 0.46) and between 
borrowing for breeding purposes and lending for 
breeding purposes (Pearson R coefficient = 0.46).

Variables in the final multivariate model re-
sults were region, sex, age, herd size, borrowing 
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Table 2. Univariate	associations	between	potential	risk	factors	and	Middle	East	respiratory	syndrome	coronavirus	seropositivity	in	
camel	populations,	Jordan,	February	2014–December 2015 and October 2017–October	2018* 

Variable 
2014–2015 study 

 
2017–2018	study 

OR	(95%	CI) p value OR	(95%	CI) p value 
Region      
 Aqaba Referent 0.53  Referent 0.01 
 Ma’an 0.68	(0.18–2.30)   3.95	(1.42–12.85)  
Age, per y†  1.22	(1.08–1.39) <0.01  1.63	(1.39–2.01) <0.01 
Sex†        
 F 2.48	(0.90–6.70) 0.07  3.02	(1.28–7.09) 0.01 
Herd size      
 Per individual no. camels 1.05 (1.01–1.09) 0.01  1.02 (1.00–1.04) 0.08 
No. camel herds within a 15 min drive      
 >20 2.42	(0.72–9.07) 0.16  2.24	(0.70–7.86) 0.18 
Herd kept together as single group throughout the year  0.84	(0.13–5.04) 0.85  2.88	(1.04–8.93) 0.05 
Herd has contact with other local herds  1.43	(0.30–6.64) 0.63  2.97 (1.07–9.17) 0.04 
Herd has contact with distant herds  0.55	(0.13–2.00) 0.36  1.86	(0.67–5.34) 0.23 
New camels are purchased‡ 0.77 (0.19–2.94) 0.70  1.51	(0.53–4.71) 0.44 
 Quarantine	>3	d	after	purchase	before	joining	herd 0.23	(0.03–1.55) 0.10  0.42	(0.02–6.88) 0.52 
Camels borrowed for breeding purposes§ 2.96	(0.87–11.42) 0.08  3.94	(1.45–12.32) 0.01 
 Herd-level borrowing of males 2.96	(0.87–11.42) 0.08  NR NR  
 Herd-level borrowing of females 2.45	(0.49–16.62) 0.30  NR NR 
Camels loaned for breeding NR NR  3.28	(1.19–10.44) 0.03 
Camels in herd are used for racing 0.49	(0.07–3.26) 0.44  0.89	(0.29–2.66) 0.83 
Camel is a racing camel† NR NR  0.37	(0.09–1.44) 0.15 
Water	source¶       
 Open ad lib Referent 0.13  Referent 0.15 
 Household only 1.89	(0.05–72.38)   2.81	(0.59–14.25)  
 Trough only 7.15 (0.95–70.49)   4.07	(1.01–18.88)  
 Spring  0.13	(0.01–0.98) 0.05  0.20	(0.04–0.80) 0.03 
 Irrigation reservoir 0.05 (0.00–0.91) 0.05  0.36	(0.06–2.22) 0.27 
 Tanker  1.24	(0.31–5.11) 0.75  0.77 (0.25–2.37) 0.64 
 Tap  0.82	(0.20–3.94) 0.78  0.99	(0.35–2.86) 0.99 
 Well	 0.57	(0.08–3.57) 0.54  0.44	(0.13–1.41) 0.16 
 Water	source	not	shared	with	herd,	household	use	only  0.30	(0.01–7.54) 0.45  0.96	(0.29–3.00) 0.94 
Closed	herd# NR NR  0.09 (0.01–0.39) <0.01 
*Variables reference the 1-year	period	before	sampling,	with	the	exception	of	herd	size,	camel	is	a	racing	camel,	and	a	priori	variables:	age,	sex,	and	
region.	Because	of	the	potential	influence	of	maternal	immunity,	camels	<6	m	of	age	have	been	excluded	from all variables except age. NR, not recorded. 
†Individual camel–level variables (all other variables being herd-level). 
‡Camels purchased are locally bred; Jordanian Ministry of Agriculture Camel Import Regulations and Conditions allow import only for live camels for 
direct slaughter. 
§In	the	2014–15 study, results for camels are borrowed for breeding purposes (male and/or female) and camels are borrowed for breeding purposes 
(male) were the same (i.e., all herds that borrowed camels for breeding borrowed males, and some of these herds also borrowed females). In the 2017–
18	study,	the	sex	of	camels	borrowed	or	loaned for breeding was not recorded. 
¶Open ad lib indicates irrigation reservoir or spring water sources were used; household only indicates water source was not shared between household 
and herd; trough only indicates only tanker, tap, or well sources were used. 
#Closed	herd indicates herd	owners	answered	no	to	all	of	the	following	variables:	borrowing,	lending,	purchasing,	racing, and contact with local or distant 
herds (2017–2018	study	only,	missing	data	2014–2015). 
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for breeding purposes, water source, and closed 
herd status (Table 4). Evidence of an association 
was noted between camel MERS-CoV seropositiv-
ity and drinking from water trough sources only, 
as compared with open ad lib sources (aOR 9.48 
[95% CI 1.54–58.24]; p = 0.05); borrowing camels for 
breeding purposes (aOR 5.07 [95% CI 1.37–18.75]; p 
= 0.02); location in Ma’an region (aOR 3.83 [95% CI 
1.01–14.51]; p = 0.05); and increasing age per year 
(aOR 1.60 [95% CI 1.34–1.92]; p<0.01). We investi-
gated the variable of lending camels for breeding 
purposes in a separate model, in place of camels 
being borrowed for breeding purposes, but did not 
find evidence of a significant association with se-
ropositivity. The composite variable closed herd 
demonstrated evidence of a protective association 
with MERS-CoV seropositivity (aOR 0.08 [95% CI 
0.01–0.55]; p = 0.02) when included in a separate 

model adjusted for the same confounders, although 
excluding constituent variables for closed herd, 
borrowing, and lending for breeding purposes.

Discussion
Previous studies have described MERS-CoV sero-
prevalence among camel populations worldwide; 
however, substantial knowledge gaps remain, in 
particular with regard to factors associated with 
higher risk for infection, which might provide in-
sights into viral transmission routes between and 
within camel herds (16,17). Such knowledge is es-
sential if effective disease control strategies, such as 
targeted vaccination programs and camel manage-
ment interventions, are to be appropriately designed 
and implemented.

Our findings suggest that borrowing male camels 
for breeding might serve as a transmission route for 
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Table 3. Multivariate associations between potential risk factors and Middle East respiratory syndrome coronavirus seropositivity in 
camel	populations,	southern	Jordan,	February	2014–December 2015* 
Variable A	priori	adjusted	OR	(95%	CI)† p value Fully adjusted OR (95%	CI)‡ p value 
Age, per y§ 1.21 (1.07—1.40) <0.01 1.24	(1.08—1.42) <0.01 
Male camels borrowed for breeding purposes 3.44	(1.09—12.25) 0.04 4.18	(1.45—12.09) 0.01 
Herd size     
 Increasing individual camel nos. 1.05 (1.01—1.09) <0.01 1.04	(1.01—1.08) 0.02 
Water	source¶     
 Open ad lib Referent 0.19 Referent 0.08 
 Household only 0.52 (0.01—21.39)  0.90 (0.05—16.46)  
 Trough only 4.02	(0.51—40.84)  4.74	(0.93—24.08)  
Region     
 Ma’an 0.56	(0.16—1.79) 0.33 0.37	(0.12—1.14) 0.08 
Sex§     
 F 1.35	(0.45—3.86) 0.58 1.12	(0.38—3.26) 0.84 
Number of camel herds within a 15-min drive    
 >20 2.24	(0.68—7.99) 0.18 – – 
*Variables reference the 1-year period before sampling, with the exception of herd	size,	camel	is	a	racing	camel,	and	a	priori	variables:	age,	sex,	and	
region.	Because	of	the	potential	influence	of	maternal	immunity,	camels	<6	m	of	age	have	been	excluded.	OR,	odds	ratio.  
†Adjusted	for	a	priori	variables:	age,	sex,	and	region. 
‡2014–2015 study was adjusted for a priori variables and number of camels nearby (within a 15 min drive). 
§Individual camel–level variables (all other variables being herd-level). 
¶Open ad lib indicates irrigation reservoir or spring water sources were used; household only indicates water source was not shared between household 
and herd; trough only indicates only tanker, tap, or well sources were used. 

 

Figure 3. Frequency distribution of camel herd sample Middle East respiratory syndrome coronavirus seroprevalence, southern Jordan, 
February	2014–December	2015	and	October	2017–October	2018.	A)	2014–2015	study;	B)	2017–2018	study
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MERS-CoV between infected and uninfected camel 
herds in Jordan. Both studies demonstrated that bor-
rowing camels for breeding was associated with an in-
crease in MERS-CoV seropositivity in receiving herds. 
In addition, the 2014–2015 study demonstrated that 
the borrowing of breeding males was a significant risk, 
whereas the borrowing of breeding females was not (we 
did not record sex of camels borrowed for breeding in 
2017–2018).

In Jordan, as in other countries in the region, 
many herd owners do not own a breeding male camel  
because of cost or ease of management; instead, they 
borrow stud bulls from neighboring herds or send 

breeding females to herds that have a bull. These 
practices serve to provide spatial connectivity be-
tween infected and uninfected herds; this effect is 
potentially compounded by the immunosuppressive 
stresses of transport and joining a new herd and by 
the effects of male rutting behavior, in which orona-
sal secretions are sprayed over, or close to, breeding 
females (25,26).

Given evidence for the potential risk posed by bor-
rowing breeding males, vaccination of male camels 
shared between herds for breeding could be priori-
tized when effective camel vaccines become avail-
able (18), particularly among small-scale extensively 
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Figure 4.	Middle	East	respiratory	syndrome	coronavirus	seroprevalence	among	camel	population	in	southern	Jordan,	stratified	by	age,	
February	2014–December	2015	and	October	2017–October	2018.	A)	2014–2015	study,	B)	2017–2018	study.	Error	bars	indicate	95%	
CIs. Numbers within gray boxes depict seropositive camels and total number of camels per age group.

Figure 5.	Middle	East	respiratory	syndrome	coronavirus	seroprevalence	among	camel	population	in	southern	Jordan,	stratified	by	herd	
size,	February	2014–December	2015	and	October	2017–October	2018.	A)	2014–2015	study;	B)	2017–2018	study.	Error	bars	indicate	
95%	CIs.	Numbers	within	gray	boxes	depict	seropositive	camels	and	total	camels	per	herd	size	range.	
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managed herds, such as those in Jordan. In addition, 
despite the challenges of artificial insemination in ca-
melids, the introduction of an affordable artificial in-
semination service, where feasible, could mitigate the 
transmission of MERS-CoV between infected and un-
infected herds (27). Other potential control measures 
could be introducing rRT-PCR testing schemes using 
nasal swab samples before movement between herds 
and quarantining of positive animals (28). In view of 
the current understanding that MERS-CoV transmis-
sion in camels occurs primarily through upper respi-
ratory droplet, evidence for possible sexual transmis-
sion remains inconclusive, and further research is 
required (12,29).

Closed herd management practices were found 
to be significantly protective, offering a potential-
ly valuable tool in controlling MERS-CoV among 
camels; voluntary closed herd schemes are a pos-
sible route to achieving disease-free herds (30). 
Where such practices would be impractical, our 
findings suggest that quarantining animals before 
introduction to the herd offers a protective effect. 
On the basis of current evidence of viral shedding 
patterns in camels, quarantine periods of >2 weeks 
should be employed.

Increasing herd size was found to be associated 
with increased MERS-CoV seroprevalence; larger 
herds are thought to provide a greater host reservoir 
capable of sustaining viral transmission between in-
fected and uninfected animals (16,17). In addition, the 
use of water troughs within herds, as opposed to open 
ad lib water sources, was associated with increased 
herd seroprevalence (although only in the 2017–2018 
multivariate model when the variable borrowing for 
breeding was included). Although crowded troughs 
might be a potential route of viral transmission with-
in herds, further research is required (31).

As described in other studies, seroprevalence in-
creased significantly with age in both studies, likely 
associated with the increased probability of disease 
exposure over time and boosting of antibody levels 
by repeat infections (16,17). Results of the 2017–2018 
study strongly suggest the presence of maternally 
derived immunity among calves <6 months of age, 
which could have relevance for future vaccination 
strategies (18). This association was less evident in the 
2014–2015 study; however, only 9 camels <6 months 
of age were sampled in 2014–2015, compared with 
39 in 2017–2018. Associations between sex and sero-
positive status have been previously described, but 
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Table 4. Multivariate associations between potential risk factors and Middle East respiratory syndrome coronavirus seropositivity in 
camel populations, southern Jordan, October 2017–October	2018 
Variable* A	priori	adjusted	OR	(95%	CI)† p value Fully	adjusted	OR	(95%	CI)‡ p value 
Age, per y§ 1.60	(1.35—1.99) <0.01 1.60	(1.34—1.92) <0.01 
Camels borrowed for breeding purposes 4.46	(1.29—21.68) 0.03 5.07	(1.37—18.75) 0.02 
Water	source¶     
 Open ad lib Referent 0.07 Referent 0.05 
 Household only 3.17	(0.44—25.78)  3.33	(0.51—21.71)  
 Trough only 7.93	(1.41—65.04)  9.48	(1.54—58.24)  
Region     
 Ma’an 3.28	(0.92—14.94) 0.08 3.83	(1.01—14.51) 0.05 
Herd size     
 Increasing individual camel nos. 1.02 (1.00—1.05) 0.05 1.00 (1.00—1.05) 0.10 
Sex§     
 F 1.70 (0.59—4.88) 0.32 1.38	(0.48—3.97) 0.54 
No. camel herds within a 15-min drive     
 >20 3.33	(0.77—17.53) 0.11 2.40	(0.53—10.84) 0.25 
Herd is kept together as single group 
throughout the year 

2.24	(0.61.	9.85) 0.23 – – 

Herd has contact with other local herds 2.34	(0.65—9.85) 0.19 – – 
Camel is a racing camel§ 0.73	(0.13—4.33) 0.72 – – 
Camels are lent for breeding purposes 2.39	(0.66—10.70) 0.19 – – 
Closed	herd# 0.07 (0.01—0.43) 0.01 0.08	(0.01—0.55) 0.02 
*Variables reference the 1-year	period	before	sampling,	with	the	exception	of	herd	size,	camel	is	a	racing	camel,	and	a	priori	variables:	age,	sex,	and	
region.	Because	of	the	potential	influence	of	maternal	immunity,	camels	<6	m	of	age	have	been	excluded.	 
†Adjusted for a priori	variables:	age,	sex, and region. 
‡2017–2018	study	was adjusted for a priori variables and number of camels nearby (within a 15 min drive), herd is kept as a single group throughout the 
year, herd has contact with other local herds, and camel is a racing camel. 
§Individual camel–level variables (all other variables being herd-level). 
¶Open ad lib indicates irrigation reservoir or spring water sources were used; household only indicates water source was not shared between household 
and herd; trough only indicates only tanker, tap, or well sources were used. 
#Closed	herd indicates herd	owners	answered	no	to	all	of	the	following	variables:	borrowing,	lending,	purchasing,	racing,	and	contact	with	local	or	distant 
herds (2017–2018	study	only,	missing	data	2014–2015). Because	of collinearity with constituent variables, the variable closed herd was included in a 
separate multivariate model from camels are borrowed for breeding purposes and camels are lent for breeding purposes. In this model, all variables listed 
continued to demonstrate significant association (p<0.05) with Middle East respiratory syndrome coronavirus seropositivity, with the exception of water 
source	(p	=	0.07).  
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no significant associations were identified in either 
study (16,17,32).

The difference in adjusted seroprevalence ob-
served between studies (together with differences in 
regional associations with seropositivity) might be 
explained by several factors. Those factors include 
differences in sampling strategy (nonprobabilistic vs. 
probabilistic), an absence of sample collection during 
the 2017–2018 summer period (with seroprevalence 
highest in summer 2014–2015), and a possibly limited 
introduction of new MERS-CoV variants into the pop-
ulation between the study periods, with geographic 
spread over time (33). Importing of foreign camels 
into Jordan is strictly regulated by MoA and permit-
ted only for animals going directly to slaughter (34).

The first limitation of this study is that no na-
sal swab specimens tested positive for MERS-CoV 
RNA on rRT-PCR; evidence for potential viral trans-
mission routes were therefore suggestive instead of 
definitive. Possible explanations include the nar-
row window of nasal shedding reported in camels 
(<2 weeks) (12) and the low prevalence of nasal 
discharge observed, potentially reflecting a limited 
genetic diversity of MERS-CoV variants circulating 
among camels in Jordan with rapid seroconversion 
and clearance (35). Second, limited sample size re-
sulted in considerable uncertainty on strength of 
associations. Third, data at the level of individual 
camels, particularly regarding history of movement 
for purchase and breeding, were limited. Such data 
could have supported herd-level findings and iden-
tified camels potentially infected outside the herd 
(depending on duration of detectable antibodies) 
(36). Fourth, in detecting an association between se-
ropositivity and potential risk factors, assumptions 
were made regarding persistence of detectable anti-
bodies (>1 year), meaning that estimates of associa-
tion are potentially conservative (37,38).

In conclusion, borrowing male camels for breed-
ing and closed herd management practices were as-
sociated with MERS-CoV infection prevalence among 
camel populations in Jordan, suggesting possible use-
ful interventions to reduce transmission. In addition, 
older age, larger herd size, and use of water troughs 
within herds were also associated with seropositiv-
ity. In view of this finding, future MERS-CoV vacci-
nation strategies among camel populations in Jordan 
could potentially prioritize breeding males, which 
are likely to be shared between herds for breed-
ing purposes. In addition, several targeted man-
agement interventions should be considered: mea-
sures to reduce the number of camels, particularly 
males, shared between herds for breeding purposes  

(including, if feasible, introducing an affordable cam-
el artificial insemination service at a regional or na-
tional level); maintaining a closed herd where possi-
ble, including the potential for voluntary closed herd 
management schemes; and quarantine practices of >2 
weeks before introducing new animals to the herd. 
The implementation of such interventions among 
herds in Jordan and the wider region, alongside tar-
geted vaccination, could reduce the prevalence of 
MERS-CoV among camel populations and confer a 
vitally protective effect on human populations associ-
ated with these herds (39).
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Mathematical transmission models are useful tools 
for predicting the magnitude, duration, and 

severity of the severe acute respiratory coronavirus 

2 (SARS-CoV-2) pandemic. However, widely used 
national-level models might not capture regional het-
erogeneity. The coronavirus disease (COVID-19) out-
break in Colorado, USA, has been the subject of numer-
ous discrepant projections from the Institute for Health 
Metrics and Evaluation and other modeling groups (1), 
which might have structural and data source explana-
tions, highlighting the need for ensuring that models 
are fi t to local epidemiologic data (2–4).

We report on our experience using a locally tai-
lored model to inform policy in Colorado. Social 
distancing policies, intended to decrease contact 
rates, have been cornerstone public health tools for 
pandemic control, and these strategies have been ad-
opted to control SARS-CoV-2 globally (2,5). Until re-
cently, evidence of the effects of social distancing has 
come primarily from studies of the consequences of 
school and transit closures on infl uenza transmission 
(3,4,6). Early evidence suggests that social distancing 
policies can suppress transmission of SARS-CoV-2 
(7,8), and recent evidence suggests a strong correla-
tion between mobility and transmission reduction (9). 
However, these studies largely focused on periods 
when social distancing policies were in place, leaving 
critical questions unanswered regarding how long 
populations will comply with such measures and 
what happens when policies are relaxed.

One of the defi ning characteristics of the COVID-19 
pandemic is the need for rapid response in the face of 
imperfect and incomplete information. Mathematical 
models of infectious disease transmission can be used in 
real-time to estimate parameters, such as the effective re-
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The severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) pandemic necessitated rapid local pub-
lic health response, but studies examining the impact of 
social distancing policies on SARS-CoV-2 transmission 
have	struggled	to	capture	regional-level	dynamics.	We	de-
veloped a susceptible-exposed-infected-recovered trans-
mission	model,	parameterized	to	Colorado,	USA‒specifi	c	
data,	to	estimate	the	impact	of	coronavirus	disease‒related	
policy measures on mobility and SARS-CoV-2 transmis-
sion	in	real	time.	During	March‒June	2020,	we	estimated	
unknown parameter values and generated scenario-based 
projections of future clinical care needs. Early coronavirus 
disease policy measures, including a stay-at-home order, 
were accompanied by substantial decreases in mobility 
and	reduced	the	eff	ective	reproductive	number	well	below	
1.	When	some	 restrictions	were	eased	 in	 late	April,	mo-
bility increased to near baseline levels, but transmission 
remained	low	(eff	ective	reproductive	number	<1)	through	
early June. Over time, our model’s parameters were ad-
justed	 to	more	closely	 refl	ect	 reality	 in	Colorado,	 leading	
to	modest	changes	in	estimates	of	intervention	eff	ects	and	
more conservative long-term projections.
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productive number (Re) and the efficacy of current and 
future intervention measures, providing time-sensitive 
data to policy-makers (10). We describe development of 
such a model, in close collaboration with the Colorado 
Department of Health and Environment and the Gov-
ernor’s office, to gauge the current and future effects of 
early policies to decrease social contacts and, later, the 
gradual relaxing of stay-at-home orders.

We developed a compartmental susceptible-ex-
posed-infected-recovered (SEIR) model calibrated 
to statewide COVID-19 case and hospitalization 
data to estimate changes in the contact rate and the 
Re after emergence of SARS-CoV-2 and the imple-
mentation of statewide social distancing policies in 
Colorado. We supplemented model estimates with 
an analysis of mobility by using mobile-device 
location data. Estimates were generated in near 
real time, at multiple time-points, with a rapidly 
evolving understanding of SARS-CoV-2. At each 
time point, we generated projections of the pos-
sible course of the outbreak under future social 
distancing scenarios. Findings were regularly pro-
vided to key Colorado decision-makers. We pres-
ent estimates generated at multiple time points to 
document how our model, estimates and projec-
tions evolved over time. Although our analysis is 
specific to Colorado, our experience highlights the 
need for locally calibrated transmission models to 
inform public health preparedness and policymak-
ing, along with ongoing analyses of the impact of 
policies to slow the spread of SARS-CoV-2.

Methods

COVID-19 Timeline and Policies
The first SARS-CoV-2 case was reported in Colorado 
on March 5, 2020, and a rapid succession of policies to 
control transmission followed (Table 1). The Colora-
do governor formally declared a disaster emergency 
on March 11. During March 14–April 16, a total of 35 
executive orders were mandated to curb SARS-CoV-2 
transmission, including school closures, reduction in 
workforce percentages, and shelter-in-place (stay-
at-home) orders. In conjunction with state executive 
orders, the Colorado Department of Health and En-
vironment issued orders closing restaurants, bars, 
and other congregate environments on March 17 and 
prohibiting gatherings of >10 persons on March 19. 
A state-wide stay-at-home order was in effect dur-
ing March 26–April 26. Transition to a less restric-
tive phase, safer-at-home, began on April 27, which 
enabled some businesses to reopen with restrictions. 
The metropolitan Denver counties, comprising ≈50% 

of the population of Colorado, were under extended 
stay-at-home orders until May 8.

Reported Case and Hospitalization Data
Hospitalization data are a robust indicator of trans-
mission trends compared with reported case data 
because reported case data are sensitive to testing 
capacity. However, because COVID-19 hospitaliza-
tion data were sparse early in the epidemic, we ini-
tially fit models to reported COVID-19 cases from 
the Colorado Electronic Disease Reporting System 
(CEDRS). We fit models to the daily number of 
symptom onsets to reflect a biologically meaning-
ful process (report date can be sensitive to testing 
lags). Missing onset dates were imputed as report 
date minus 7 days, the median onset-to-report lag. 
In May, we began fitting models to the daily num-
ber of hospitalized COVID-19 patients because we 
suspected that reported cases captured a variable 
proportion of infections over time because of in-
creases in testing capacity. Daily hospital census 
records were obtained from EMResource (https://
emresource.juvare.com). Because EMResource ap-
peared to underreport COVID-19 hospitalizations 
during March, we inferred COVID-19 hospitaliza-
tions by using CEDRS before April 8 (Appendix Fig-
ure 1, https://wwwnc.cdc.gov/EID/article/27/9/ 
20-4167-App1.pdf).

Model Description
We used a deterministic age-structured SEIR model 
with 3 age groups (<30, 30–59, and >60 years of age) 
to estimate key model parameters and project the 
number of COVID-19 hospitalizations (Appendix). 
In the model, we assume a single virus introduction 
event occurring on January 24, a date extrapolated 
from the first reported cases in Colorado.

In the model, the probability that an infected per-
son shows development of symptoms (13) and needs 
hospitalization or ICU care is age dependent (14) (Ap-
pendix Table 1). All persons have an equal probability 
of exposure and infection, regardless of age. Initially, 
we used published estimates (15) for the proportion 
of symptomatic case-patients requiring hospitaliza-
tion and critical care. Starting in May, with sufficient 
hospitalization data, we generated Colorado-specific 
estimates of the probability of hospitalization and 
critical care among case-patients by using model-fit-
ting approaches, which enabled us to better account 
for underlying health status and patterns of care in 
Colorado (16).

The model includes 3 types of transmission-re-
ducing parameters: social distancing, mask wearing, 
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and self-isolation of symptomatic persons. Social 
distancing was modeled as a reduction in the con-
tact rate between susceptible and infectious persons 
by multiplying the transmission parameter, β, by (1 
– social distancing). We defined contacts as interac-
tions that could enable spread of infections from an 
infected person to a susceptible person. The term 
social distancing is used to encompass all contact-
reducing behaviors and policies, including working 
from home, school closures, maintaining physical 
distancing, socializing outdoors (vs. indoors), and 
increased hygiene. Social distancing was modeled in 
phases coinciding with major events and policy mea-
sures (Figure 1). Phase 1 (March 17–25) corresponds 
with mid-March policies and increasing public con-
cern regarding COVID-19, phase 2 (March 26–April 

26) corresponds with the state-wide stay-at-home or-
der, phase 3 (April 27–May 8) is the period when half 
the state transitioned to safer-at-home, and phase 4 
(May 9–June 3) is the period when safer-at-home was 
in effect statewide.

We added mask wearing to the model in May (fits 
3 and 4) in response to increasing evidence that masks 
are effective for controlling transmission (17,18). We 
modeled the effect of mask wearing as a reduction 
in the spread of infections from asymptomatic and  
presymptomatic persons to nonhousehold contacts. 
More recent evidence suggests that masks might 
also protect the wearer, an added benefit not con-
sidered here (19). The effectiveness of mask wear-
ing depends on the ability of the mask to trap infec-
tious particles and the proportion of the population  
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Table 1. Key state-level events, executive orders, and policies directed at controlling transmission of SARS-CoV-2,	Colorado,	USA,	
2020* 

Policy/event Description 
Date 

announced 
Policy effective 

date 
Policy 

effective until 
First case of COVID-19 First case of infection with SARS-CoV-2 reported Mar 5 NA NA 
Executive	Order	D	2020	003 Disaster emergency Mar 10 Mar 11 Apr 11 
Executive	Order	D	2020	004 Ski resort closure Mar	14 Mar 15 Mar 22 
Executive	Order	D	2020	006 Extension of ski resort closure Mar	18 Mar	18 Apr 17 
CDPHE Order 20–22 Closure of bars, restaurants, theaters, gymnasiums, 

and casinos 
Mar	16 Mar 17 Apr	16 

CDPHE Order 20–23 Prohibition of >10 person gatherings Mar 19 Mar 19 Apr 19 
Executive Order D 2020 007 School closures	during	Mar	18‒Apr 17 Mar	18 Mar	18 Apr 17 
Executive	Order	D	2020	013 Reduction of in-person	workforce	by	50% Mar 22 Mar	24 May10 
Executive Order D 2020 017 Stay-at-home	order:	directive	to	require	all	residents	

of Colorado to stay home unless in pursuant of 
essential items (i.e., food) or working for critical 

businesses and ordering noncritical businesses to 
close temporarily. 

Mar 25 Mar	26 Apr 11 

Executive Order D 2020 021 Extension	to	school	closures	until	Apr	30 Apr 1 Apr 1 May 1 
Executive	Order	D	2020	024 Stay-at-Home extension Apr	6 Apr	6 Apr	26 
Executive	Order	D	2020	039 Ordering workers in critical businesses and 

government functions to wear nonmedical face 
coverings 

Apr 17 Apr 17 May 17 

Executive	Order	D	2020	041 Suspension of school closures until end of school 
year 

Apr 22 Apr 22 May 20 

Executive	Order	D	2020	044 Safer	at	home:	All	susceptible	persons	and	those	
who have COVID-19 instructed to stay at home. 
State residents directed to limit interactions, only 

travel for essential needs, and limit gatherings to <10 
people in public and private spaces. Nonmedical 
mask coverings recommended. Retail businesses 
can open for curbside delivery, elective medical, 
dental, and veterinary surgeries and procedures 
resume. Retail businesses and personal services 
(e.g.,	salons)	can	open.	Offices	can	open	at	50%	

capacity.† 

Apr	26 Apr 27–May	4 May 27 

Executive	Order	D	2020	058 Disaster emergency extension May 7 May 7 Jun	6 
Executive	Order	D	2020	067 Extending	EO	D	2020	039,	ordering	workers	in	

critical businesses and government, to wear 
nonmedical face coverings 

May	16 May	16 Jun	16	 

Executive Order D 2020 079 Extension	to	EO	D	2020	044:	Safer	at	Home	to	
permit public places to offer outdoor dining, and 

limited indoor dining 

May 25 May 25 Jun 1 

*COVID-19‒relevant executive orders are detailed in (11) and CDPHE policies are described in (12). CDPHE, Colorado Department of Public Health and 
Environment; COVID-19, coronavirus disease; EO, executive order; NA, not applicable; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Retail business and personal	services	were	permitted	to	open	on	May	1,	offices	were	permitted	to	open	at	50%	capacity	on	May	4.	All	other	measures 
went into effect April 27. 
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wearing masks. We assume in the model that masks 
made from household materials are ≈50% effective 
in trapping infectious particles when worn properly 
(17,18). Previous studies estimated that ≈23% of con-
tacts occur at home (20). Because persons spent more 
time at home during the pandemic, we assumed that 
67% of the contact of an individual is with nonhouse-
hold members. We assumed that mask wearing was 
uniform across asymptomatic and presymptom-
atic persons and fit the proportion of the population 
wearing masks beginning on April 4, the date of the 
governor’s press conference advising persons living 
in Colorado to wear masks. Because some transmis-
sion might also occur by fomites, we modeled mask 
effectiveness as a net 27% reduction in infectiousness 
among asymptomatic persons wearing masks. In 
addition, we assume mask wearing decreases trans-
mission by presymptomatic persons (21,22); this is 
modeled as a 3.4% reduction in infectiousness for 
symptomatic persons wearing masks (assuming that 
symptomatic persons are asymptomatic on 1 of 8 in-
fectious days). This model does not account for po-
tential reduction in infectiousness by symptomatic 
persons who are assumed to isolate (23).

We modeled self-isolation assuming that a propor-
tion of symptomatic case-patients self-isolate 24 hours 
after the onset of symptoms, and that self-isolation 

reduces transmission by symptomatic persons to non-
household contacts. This assumption is modeled as a 
59% reduction in contacts by symptomatic persons 
who self-isolate. Self-isolation begins in the model on 
March 5 and the proportion of symptomatic persons 
who self-isolate is fit to the data.

Estimating Social Distancing and Other Transmission-
Reducing Interventions
We inferred the effect of social distancing and other 
interventions on transmission by using an algorithm-
based optimization procedure at 4 different time points 
from April through June. We used the same approach-
es to estimate parameters that might vary regionally 
or for which there was considerable uncertainty in the 
literature (Table 2). We identified best-fitting param-
eter values by using a least-squares cost function that 
minimized difference between the model-estimated 
and observed number of reported SARS-CoV-2 cases 
in Colorado (fits 1 and 2) and the observed number of 
COVID-19 hospitalizations (fits 3 and 4). When fitting 
to cases (fits 1 and 2), it was necessary to also fit a pa-
rameter for the estimated probability that cases would 
be detected by state surveillance. We minimized the 
cost function by using a 2-stage fitting algorithm in R 
(27) and used the FME package (28) by first applying a 
pseudo-random optimization algorithm (29) to find a 

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	27,	No.	9,	September	2021	 2315

Figure 1.	Emergence	of	COVID-19,	Colorado,	USA,	2020,	showing	policy-based	responses	(A)	and	definition	of	4	distinct	social	
distancing	phases	(B)	corresponding	with	early	closures	(phase	1,	March	17‒25);	statewide	stay-at-home	(phase	2,	March	26‒April	
26),	statewide	partial	transition	to	safer-at-home	(phase	3,	April	27–May	8);	statewide	safer-at-home	(phase	4,	May	5–June	3).	Social	
distancing	parameters	were	estimated	at	4	points	during	March‒June	by	using	model	fitting	procedures	and	reported	case	data	(fits	1	
and	2)	and	hospital	census	data	(fits	3	and	4).	In	light	of	the	5.1	day	mean	incubation	period,	the	≈7-day lag between symptom onset 
and case report, and the ≈8-days	between	symptom	onset	and	hospitalization	based	on	state	records,	there	are	≈12	and	13	day	lags	
between	infection	and	case	report,	and	infection	and	hospitalization,	respectively	(gray	boxes).	Thus,	at	each	model	fit,	we	could	
estimate	social	distancing	parameters	reflecting	transmission	conditions	up	to	12	(fits	1	and	2)	or	13	(fits	3	and	4)	days	before	the	fit	
date. Asterisks (*) indicate estimate generated for only part of the period. COVID-19, coronavirus disease; P, phase.
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region of minimum difference between the model and 
the data. The second phase used least-squares optimi-
zation applying the Levenberg-Marquardt algorithm 
(30). We calculated 95% CIs by using a Markov Chain 
Monte Carlo simulation with an adaptive Metropolis 
algorithm with 1,500 iterations (28). This method ob-
tains 95% CIs by sampling from a Gaussian distribu-
tion around the mean trajectory of the ordinary dif-
ferential equation model. By the end of March, the 
differential sensitivity matrix was full rank, and thus 
all 6 parameters were identifiable for all datasets used 
(Appendix Figure 3).

Because of the median 7-day lag between symp-
tom onset and reporting, on April 3 (fit 1), we included 
cases that had a symptom onset date through March 
26 for model fitting, which enabled us to generate a 
preliminary estimate of phase 1 social distancing. On 
April 16 (fit 2), we included cases that had an onset 
date through April 9 for model fitting, which enabled 
us to refine estimates of social distancing during phase 
1 and generate preliminary estimates of social dis-
tancing during phase 2. We generated a preliminary 
estimate of phase 3 social distancing on May 15 (fit 3) 
and then re-estimated on June 16 (fit 4), when social 
distancing during phase 4 was estimated. We estimat-
ed the proportion of the population wearing masks 
in fits 3 and 4 with the effectiveness assumptions 

defined and estimated the effective reproduction 
number (Re) from the model output (Appendix). We 
additionally estimated the overall number of hospi-
talizations prevented as a result of decreasing con-
tacts by comparing the fitted model on June 16 with a 
reference scenario assuming no reduction of the con-
tact rate (social distancing = 0%).

Projections of COVID-19 Hospitalizations and ICU Need
We used the fitted parameters to generate projections 
of future hospital and critical care needs under differ-
ent scenarios. Changes in social distancing were im-
plemented beginning 2 weeks after the date of model 
fitting to account for lags in policy implementation. 
All other parameters were held fixed as estimated 
from the model. Preparing for and meeting ICU load 
was a critical decision-making issue.

Population Mobility
We used SafeGraph (https://www.safegraph.com) 
data to examine changes in mobility in Colorado from 
March through June. Specifically, we used an aggre-
gated and anonymized measure of time away from 
home reported at the census block group. We cal-
culated changes in mobility as a percent decrease in 
time away from home relative to pre-epidemic base-
line: January 29–February 15 (mean 2.3 hours).
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Table 2.  Model-estimated	levels	of	social	distancing,	mask	wearing	and	other	parameter	values	at	4	time	points	over	the	course	of	the	
SARS-CoV-2	epidemic,	Colorado,	USA,	2020* 

Characteristic 

Range of possible 
values and 

sources (ref.) 

Fitted value 
as	of	Apr	3† 

(95%	CI) 

Fitted value 
as	of	Apr	16† 
(95%	CI) 

Fitted value 
as of May 15† 
(95%	CI) 

Fitted value 
as	of	Jun	16† 
(95%	CI) 

Estimated effectiveness of social distancing 
 

    
 Phase	1:	early	closures, Mar 17‒25,	%‡ 10‒70 45	(42‒53) 65	(63‒72) 52	(49‒66) 52 (52‒53) 
 Phase	2:	state-wide stay-at-home,  
 Mar	26–Apr	26,	% 

50‒99 NA 76	(72‒77) 80	(80‒83) 81	(80‒82) 

 Phase	3:	half	of	state	under	stay-at-home,  
 half transitioned to safer at home,  
 Apr 27–May	8,	% 

45‒99 NA NA 80	(78‒84) 85	(83‒90) 

 Phase	4:	statewide safer at home,  
 May 9–Jun	3,	%§ 

NA NA NA NA 90	(85‒93) 

 Proportion of population wearing masks  
 starting	Apr	4 

0.1‒0.8 NA NA 0.4 
(0.11‒0.64) 

0.40 
(0.15‒0.76) 

Other parameter values 
 

    
 Rate of infection 0.2‒0.6	(24) 0.41 

(0.39‒0.42) 
0.50 

(0.49‒0.51) 
0.48 

(0.46‒0.49) 
0.48 

(0.48‒0.48) 
 Reduction in infectious contacts due to  
 symptomatic persons who self-isolate after  
 March 5 

0.3‒0.8	(15) 0.38 
(0.22‒0.43) 

0.47 
(0.34‒0.50) 

0.30 
(0.29‒0.31) 

0.32 
(0.32‒0.32) 

 Ratio of infectiousness for symptomatic vs.  
 asymptomatic persons 

1.0‒4.0	(25,26) 2.27 
(2.22‒2.29) 

1.50 
(1.35‒1.56) 

1.65 
(1.60‒1.77) 

1.68 
(1.67‒1.69) 

 Probability that symptomatic cases are 
 identified by state surveillance 

0.05‒0.6	(24) 0.28 
(0.16‒0.45) 

0.33 
(0.27‒0.44) 

NA NA 

*COVID-19, coronavirus disease; NA, not available; ref, reference; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Fit 1 uses all reported SARS-CoV-2	cases	as	of	Apr	3	with	an	onset	date	of	Mar	26	or	earlier;	fit	2	uses	all	reported	cases	as	of	Apr	16	with	an	onset	date	
of	Apr	8	or	earlier;	fit	3	uses	COVID-19	hospital	census	through	May	15;	fit	4	uses	hospital	census	data	through	Jun	16. 
‡For the purpose of model fitting, phase 1 social distancing was modeled by using a start date of Mar 17, which corresponded with the closure of bars, 
restaurants, casinos, and many public schools in the state. 
§The statewide Safer at Home policy remained in effect through the summer, but because of the 5.1-d mean incubation	period	and	the	8-d lag between 
symptom	onset	and	hospitalization,	we	were	able	to	generate	transmission	estimates	through	Jun	3. 
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We examined the relationship between mobil-
ity and transmission by calibrating the transmission 
parameter, β, conditional on time away from home 
at baseline. We then projected the model forward, 
enabling the parameter for the daily time away from 
home to change according to observed mobility data. 
These projections assume no other transmission re-
ducing behavior (i.e., no mask wearing or self-iso-
lation) to avoid conflating parametric assumptions 
with changes in observed mobility, nor changes to 
any other aspects of the model.

Results

Estimating Efficacy of Social Distancing and Other 
Transmission-Reducing Interventions
On April 3 (fit 1), we generated a preliminary estimate 
of social distancing during phase 1, which equated to 
a ≈45% decrease in the contact rate (Table 2; Figure 2), 
and Re decreased from 5.3 to 2.4 (Figure 3). Because 
of the ≈12-day lag between infection and case report, 
this preliminary estimate was through March 21. On 
April 16 (fit 2), with more complete case data, the 
updated estimate of social distancing during phase 
1 was greater: a 65% decrease in the contact rate. At 
this point, we generated a preliminary estimate of the 
level of social distancing during the first 2 weeks of 
phase 2 (March 26–April 4): 76%. Re was estimated to 

be 0.9. Incorporating increasing data and using CO-
VID-19 hospitalizations instead of case reports, on 
May 15 (fit 3), we re-estimated phase 1 and phase 2 
parameters, which indicated transmission reduction 
had been more moderate initially (social distancing 
= 52% for phase 1), and greater for phase 2 (social dis-
tancing = 80%). On May 15, which was 18 days af-
ter the end of the stay-at-home order, there was no 
evidence of an increase in hospitalizations or contact 
rate due to decreased restrictions, noting that because 
of the ≈13-day lag between infection and hospitaliza-
tion, this estimate reflects transmission through May 
2. A month later on June 16 (fit 4), a greater decrease 
in transmission was estimated for phase 3 (social dis-
tancing = 85%), and the estimated decrease in contact 
rates during safer-at-home (phase 4) was 90%. Esti-
mated Re decreased to 0.6 during phase 4.

Estimated Reduction in Hospitalizations from  
Decreased Contacts
As of June 16, a total of 5,272 COVID-19 hospital-
izations in Colorado had been reported to CEDRS, 
and EMResource data strongly suggested under-
reporting of COVID-19 hospitalizations to CEDRS 
during April and May. Using CEDRS and EMRe-
source data, we found that the SEIR model esti-
mated a cumulative of 5,344 COVID-19 hospital-
izations in Colorado by Jun 16 (Figure 2, panel D). 
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Figure 2. Observed (black 
bars) versus model-estimated 
(green line) number of reported 
coronavirus disease cases 
(panels	A,	B)	and	hospitalizations	
(panels	C,	D),	Colorado,	USA,	
2020, based on models calibrated 
at	4	points	in	the	early	months	
of the epidemic. Model-based 
estimates were generated 
by using an age-structured 
susceptible-exposed-infected-
recovered	model,	and	best-fit	
parameter values were estimated 
based on observed data shown. 
Reported cases are shown by 
using symptom onset date or 
report date minus 7 days if onset 
date was missing, in accordance 
with onset to report lags for 
Colorado during this period.
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Assuming that no measures had been taken to alter 
individual behavior or risk perception (social dis-
tancing 0% throughout), we estimate that >173,000 
hospitalizations would have occurred by that same 
date, suggesting that ≈97% of potential hospitaliza-
tions were avoided as a result of decreases in effec-
tive contacts.

Projecting Hospitalizations and ICU Need
We provide projected hospitalizations (Figure 4) and 
ICU need (Figure 5) that were generated from each 
of the 4 model fits. Fit 1, produced with the least 
available data, substantially overestimated hospital-
izations and ICU need compared with later fits and 
predicted that ICU capacity would be exceeded even 
if 80% contact reduction was achieved. As data ac-
cumulated and transmission slowed in the state, the 
estimated peaks under all possible levels of social dis-
tancing decreased and shifted later in the year, and 
projections indicated contact reduction would need 
to remain at or above ≈70% to prevent exceeding  
ICU capacity.

Association between Changes in Mobility  
and Contact Rates
Residents of Colorado decreased activity outside the 
home starting in early March (Figure 6, panel A). The 
trends in mobility data suggest that, on average, the 
time spent away from home decreased by ≈60% from 

February to mid-April. Time away from home began 
to increase in late April, before the end of statewide 
stay-at-home orders, and increased steadily through 
June. Mobility metrics initially reinforced estimated 
social distancing levels, and percent reduction in time 
away from home coincided with estimated trans-
mission reduction resulting from social distancing 
(Figure 6, panel B). However, increased time away 
from home in late April contrasted with estimated 
infectious contact reduction, which remained high 
through June. We compared hospitalizations simu-
lated from mobility data to observed and observed a 
relatively strong association up until late April (Fig-
ure 6, panel C). After that, the modeled and observed 
trends decoupled, indicating that other behaviors or 
interventions not captured by mobility played a ma-
jor role in transmission reduction.

Discussion
We used an SEIR transmission model, calibrated to lo-
cal COVID-19 case and hospital data, to estimate the 
collective impact of individual behaviors and public 
policy measures in reducing COVID-19 transmission 
in Colorado during 2020, providing time-sensitive es-
timates of the pandemic trajectory to policy-makers 
to assist in decision-making. COVID-19 policies in-
troduced during March and April were followed by 
substantial decreases in contact rates and suppres-
sion of the Re well below 1, in agreement with other  
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Figure 3. Estimated Re over 
time,	Colorado,	USA	2020,	
based on susceptible-exposed-
infected-recovered	models	fit	
to	data	at	4	time	points	in	the	
early months of the epidemic. 
The reproductive number was 
estimated from model output at 
the	time	of	each	fit.	A)	Fit	1	on	
April	3;	B)	fit	2	on	April	16;	C)	
fit	3	on	May	15;	D)	fit	4	on	June	
16.	Dashed	lines	indicate	an	
Re of 1, below which the rate 
of new infections decreases 
and above which the rate of 
new infections increases. Re, 
effective	reproductive	number.
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studies of nonpharmaceutical interventions to de-
crease SARS-CoV2 transmission (31–34). These val-
ues remained low after the stay-at-home order was 
lifted and mobility increased.

The continued suppression of transmission might 
be explained, in part, by transmission control policies 
that remained in effect and/or were implemented 
after stay-at-home ended: outbreak prevention and 
control strategies in long-term care facilities persist-
ed, capacity limits were implemented for businesses 
and restaurants, and mass gatherings were banned. 
Moreover, the state reopened slowly during April 
and May. Given the typical lags between infection 
and hospitalization, the estimates do not capture the 
impact of reopening measures implemented during 
or after late May (e.g., restaurant openings).

Mobility, assessed by using mobile-device data, 
generally reflected state-level policy during March–
June but mirrored transmission only in the early 
months of the pandemic. Mobility decreased rapidly 
in March in concert with early transmission control 
policies and the statewide stay-at-home order, and 
mobility increased as social distancing policies were 
relaxed. Consistent with our findings, others have 
found that US population mobility was reactive to 
policy during March: greater perceived disease prev-
alence and governmental stay-at-home orders re-
sulted in less mobility and social interaction (35–37). 
However, in Colorado, lifting stay-at-home orders 

and concurrent increases in mobility do not appear 
to have led to increased transmission, indicating the 
limitations in using mobility data to predict transmis-
sion. These results warrant further investigation in 
other contexts to help clarify the utility of mobility 
data in SARS-CoV-2 forecasting, particularly during 
reopening phases.

Mobility data can be used to estimate when and 
where persons are congregating, a precondition for 
transmission, but do not sufficiently capture behav-
iors such as mask wearing, physical distancing, or 
moving activities outside. Those individual behav-
iors can play a critical role in spreading infections, 
and understanding what drives those behaviors can 
improve epidemic response. Public perception of 
and reaction to perceived risk is multifactorial, and, 
although clearly influenced by policy, in a time of 
heightened fear, local policy probably plays only a 
partial role in determining risk-reducing behavior. 
Rapid and frequent introduction of COVID-19–re-
lated policy measures and public communication by 
government officials at the national, state, and local 
scales probably increased fear and public risk percep-
tion regarding COVID-19 transmission, and contrib-
uted to adoption of transmission-reducing behaviors 
before the start of and beyond the end of stay-at-home 
orders (38). Conversely, persons might perceive de-
creased risks and abandon risk-reducing behaviors 
when transmission control policies are relaxed, a  
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Figure 4. Projected 
coronavirus disease 
hospitalizations, Colorado, 
USA,	2020,	if	current	trajectory	
continued (black line) and for 
a range of social distancing 
scenarios (colored lines) 
generated by models calibrated 
at	4	time	points	during	April‒
June	(fit	1:	Apr	3;	fit	2:	April	16;	
fit	3:	May	15;	fit	4:	June	16).	
Current trajectory was based 
on estimated parameters 
generated	for	each	fit.	Social	
distancing is modeled as 
a percent reduction in the 
contact rate (from baseline), 
and changes in social 
distancing are introduced 2 
weeks	after	model	fitting	date.	
All	other	fitted	parameters	are	
held at the estimated values 
for	each	fit.	Because	peak	
hospitalization estimates from 
fit	1	were	substantially	higher	
than	estimated	for	later	fits,	the	
y-axis is scaled to 50,000 as 
opposed	to	25,000	for	fits	2–4.	Numbers	in	parentheses	are	current	values.	
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phenomenon we suspect contributed to an increase in 
COVID-19 transmission in Colorado during July 2020 
(39). Research on how risk perception and behavior 
fluctuates in relationship to the epidemic trajectory 
can improve communication and policy making.

Real-time estimation of contact reduction enabled 
us to respond to urgent requests to actively inform 
rapidly changing public health policy amidst a pan-
demic. In early stages, the urgent need was to flatten 
the curve (Figure 4, panels A, B; Figure 5, panels A, 
B). Policymakers used initial projections to support 

decision making on the timing and scope of proposed 
social distancing policies and to compare potential 
healthcare need and existing capacity under different 
scenarios. Once infections began to decrease, there 
was interest in the degree of increased social con-
tact that could be tolerated as the economy reopened 
without leading to overwhelmed hospitals (Figure 4, 
panels C, D; Figure 5, panels C, D). Model estimates 
were used to evaluate the impact of past policies and 
to forecast the impact of future proposed interven-
tions, including permutations of layered policies or 
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Figure 5. Projected coronavirus 
disease	ICU	needs,	Colorado,	
USA,	2020,	if	current	trajectory	
continues (black line) and for 
a range of social distancing 
scenarios (colored lines) 
generated by using models 
calibrated	at	4	time	points	
during	April‒	June	(fit	1:	Apr	3;	
fit	2:	April	16;	fit	3:	May	15;	fit	
4:	June	16).	Current	trajectory	
was based on estimated 
parameters generated for each 
fit.	Social	distancing	is	modeled	
as a percent reduction in the 
contact rate from baseline, and 
changes in social distancing 
are introduced 2 weeks after 
model	fitting	date.	All	other	
fitted	parameters	are	held	at	the	
estimated	values	for	each	fit.	
Because	ICU	estimates	from	fit	
1 were substantially higher than 
for	later	fits,	the	y-axis	is	scaled	
to 20,000 as opposed to 10,000 
for	fits	2–4.	Colorado	estimated	
ICU	capacity	(1,800	beds)	is	
indicated	by	the	dashed	gray	horizontal	line.	ICU,	intensive	care	unit.	Numbers	in	parentheses	are	current	values.	

Figure 6.	Changes	in	population	mobility	before	and	after	emergence	of	coronavirus	disease,	Colorado,	USA,	2020,	and	comparison	
between mobility and estimated social distancing. A) Changes in mobility measured by the number hours spent away from home per 
day	(source:	SafeGraph,	https://www.safegraph.com).	Gray	line	indicates	daily	observations,	and	black	line	indicates	a	smoothed	line	
using	locally	estimated	scatterplot	smoothing	in	R	(https://www.r-project.org).	The	ribbon	at	the	bottom	indicates	the	4	social	distancing	
phases.	B)	Comparison	between	susceptible-exposed-infected-recovered	model-estimated	social	distancing	(colored	boxes)	and	
reduction	in	mobility	relative	to	the	preintervention	period,	January	29–February	15	(colored	lines).	Colors	correspond	to	the	4	social	
distancing phases. Reductions in mobility are calculated as percentage decreases in time away from home relative to pre-epidemic 
baseline. C) Observed hospitalization data (red) and the simulated hospitalizations based on time away from home relative to a baseline 
mean during January 29–February 15. In the simulation, it is assumed there is no self-isolation of symptomatic infectious, no mask 
wearing, and no other transmission reduction to highlight the role of the mobility data in the simulation. P, phase.
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interventions. Using locally derived estimates en-
abled policymakers to evaluate potential disease con-
trol strategies that were relevant to the current trans-
mission trends in Colorado. For example, as the age 
distribution shifted within the epidemic in Colorado, 
estimates with contact rates that varied by age group 
were produced and used to evaluate policies or in-
terventions targeted to specific age groups, such as 
return to school and alcohol last call policies.

A key challenge we faced was generating pro-
jections of hospital and critical care needs with lim-
ited data and rapidly evolving science. Early model 
estimates were imprecise because data were sparse 
and poor quality, leading projections to overesti-
mate hospital needs. Estimates and, consequently, 
projections improved with greater data quantity 
and quality. Another challenge was the need to gen-
erate estimates under extreme time constraints. We 
designed a preliminary model in a matter of days 
and adapted it regularly to accommodate new data 
streams and science. The need for efficiency led to 
tradeoffs: for example, we did not account for age-
specific contact rates (40). We present this material 
not as a finished work but to illustrate how models 
can be constructed and adapted in real time to in-
form critical policy questions.

The model findings were provided weekly to 
decision-makers in Colorado by written reports and 
briefings. These collaborative interactions provided 
an opportunity to review findings and define projec-
tion scenarios useful for decision-making. The rap-
idly developed, locally calibrated transmission model 
provided timely evidence of a moderate decrease in 
transmission in Colorado after an early transmission 
control policy began and a substantial decrease in the 
contact rate after stay-at-home orders that persisted 
after these policies were partially relaxed. Decreases 
in transmission mirrored changes in mobility through 
the end of stay-at-home, at which point mobility 
ceased to be a clear proxy for transmission. Locally 
calibrated models have local credibility and can be 
used to provide time-sensitive, tailored information 
to policymakers to assist their decision-making.
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Coronavirus disease (COVID-19) was fi rst identi-
fi ed in Wuhan, China, in December 2019 (1). The 

fi rst reported case in the United States was identifi ed 
in January 2020 (2); by mid-March, cases had been re-
ported in all 50 states (3). On March 16, 2020, the White 
House Coronavirus Task Force published guidance for 
curbing community spread of COVID-19 (4); soon af-
ter, states began to enact stay-at-home orders (5). By 
late May 2020, all 50 states had begun easing restric-
tions; reported cases reached new peaks in the summer 
and then winter months of 2020 (6,7). As restrictions 
further ease with increased availability of vaccine, 
and as pandemic fatigue may cause persons to adhere 
less consistently to recommended guidance such as 
masking and distancing, it may be informative to look 
back at exposures and within-household transmis-
sion during a period when few mitigation measures 
were in place. We characterized exposures common 
among persons with the earliest reported confi rmed 
COVID-19 cases in the United States (onset mid-January 
through early April 2020) and identifi ed factors associ-
ated with presumed household transmission.

This activity was reviewed by the Centers for 
Disease Control and Prevention (CDC) and was con-
ducted consistent with applicable federal law and 
CDC policy. Forms were approved under the Offi ce 
of Management and Budget (no. 0920–1011).

Methods

Data Source
The case investigation form (CIF; Appendix 1,  https://
wwwnc.cdc.gov/EID/article/27/9/20-4577-App1.

Patterns of Virus Exposure 
and Presumed Household 

Transmission among Persons 
with Coronavirus Disease, 

United States, January–April 2020
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We	 characterized	 common	 exposures	 reported	 by	 a	
convenience	sample	of	202	US	patients	with	corona-
virus	disease	during	January–April	2020	and	identifi	ed	
factors associated with presumed household transmis-
sion. The most commonly reported settings of known 
exposure were households and healthcare facilities; 
among case-patients who had known contact with 
a	 confi	rmed	 case-patient	 compared	 with	 those	 who	
did not, healthcare occupations were more common. 
Among case-patients without known contact, use of 
public	 transportation	 was	 more	 common.	 Within	 the	
household, presumed transmission was highest from 
older (>65	 years)	 index	 case-patients	 and	 from	 chil-
dren to parents, independent of index case-patient 
age.	These	 fi	ndings	may	 inform	 guidance	 for	 limiting	
transmission and emphasize the value of testing to 
identify community-acquired infections.
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pdf) is a supplemental questionnaire designed by 
CDC in January 2020 to collect detailed demographic 
and epidemiologic information about a convenience 
sample of US COVID-19 case-patients reported by 
participating states. This purposive nonprobability 
sample was selected at the state level from persons 
identified through care-seeking, surveillance, or con-
tact tracing as having COVID-19; infection with severe 
acute respiratory coronavirus 2 (SARS-CoV-2) was 
confirmed by reverse transcription PCR. CDC pro-
vided guidance for selection of case-patients across 
a range of ages and symptom severities (i.e., hospi-
talized and nonhospitalized), but states individually 
controlled sampling. The CIF was completed by state 
or local health department personnel or by CDC staff 
through case-patient or proxy interviews, along with 
medical record reviews (when relevant).

Case-patient demographic information included 
age, sex, race, ethnicity, and occupation. Workplace 
settings were classified according to 2012 census in-
dustry codes (Appendix 2, https://wwwnc.cdc.gov/
EID/article/27/9/20-4577-App2.pdf). Clinical infor-
mation included underlying conditions, symptoms, 
symptom onset date, dates of medical visits, and 
outcome (death or survival). For hospitalized case-
patients, information was requested about whether 
the patient had been admitted to an intensive care 
unit, whether oxygen was received, admission and 
discharge dates, diagnosis, and location. Questions 
about exposure included whether in the 14 days 
before illness onset the case-patient had known ex-
posure to a case-patient with laboratory-confirmed 
COVID-19 (COVID-19 contact) and, if so, the rela-
tionship and setting of the exposure. Case-patients 
were also asked about their exposure risks (activities 
and possible exposures in the 14 days before illness 
onset) including travel; friends, acquaintances, co-
workers, or family members with fever or respiratory 
symptoms; close contact with (e.g., caring for, speak-
ing with, or touching) any ill persons; attendance at a 
mass gathering (e.g., religious event, concert, sports 
event); public transportation use; attendance or work 
at a school or daycare; school or daycare attendance 
by household members; close contact with a contact 
of a laboratory-confirmed case-patient; close contact 
with someone with fever, acute respiratory illness, or 
both who had traveled internationally in the previous 
14 days; and time in a healthcare setting as an em-
ployee, patient, or visitor.

The CIF also collected data on the case-patient’s 
household members, defined as anyone who stayed 
overnight in the same residence as the case-patient 
during the 14 days before the case-patient’s illness 

onset until the date of interview. Case-patients were 
asked for household members’ age, sex, relationship 
to the case-patient, and whether each person had “ex-
perienced fever or respiratory symptoms (e.g., cough, 
sore throat, etc.) within 14 days before or after the  
COVID-19 patient’s illness”; if yes, date of illness onset 
was collected. When the CIF was designed in January 
2020, the most commonly reported COVID-19 signs 
and symptoms were fever and respiratory symptoms, 
and guidance for mitigation measures within house-
holds had not been widely distributed.

Analysis of Exposures
We compared exposures between those reporting 
known close contact with a COVID-19 case-patient in 
the 14 days before illness onset and those reporting no 
known contact. Categorical variables were compared 
by using χ2 or Fisher exact tests, as appropriate. Con-
tinuous variables were compared by using t tests for 
normally distributed data and Wilcoxon rank sum tests 
otherwise. p<0.05 was considered significant. Analyses 
were conducted in SAS version 9.4 (https://www.sas.
com) and R (https://www.r-project.org).

Analysis of Presumed Household Transmission
We separately assessed presumed household trans-
mission by using information about household 
members provided by the interviewed COVID-19 
case-patient (CIF subject). In the absence of SARS-
CoV-2 testing data for all household members, we 
used reported signs and symptoms (i.e., fever or 
respiratory symptoms) as a proxy for symptomatic 
COVID-19 infection (i.e., household transmission). 
We analyzed households of >2 members (including 
the CIF subject) if the CIF subject had experienced 
>1 symptom (to enable identification of the first ill 
person [index case-patient] in the household), and 
symptom status was provided for >1 other house-
hold member. We required that the earliest symp-
tom onset date in the household be >1 calendar day 
before symptom onset in subsequent case-patients 
(to limit effect of co-exposures outside the home) 
and that the earliest onset date in the household be 
>3 days (our median serial interval) before the in-
terview (to allow time for symptoms to develop in 
exposed household members). We considered pre-
sumed household transmission to have occurred if 
>1 household member, in addition to the CIF subject, 
was reported as having fever or respiratory symp-
toms. The person with the earliest symptom onset 
date in a household was considered the index case-
patient, regardless whether SARS-CoV-2 testing had 
been performed. Any members of a given household 
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not identified as the index case-patient are hereafter 
referred to as household contacts.

We calculated the overall household attack rate 
for symptoms as the number of symptomatic house-
hold contacts divided by the total number of house-
hold contacts with reported symptom status, with 
Wilson score 95% CI, and the serial interval as the 
time from symptom onset in the index case-patient 
to first symptom onset in a household contact. We in-
vestigated age and sex of the index case-patients and 
their contacts, household size, and relationship of the 
contact to the index case-patient as possible correlates 
of contact symptom status by using generalized esti-
mating equation logistic regression with households 
as the cluster and individual symptom status as the 
outcome; we used an exchangeable correlation ma-
trix and robust SEs. We excluded household contacts 
missing symptom status from this analysis. We exam-
ined models for collinearity and reduced if necessary. 
We did not include hospitalization status of the index 
case-patient in models because of collinearity with 
index case-patient age. We dichotomized contact age 
(<18 or >18 years) to avoid collinearity with familial 
relationship and index case-patient age.

To explore the validity of using reported symp-
tom status to estimate household symptomatic at-
tack rates, we calculated sensitivity and specificity 
by using a subset of households for which complete 
reverse transcription PCR and serologic testing data 
were available (8). We conducted a sensitivity analy-
sis by reclassifying data according to a range of plau-
sible misclassification rates (Appendix 2).

Results

Overview of the Analysis Population
Data were collected from 16 states (Alaska, Arizona, 
California, Connecticut, Georgia, Hawaii, Illinois, 
Minnesota, Pennsylvania, Rhode Island, Tennessee, 
Utah, Virginia, Vermont, Washington, and Wiscon-
sin) with 202 laboratory-confirmed COVID-19 case-
patients with symptom onset during January 14–
April 4, 2020. Age of COVID-19 case-patients in the 
sample ranged from <1 to 95 years, almost all were 
symptomatic (195; 97%), and 1 in 3 was hospitalized 
for management of COVID-19 symptoms (Appendix 
2 Table 3). Of the 202 case-patients, 34 (17%) reported 
having diabetes mellitus and 48 (24%) reported hy-
pertension.

Exposures
A total of 82 (41%) case-patients reported known 
contact with a laboratory-confirmed COVID-19 case- 

patient in the 14 days before symptom onset. The most 
commonly reported exposure setting was the house-
hold (44/82; 54%); within the household setting, the 
most frequently reported source of COVID-19 ex-
posure was the spouse or partner of the COVID-19 
case-patient (16/44; 36%). The second most reported 
exposure setting was healthcare (20/82; 24%); 14 of 
the 20 persons exposed in the healthcare setting were 
healthcare workers, 4 were seeking care for unrelated 
medical issues, and 2 were visitors.

Among persons reporting no known COVID-19 
contact, 20/84 (24%) reported having close contact 
with an ill person. Persons with no known COVID-19 
contact worked in a variety of industries, most com-
monly healthcare (10/90; 11%); professional/office 
settings (10/90; 11%); education (9/90; 10%); and 
accommodation, food, or other services (9/90; 10%) 
(Table 1). In comparison, 28% (20/72) of persons with 
known COVID-19 contact reported working in health-
care. Persons with no known COVID-19 contact were 
significantly less likely than those with known con-
tact to report spending time in a healthcare setting (p 
= 0.004). However, they were somewhat more likely 
to report travel (38% vs. 26%) or attendance at a mass 
gathering (36% vs. 21%) and significantly more likely 
to report use of public transportation (44% vs. 16%), 
compared with persons reporting known COVID-19 
contact (p = 0.005)

Of the 202 case-patients, 23 (11.3%) reported no 
known contact with a confirmed case-patient, no 
travel within 14 days before illness onset, and none of 
the exposure risks assessed. These persons ranged in 
age from 21 to 88 years and were significantly older 
than those reporting >1 possible exposure (median 
age 52 vs. 49 years; p<0.0001). They required hospi-
talization more frequently than those reporting >1 
possible exposure (52% [12/23] vs. 30% [54/179]; p = 
0.10), and were significantly more likely to report >1 
underlying medical condition (87% [20/23] vs. 58% 
[104/179]; p = 0.029). They were much more likely to 
report having diabetes mellitus (43% [10/23] vs. 14% 
[24/176]; p = 0.002).

Analysis of Presumed Household Transmission
A total of 69 case-patients provided data on the symp-
tom status of >1 household members and were includ-
ed in our household analysis; in 48 (70%) households, 
the CIF subject was the first or only symptomatic per-
son in the household (i.e., was identified as the index 
case-patient; Figure 1). In half (34/69; 49%) of included 
households, >1 household member, in addition to the 
CIF subject, was symptomatic (i.e., virus transmission 
was presumed). Included households ranged in size 

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	27,	No.	9,	September	2021	 2325



RESEARCH

from 2 to 16 persons (median 4 persons) and com-
prised a variety of household types (e.g., couples, nu-
clear families, roommates, multigenerational); house-
hold size and members’ ages, sexes, and relationships 
were interrelated. Presumed transmission was more 
frequently observed in larger households (78% of 
households with >5 members vs. 39% of households 
with <5 members; p = 0.005) (Figure 2). Within house-
holds with more members, a larger number of house-
hold contacts reported symptoms (Figure 2).

Among 201 household contacts, 193 had data 
on symptom status, of which 62 (32%; 95% CI 26%–
39%) were symptomatic. Sensitivity analysis results 
showed a similar plausible range of attack rates 
(21%–39%; Appendix 2 Results and Table 1). The me-
dian serial interval was 3 days (range 1–10 days).

Although our sample did not have large num-
bers of index case-patients at the age extremes, 
household contacts were more likely to be symptom-
atic if the index case-patient was <5 (5 households) 
or >65 years of age (9 households) (Figure 3, panel 
A); trends were similar, but the point estimates were 
significant only for index case-patients >45 years of 
age (vs. index case-patients 18–44 years of age) after 
adjustment for contact age, contact sex, household 
size, and relationship of the contact to the index case-
patient (Table 2). Adult contacts were symptomatic 
more often than contacts <18 years of age (Figure 3, 
panel B), but this association was not significant in 
adjusted analyses (Table 2). The symptom status of 
household contacts was also associated with their re-
lationship to the index case-patient (Table 2). Among 
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Table 1. Reported exposures of 179 COVID-19 case-patients with submitted case investigation forms by known contact with a 
laboratory-confirmed COVID-19 case-patient,	United	States,	January–April 2020* 

Exposure 
No known contact, 
no.	(%),	n	=	97 

Known contact,  
no.	(%),	n	=	82 p value† 

Workplace setting‡   0.10 
Accommodation, food, and other services§ 9 (10.0) 2	(2.8)  
Construction 4	(4.4) 1	(1.4)  
Education¶ 9 (10.0) 5	(6.9)  
Healthcare 10 (11.1) 20	(27.8)  
Manufacturing 2 (2.2) 1 (1.4)  
Professional or office setting 10 (11.1) 7 (9.7)  
Transportation and warehousing and utilities 8	(8.9) 3	(4.2)  
Wholesale	or	retail	trade 3	(3.3) 7 (9.7)  
Other 7	(7.8) 6	(8.3)  
Insufficient information 5	(5.6) 6	(8.3)  
Not currently in the workforce 23	(25.6) 14	(19.4)  

Other	exposure	risks	in	previous	14	d    
 Spent time in a healthcare setting   0.0044 
  Yes 24	(26.1) 39	(48.1)  
  No 68	(73.9) 42	(51.9)  
 Close contact with a contact of a confirmed case   0.0002 
  Yes 3	(3.6) 17 (25.4)  
  No 81	(96.4) 50	(74.6)  
 Attended a mass gathering**   0.07 
  Yes 29	(35.8) 16	(21.3)  
  No 52	(64.2) 59	(78.7)  
 Used	public	transportation   0.0048 
  Yes 23	(44.2) 8	(16.3)  
  No 29	(55.8) 41	(83.7)  
 Attended or worked at a school or daycare   1.00 
  Yes 8	(14.3) 7	(14.3)  
  No 48	(85.7) 42	(85.7)  
 Had a household member who attended school or daycare   0.51 
  Yes 15	(18.3) 9	(13.0)  
  No 67	(81.7) 60	(87.0)  
 Travel away from home   0.14 
  International, with or without domestic 18	(18.9) 8	(10.0)  
  Domestic only 18	(18.9) 13	(16.3)  
  None 59	(62.1) 59	(73.8)  
*A	total	of	23	persons	did	not	know	or	did	not	report	whether	they	had	known	contact	with	a	person	with	laboratory-confirmed COVID-19	in	the	14	d	
before their own illness onset. Denominators differ because some questions had incomplete responses. All complete responses are presented for each 
question. COVID-19, coronavirus disease. 
†2 or Fisher exact test. 
‡Based on 2012 census industry codes. Mapping shown in Appendix 2 (https://wwwnc.cdc.gov/EID/article/27/9/20-4577-App2.pdf). 
§Not including public administration services. 
¶Includes persons >18	y	of	age	who	are	pursuing	higher	education. 
**Examples given in the questionnaire included religious event, wedding, party, dance, concert, banquet, festival, sports event, or other event. 
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the contacts of 9 index case-patients <18 years of age, 
11/16 (69%) parents, 6/13 (46%) siblings, and 2/5 
(40%) other household contacts later became symp-
tomatic. Among contacts of the 60 adult index case-
patients, 12/44 (27%) children (range 2–49 years of 
age), 12/45 (27%) spouses/partners, 7/16 (44%) par-
ents, and 11/42 (26%) other household contacts be-
came symptomatic. When we restricted the analysis 
to households in which the CIF subject was the in-
dex case-patient, overall trends were similar to those 
reported above, but small sample sizes precluded 
adjusted analyses (Appendix 2 Table 2).

Illness severity of the index case-patient could 
not be assessed in multivariable models because 
of low sample size and correlation with age. How-
ever, among 12 household contacts of 10 index case-
patients requiring hospitalization (three 18–44, five 
45–64, and two index case-patients >65 years of age), 
only 2 were symptomwatic.

Discussion
In this convenience sample of 202 early laboratory-
confirmed COVID-19 case-patients, predominantly 
identified before widespread mitigation measures 
in the United States, the most commonly reported 
settings of known exposure were households and 
healthcare facilities (primarily as a workplace). With-
in the household, presumed transmission by age of 
index case-patient followed a U-shaped pattern and 
was significantly higher among contacts of older (>65 
years of age) index case-patients than among contacts 
of index case-patients 18–44 years of age. Indepen-
dent of index case-patient age, parents of index case-
patients were significantly more likely than other 
household members to report development of symp-
toms consistent with COVID-19.

Previous research has also found healthcare 
workplaces and households to be commonly report-
ed settings of COVID-19 acquisition in the United 
States (9,10). In our analysis, the presumed second-
ary symptomatic attack rate among household mem-
bers was 32%, somewhat high but consistent with 
estimates from previous studies, ranging from 10% 
to 38% (11–16; J.B. Lopez et al., unpub data, https://
www.medrxiv.org/content/10.1101/2020.08.19.2017
7188v1). We found that presumed transmission was 
highest among contacts of older index case-patients 
(>65 years of age), even when controlling for contact 
age category, relationship, and household size; how-
ever, our sample size was insufficient to control for 
underlying conditions or hospitalization status of 
the index case-patient or for detailed age category of 
the household contact, which may have confounded 

this relationship because evidence suggests that 
older adults are more susceptible to COVID-19 (17). 
Although results were not statistically significant 
in adjusted analyses, we also found that contacts of 
index case-patients <18 years of age (especially in-
dex case-patients <5 years of age) were more likely 
than contacts of index case-patients 18–44 years of 
age to be symptomatic. Further, symptoms were sig-
nificantly more likely to develop in parents of index 
case-patients than in other household members. This 
relationship was independent of index case-patient 
age; however, in 8 households of adult case-patients 
with parental household members, 6 index case-pa-
tients were <30 years of age. Higher secondary trans-
mission to the household contacts of younger versus 
adult or older COVID-19 case-patients has also been 
reported in analyses from the United Kingdom, South 
Korea, and Canada (16; B.J. Lopez et al., unpub. data, 
https://www.medrxiv.org/content/10.1101/2020
.08.19.20177188v1; L.A. Paul, unpub. data, https://
www.medrxiv.org/content/10.1101/2021.03.29.2125
4565v1). These findings may be explained by the fact 
that SARS-CoV-2–infected children may have similar 
or higher viral loads than adults (18) and that they 
may have closer interaction with family members, 
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Figure 1. Households included in the analysis population for 
study of presumed household transmission among persons 
with	COVID-19,	United	States,	January–April	2020.	CIF,	case	
investigation form; CIF subject, interviewed COVID-19 case-
patient; COVID-19, coronavirus disease.
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especially parents. Parents, compared with other 
household members, may also play a greater role 
in caregiving to index case-patients, even for young 
adults. Conversely, in multigenerational households, 
adult children may act as caregivers for elderly par-
ents, possibly exposing them before symptom onset.

A substantial proportion (60%) of case-patients 
in our sample did not report contact with a laborato-
ry-confirmed COVID-19 case-patient in the 14 days 
before illness onset. Among case-patients without 
known COVID-19 contact, travel and public activities 
were more common, although only public transporta-
tion use was significantly higher when this group was 
compared with case-patients with known COVID-19 
contact. Public transportation has not been identified 
as a major source of SARS-CoV-2 transmission (19–21), 
although transmission on buses, trains, and commer-
cial flights has been reported (19,22–26). However, in 
our analysis, public transportation use might also have 
been more common among essential workers, those 
living in densely populated areas, or those with a his-
tory of travel—factors that could also increase oppor-
tunity for exposure to SARS-CoV-2 (27). Case-patients 

reporting no known source of infection, travel, or any 
other exposure risk factor tended to be older and to 
have more underlying medical conditions—particu-
larly diabetes mellitus. Persons with concurrent con-
ditions may be not only more susceptible to severe 
outcomes from COVID-19 (28,29) but also more sus-
ceptible to infection, as suggested by other analyses of 
SARS-CoV-2 (8,30) and Middle East respiratory syn-
drome coronavirus (31); however, more investigation 
is warranted.

The first limitation of our study was that the 
COVID-19 case-patients for whom the CIF was com-
pleted are a convenience sample of case-patients re-
ported by 16 states during January –April 2020. Given 
restricted testing practices in the United States dur-
ing January–March 2020, these case-patients are not 
representative of all US COVID-19 case-patients in 
terms of demographics, clinical characteristics, or ex-
posures. Furthermore, common exposures have var-
ied in time and geography over the course of the epi-
demic, and it is not possible to exclude the possibility 
that persons without known COVID-19 exposure had 
contact with an asymptomatic friend, co-worker, or 
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Figure 2. Proportion of 
households with presumed 
severe acute respiratory 
syndrome coronavirus 2 
transmission, by household 
size (including index case-
patient),	United	States,	
January–April 2020. Shading 
indicates percentage of 
households	with	the	specified	
number of symptomatic 
household contacts (i.e., 
excluding index case-
patient); households with 
zero symptomatic contacts 
(in white) are those in which 
presumed	household	transmission	did	not	occur.	n	=	no.	households	in	each	stratum.

Figure 3. Symptom status of 
household contacts, by age 
group of index coronavirus 
disease	case-patient	(n	=	192)	
and age group of household 
contact	(n	=	173),	United	
States, January–April 2020. 
Age group missing for 20 
contacts; age of index case-
patient missing for 1 contact.
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family member. Our observed secondary attack rates 
(symptomatic persons) may also have been affected 
by the timing of the investigation because public 
awareness regarding measures to mitigate within-
household transmission (e.g., isolation and mask-
wearing within the home) was probably lower in the 
early stages of the US epidemic. Information was not 
collected on the specifics of known COVID-19 expo-
sure, such as mask wearing or social distancing in the 
home or other exposure settings, because these were 
not common practices during survey design. The use 
of a convenience sample may have also affected find-
ings regarding presumed household transmission, 
such as if selection were biased toward inclusion of 
more severe cases or larger investigations. 

A second limitation is that SARS-CoV-2 infec-
tion in most household members was not laboratory-
confirmed, so household members with other causes 
of illness could have been misclassified as COVID-19 
case-patients and those with asymptomatic SARS-
CoV-2 infections misclassified as non–case-patients. 
The possibility of misclassification of children may 
have been higher, given that young children fre-
quently experience respiratory symptoms (32) and 
are less likely to show symptoms of SARS-CoV-2 in-
fection (33–35). However, overall patterns were sim-
ilar when analysis was restricted to laboratory-con-
firmed index case-patients, and the point estimate 

for odds of presumed symptomatic infection among 
contacts of index case-patients <5 years of age ver-
sus contacts of those 18–44 years of age was similar 
when contacts of unconfirmed index case-patients 
<5 years of age were excluded. In addition, 4 of 5 
households with index case-patients <5 years of age 
reported that >1 household member attended school 
or daycare in the 14 days before illness onset in the 
CIF subject, suggesting a possible outside source of 
infection. Of note, similar methods are frequently 
used for studies of influenza (36), and our observed 
overall symptomatic attack rate and serial interval 
are consistent with previous knowledge of SARS-
CoV-2 transmission (37,38). It is also possible that 
symptoms developed in some household members 
after the date of interview. To limit this possibility, 
we excluded households in which the interview took 
place <3 days (median serial interval in our data) af-
ter the CIF subject’s symptom onset. Similarly, some 
presumed secondary case-patients may have actu-
ally been index case-patients or were co-exposed to 
the index case-patient; we tested exclusion of con-
tacts with a 1-day lag in symptom onset and found 
similar trends, although the sample size precluded 
adjusted models. Previous research showing longer 
incubation periods for older patients suggests that 
households with older index patients would be less 
affected by such misclassification (39,40). 
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Table 2. Factors	associated	with	symptom	status	of	172	household	contacts	of	64	symptomatic	index	case-patients in households with 
presumed COVID-19	transmission,	United	States,	January–April 2020* 

Factor 
Unique	

households 
No. with symptoms/no. 

total contacts	(%) aOR (95% CI)† p value‡ 
Contact sex    0.73 
 F 50 28/85	(32.9) Referent 

 

 M 46 29/87	(33.3) 0.90	(0.49–1.64) 
 

Contact age, y    0.73 
 <18 25 13/50	(26.0) Referent 

 

 >18 63 44/115	(38.3) 1.15	(0.53–2.47) 
 

Household size, persons    0.006 
 <5 48 23/92	(25.0) Referent 

 

 >5 16 34/80	(42.5) 3.56	(1.45–8.74) 
 

Index case-patient age, y    0.035 
 <5 5 11/19 (57.9) 3.69	(0.65–20.95)  
 5–17 4 6/13	(46.2) 2.09	(0.39–11.05) 

 

 18–44 26 15/82	(18.3) Referent 
 

 45–64 21 20/49	(40.8) 4.61	(1.45–14.66) 
 

 >65 8 5/9	(55.6) 15.43	(2.28–104.17) 
 

Relationship of contact to index case-patient    0.070 
 Spouse 43 11/44	(25.0) Referent 

 

 Child 21 11/39	(28.2) 1.78	(0.58–5.45) 
 

 Parent 17 18/31	(58.1) 4.55	(1.22–17.00) 
 

 Other§ 23 17/58	(29.3) 1.47	(0.42–5.11) 
 

*A total of 21 contacts from 5 households (i.e., 5 index case-patients)	are	excluded	because	of	missing	data:	only	relationship	data	for	7,	only	sex	data	for	
2, only index case-patient’s age for 1; only contact’s age for 5,	relationship	and	contact	age	for	6.	Households	with	presumed	transmission	
indicates households of laboratory-confirmed COVID-19 case-patients where >1 household member exhibited symptoms; index case-patient indicates 
household /member with first reported onset of symptoms (regardless of laboratory confirmation); household contact indicates household member of the 
index case-patient. aOR, adjusted odds ratio (adjusted for all variables in the table); COVID-19, coronavirus disease. 
†Calculated using robust SEs. 
‡Generalized Wald test. 
§Includes siblings, grandparents, grandchildren, friends, and any household relationship or contact other than spouse, child, or parent. 
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Last, our sample size was limited by state capac-
ity for participation and data completeness. We did 
not have sufficient sample size to control for all pos-
sible confounders, such as index case-patient signs/
symptoms, clinical characteristics, or detailed con-
tact age category, so residual confounding is possi-
ble. The lower sample size also limited the precision 
of our estimates.

Our findings underline the exposure risk associ-
ated with work in a healthcare setting and within 
the household, as previously documented (9,10). 
However, most case-patients in the analysis did not 
have known contact with a laboratory-confirmed 
COVID-19 case-patient, reflecting unrecognized 
transmission and highlighting the need for wide-
spread testing in addition to community mitigation 
measures such as masking, hand hygiene, physi-
cal distancing, and limiting nonessential travel, 
as well as vaccination (41–43). When going out in 
public, persons should take preventive actions and 
consider the risks associated with public activities 
by taking into account local orders, their ability to 
maintain physical distance during the activity, and 
whether they or their household members are at 
risk for severe illness from COVID-19 (41). Every-
day preventive actions also protect at-risk house-
hold members. In this analysis, presumed house-
hold transmission was common, especially from 
the oldest index case-patients and from children to 
their parents. These findings are especially relevant 
to the context of in-person schooling because chil-
dren exposed at schools or daycare centers may in-
troduce COVID-19 into the home. Special care must 
be taken to mitigate exposure risks outside the home 
and to protect household members at high risk for 
severe COVID-19, such as older persons and those 
with concurrent conditions. Persons with COVID-19 
should follow recommendations to reduce the risk 
for within-household transmission, such as staying 
in a separate room, wearing a mask around others, 
practicing hand and cough hygiene, and frequently 
cleaning high-touch surfaces (44).
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Identifying possible pathogen hosts and studying 
transmission dynamics of hosts in their populations 

are crucial steps in controlling zoonotic diseases. The 
origin of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) is probably bats (1), but the po-
tential intermediate host has not yet been confi rmed. 
SARS-CoV-2 seems to readily jump from humans 
to other animal species, particularly carnivores (i.e., 
dogs, cats, ferrets, lions, pumas) (2,3), raising con-
cerns about new animal sources of coronavirus dis-
ease (COVID-19) (4,5).

SARS-CoV-2 infections in mink were reported 
from farms in Denmark and the Netherlands and lat-
er in other regions (6–9) (Figure 1). Because of SARS-
CoV-2 outbreaks in mink farms and their appearance 

in the surrounding communities, the European Cen-
tre for Disease Prevention and Control and the World 
Health Organization have emphasized the need for 
surveying the host–animal interface by collaboration 
among virologists and epidemiologists to track and 
characterize viral mutations (11). After SARS-CoV-2 
infections in mink in the Netherlands, the Dutch Min-
istry of Agriculture decided to cull the mink from all 
farms. In Denmark, the Danish National Institute of 
Public Health announced the culling of all 17 million 
mink in the country after the virus had passed back 
from the mink farms into the human community. The 
data available for Denmark on these mink-associated 
SARS-CoV-2 variants suggest that these variants can 
spread rapidly on mink farms and in nearby human 
communities (12). However, humans infected with 
the mink-related variants do not appear to have more 
severe clinical symptoms than those infected with 
non–mink-related variants (9).

Poland is the second-largest producer of mink 
pelts in Europe. Poland has 810 fur animal farms, 
including those for foxes, mink, raccoons, dogs, and 
chinchillas. The 354 active mink farms in Poland con-
tain ≈6.3 million mink. During 2019, mink farmers in 
Poland sold 8.5 million mink pelts (13,14).

As of May 5, 2021, Poland had recorded 2,838,180 
COVID-19 cases and 70,336 total related deaths (15). 
Considering the recent reports of SARS-CoV-2 infec-
tions in mink in other countries in Europe and the 
high incidence of human SARS-CoV-2 infections in 
Poland, we monitored SARS-CoV-2 in mink on 1 farm 
in Pomorskie Voivodeship in northern Poland.

Materials and Methods

Material Collection
We collected throat swab (BIOCOMA, http://www.
biocomma.com) specimens from 91 mink culled for 
pelting at a mink farm in Pomorskie Voivodeship in 
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Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the etiologic agent of coronavirus disease and 
has been spreading worldwide since December 2019. 
The virus can infect diff erent animal species under ex-
perimental conditions, and mink on fur farms in Europe 
and other areas are susceptible to SARS-CoV-2 infection. 
We investigated SARS-CoV-2 infection in 91 mink from a 
farm in northern Poland. Using reverse transcription PCR, 
antigen detection, and next-generation sequencing, we 
confi rmed that 15 animals were positive for SARS-CoV-2. 
We verifi ed this fi nding by sequencing full viral genomes 
and confi rmed a virus variant that has sporadic mutations 
through the full genome sequence in the spike protein 
(G75V and C1247F). We were unable to fi nd other SARS-
CoV-2 sequences simultaneously containing these 2 mu-
tations. Country-scale monitoring by veterinary inspection 
should be implemented to detect SARS-CoV-2 in other 
mink farms.
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northern Poland on November 17, 2020. The farm 
owner reported no respiratory symptoms in the ani-
mals. We collected blood samples directly from the 
heart by using cardiac puncture and a sterile 5-mL 
syringe immediately after death of the mink. After 
separation of the blood clot, we centrifuged samples 
at 5,000 rpm for 10 min by using an MPW High-
Speed Brushless Centrifuge (MPW Med Instruments, 
https://mpw.pl). We collected serum and stored it at 
−80°C until the samples could be analyzed.

RNA Isolation
We added 150 µL of each swab specimen sample 
in inactivation buffer to 300 µL of RLT lysis buffer 
(RNeasy Mini Kit; QIAGEN, https://www.qiagen.
com). We then mixed samples vortexing and incu-
bated them for 10 min at room temperature. After 
incubation, we added 400 µL of 70% ethanol to each 
sample and mixed them by pipetting. We transferred 
lysates to RNeasy Mini spin columns with collection 
tubes (QIAGEN) and centrifuged them at 13,000 rpm 
for 1 min. We then washed the columns once with 
700 µL of RW1 buffer and twice with 500 µL of RPE 
buffer. Between every wash, we centrifuged the col-
umns and discarded the flow-through. We performed 
elution by adding 50 µL of PCR-grade water to the 
columns and incubating them  for 2 min. We placed 
the columns into new tubes and centrifuged them at 
13,000 rpm for 1 min. After isolation, we stored the 
samples for <2 hours at 4°C. No human-origin sam-
ples were processed at the same time.

SARS-CoV-2 Case Definition
We defined SARS-CoV-2–positive animals as sug-
gested by the World Organisation for Animal Health 
(10). We considered mink to be SARS-CoV-2 positive 
if SARS-CoV-2 was isolated from a sample taken di-
rectly from an animal (nasal or oropharyngeal swab 

sample) or if viral nucleic acid was identified in a 
sample taken directly from an animal, giving cause 
for suspicion of previous association or contact with 
SARS-CoV-2, by targeting >2 specific genomic regions 
at a level indicating presence of infectious virus or by 
targeting 1 genomic region, followed by sequencing 
of a secondary target.

Real-Time Reverse Transcription PCR
For each sample, we prepared the reaction mixture by 
using a TaqPath 1-Step quantitative RT-PCR (reverse 
transcription PCR) Master Mix (ThermoFisher Scien-
tific, https://www.thermofisher.com), polymerase, 
diethyl pyrocarbonate–treated water (EURx, https://
eurx.com.pl) and primers and probes for the RNA-
dependent RNA polymerase (RdRp) and envelope 
(E) genes (16) in white, 8-well, quantitative PCR strips 
with optical clear caps (Applied Biosystems, https://
www.thermofisher.com). We also prepared positive 
control plasmids made in-house containing the RdRp 
and E genes and a no-template control containing 
diethyl pyrocarbonate–treated water instead of tem-
plate reactions. We mixed reactions and loaded them 
into a Light Cycler 480 (Applied Biosystems, https://
www.thermofisher.com). Cycling conditions were in-
cubation with uracil N-glycosylase for 2 min at 25°C, 
reverse transcription for 15 min at 50°C, and enzyme 
activation for 2 min at 95°C, followed by 40 amplifica-
tion cycles consisting of 3 s at 95°C and 30 s at 60°C. 
After each amplification cycle, we measured the sig-
nal from each sample in both the FAM (RdRp gene) 
and HEX (E gene) channels. Samples with a crossing 
point (Cp) <35 for any gene were considered positive 
for SARS-CoV-2.

SARS-CoV-2 Antigen Detection in Mink
We performed 2 different antigen tests to confirm the 
presence of viral antigen in either the swab or serum 
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Figure 1. Timeline of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections in mink farms, Europe, according to 
the World Organisation for Animal Health (10). We investigated SARS-CoV-2 in mink sampled on November 24, 2020, in Pomorskie 
Voivodeship, northern Poland. The Polish National Veterinary Research Institute, as a national unit responsible for reporting to the World 
Organisation for Animal Health, detected SARS-CoV-2 infection in the same mink farm on January 30, 2021.
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samples. Antigen tests were conducted on samples 
positive by quantitative PCR. We used 3 negative 
samples from the same batch as the positive samples 
as controls. A total of 150 µL of transport medium 
from each swab specimen was transferred to tubes 
from a COVID-19 Antigen Detection Kit (Zhuhai 
Lituo Biotechnology Co., Ltd., https://www.lituo.
com.cn) containing extraction buffer. This antigen test 
was in the form of a cassette with a lateral flow assay 
that targets the nucleocapsid protein of SARS-CoV-2. 
Samples were mixed and incubated for 1 min at room 
temperature. We added 2 drops of each sample to the 
sample window on the test cassettes. Results consist-
ed of 2 bands: 1 for the control and 1 for the target. If 
both bands showed a burgundy line, the test result 
was considered positive. We read results after 12 min.

We tested 91 mink serum samples by using a 
SARS-CoV-2 antigen ELISA (COV-04-S; Salofa Oy, 
https://www.salofa.com) according to the kit in-
structions. This test is a double-antibody sandwich 
ELISA. The results were obtained according to the 
formula based on the concentration standards pro-
vided in the kit. The cutoff value for this test was 2.97 
pg/mL. The tests were repeated twice, and additional 
dilutions were performed to determine the final con-
centration as suggested in the kit instructions.

Full SARS-CoV-2 Genome Sequencing and Classification
We performed SARS-CoV-2 genome sequencing at 
University of Gdansk in Poland and the University of 
Helsinki in Finland by using only samples containing 
RNA isolated from virus-positive swab specimens 
(amplification of target gene in an RT-PCR; this gene 
has a Cp <35) or that were inconclusive (only 1 target 
gene amplification with Cp <35). Samples with posi-
tive results in the SARS-CoV-2 antigen detection as-
says were also sequenced.

At Gdansk, 2 independent protocols were used 
for SARS-CoV-2 genome sequencing. The first pro-
tocol was an Illumina (https://www.illumina.
com) RNA preparation with enrichment for respira-
tory virus oligos panel V2, followed by an Illumina 
MiniSeq medium output run that produced 150-nt 
paired-end reads. The second protocol was an AR-
TIC version 3 amplicon generation (https://bmc-
genomics.biomedcentral.com), followed by an Ox-
ford Nanopore Technology MinIONB run (https://
nanoporetech.com). No human origin samples were 
processed at the same time. No DNA/rRNA deple-
tion methods were used. Reads were base called, de-
barcoded, and trimmed to remove adaptor, barcode, 
and PCR primer sequences. Oxford Nanopore Tech-
nology reads were used for SARS-CoV-2 genome 

assembly in ARTIC-nCoV-bioinformaticsSOP-v1.1.0 
(https://artic.network/ncov-2019).  

Illumina paired reads were used to prepare con-
tigs by de novo assembly by using Geneious Prime 
2020.2 (https://www.geneious.com) software suite 
with integrated tools for variant calling (minimum 
coverage = 100, minimum variant frequency = 0.25) 
and consensus sequence generation. The fasta files 
generated by the Illumina procedure were further an-
alyzed in Kraken2 2.1.1 software (https://www.ccb.
jhu.edu/software/kraken2) to classify every read to 
the reference database containing viral and American 
mink genomes (17).

In Helsinki, the sequencing libraries were pre-
pared by using the Illumina DNA Prep Kit (New Eng-
land BioLabs, https://www.neb.com). We measured 
library fragment sizes by using agarose gel electro-
phoresis and concentrations by using the Qubit dsD-
NA HS Assay Kit (Life Technologies, https://www.
thermofisher.com) and the NEBNext Library Quant 
Kit for Illumina (New England BioLabs). Sequencing 
was conducted by using the MiSeq V3 Reagent Kit (Il-
lumina) with 250-bp reads. We trimmed raw sequence 
reads and removed low-quality (quality score <30) 
and short (<50 nt) sequences by using Trimmomatic 
(18). Trimmed sequence reads were mapped against 
the SARS-CoV-2 reference sequence (GenBank acces-
sion no. NC_045512.2) by using BWA-MEM version 
0.7.17 (19), followed by sorting and removal of dupli-
cate reads by using SAMTools version 1.10 (20).

Phylogenetic Analysis of SARS-CoV-2 Isolates
The dataset consisted of all genetic sequences of 
SARS-CoV-2 from this study (Poland, Germany, Lith-
uania, Latvia, Estonia, Russia, and Ukraine), which 
was completed as the representative pool Europe by 
Nexstrain (https://nextstrain.org/ncov/europe) and 
resulted in  5,778 entries. We performed phyloge-
netic analysis by using the procedure recommended 
by Nextstrain with modifications in the subsampling 
region filtering procedure, in which the number of 
sequences per country was 40 (21). We used Augur 
toolkit version 10.1.1 (Nextstrain) for phylogenetic 
analysis and Auspice version 2.10.1 (Nextstrain) for 
visualization. Possible time of divergence for samples 
was inferred by using the TreeTime pipeline (https://
www.treetime.com) implemented in the Nextstrain 
analysis and presented in the phylogenetic tree (22).

Statistical Analysis and Ethics
We calculated 95% CIs by using published proce-
dures (23,24). This study was conducted with due 
regard for European Union Principles and the Polish 
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Law on Animal Protection. No permit from the Lo-
cal Bioethical Committee for Animal Experimenta-
tion was obtained because animals were culled by 
the owner for production of pelts. Samples were col-
lected postmortem.

Results

Prevalence of SARS-CoV-2
We confirmed that 15 mink (16.5%, 95% CI 8.4%–
28.6%) were positive for SARS-CoV-2. We summa-
rized and provide the diagnostic results (Table 1).

SARS-CoV-2 Antigen Detection in Mink
Samples mink_4, mink_5, mink_48, mink_50, 
mink_77, and mink_83 had highly visible signals 
in both the control and test lines. Samples mink_20, 
mink_36, mink_42, mink_46, mink_49, mink_67, 
mink_76, and mink_88 had a highly visible control 
line and a much less pronounced test line. In all other 
samples, only the test line was visible. All 8 real-time 
RT-PCR–positive samples were also positive by the 
antigen test. In addition, 5 E gene–positive samples 
were also positive in the antigen test, but 4 were neg-
ative. The sample from mink_20 was positive in the 
antigen test, but SARS-CoV-2 RNA was not detected 
by RT-PCR.

Read Classification and SARS-CoV-2 Genome Sequences
The final validation of detection of SARS-CoV-2 in 
the mink was classification of the next-generation 

sequencing reads on the basis of the database con-
taining reference viral, human, and American mink 
genomes. We used 3 independent approaches to ob-
tain full viral genomes (Table 2). Only samples that 
had a complete SARS-CoV-2 genome sequence are 
shown. The number of Illumina reads generated for 
samples mink_4, mink_42, mink_49, mink_76, and 
mink_88 was not enough to produce full SARS-CoV-2 
genomes. For these samples, the genomes were ob-
tained by using the ARTIC procedure.

Phylogenetic Analysis of SARS-CoV-2 in Farmed Mink
We checked the 12 mink-originated SARS-CoV-2 
sequences for mink-specific mutations detected ear-
lier in mink from the Netherlands and Denmark, but 
found none. This finding suggested recent and sepa-
rate introduction of SARS-CoV2 into mink from Po-
land (Figure 2). Alignment of full-genome sequences 
from 12 samples showed multiple polymorphisms 
at different nucleotide sites. Many of these polymor-
phisms gave rise to changes in amino acids when 
compared with the reference Wuhan-Hu-1 sequence 
(GenBank accession no. MN908947). Two specific mu-
tations present in all samples were found in the spike 
protein: G75V and C1247F. The G75V mutation is 
present in 199 isolates published in GISAID (https://
www.gisaid.org), and the C1257F mutation in 83 iso-
lates. Other rare amino acid variants present in every 
SARS-CoV-2 isolate from mink in Poland were found 
in 5 additional proteins: nonstructural protein (nsp) 2, 
nsp3, nsp14, nsp15, and nucleocapsid protein.
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On the basis of the dataset, we inferred a phyloge-
netic relationship by estimating the divergence times 
between each isolate (Figure 2). The analysis estimat-
ed that the most recent common ancestor for SARS-
CoV-2 from mink in Poland and the 2 most similar 
sequences (German/NW-HHU-340/2020 and Nor-
way/4235/2020) diverged on approximately Septem-
ber 31, 2020. We recognized mutations in amino acid 
sequences. If the molecular evolution started after vi-
rus introduction into the farm, this incident is estimat-
ed to have occurred on approximately October 4, 2020. 
Complete genome sequences of SARS-CoV-2 isolated 
from farmed mink in Poland have been deposited in 
GISAID (accession nos. EPI_ISL_732948–59).

Discussion
Identifying new species that can serve as animal sources 
of SARS-CoV-2 and predicting where novel outbreaks 
are most likely to occur are crucial steps for preventing 
and minimizing the extent of SARS-CoV-2 infections 
among humans (25). Recent reports confirmed the pres-
ence of SARS-CoV-2 in different animal species, includ-
ing fur animals (i.e., mink and racoon dogs) (26,27). 
We report a 16.5% prevalence of SARS-CoV-2 in mink 
tested at a fur farm in northern Poland, confirming the 
presence of SARS-CoV-2 in farmed mink in Poland.

During our study, we used 2 different sequencing 
technologies to sequence the SARS-CoV-2 genomes. 
We found that amplicon-based nanopore sequencing 
gave better results than the bed-based enrichment Il-
lumina approach. Conversely, Illumina reads showed 
a broader context because we were able to classify 
background reads that do not map to the SARS-
CoV-2 genome as being of host origin. Therefore, 
these reads can be used as proof of sample origin. We 
also showed that the RdRp target for the quantitative 
PCR is less effective than the E gene in our experi-
ment settings. The full genome of SARS-CoV-2 was 

assembled when both target genes were detected or 
the E gene was detected by a pair of positive signals 
in the antigenic assay.

Poland is one of the largest fur producers in Eu-
rope. Considering the number of farmed mink in the 
country and the large number of persons employed in 
this sector, we seek to increase awareness in the sci-
entific community and mink industry that mink are 
susceptible to SARS-CoV-2 infection. Previous stud-
ies reported viral RNA detection in airborne inhal-
able dust in mink farms (8). Moreover, close contact 
of farmworkers with animals during feeding, culling, 
and dehiding increases their risk for exposure. We 
believe that a country-scale biomonitoring program 
should be activated as soon as possible to prevent 
the fur production sector from being a reservoir for 
future spillover of SARS-CoV-2 to humans. Samples 
for molecular diagnostics should be obtained from all 
farms in Poland following the highest standards for 
material collection, sample handling, and molecular 
detection of SARS-CoV-2.

We report a possible new genotype of SARS-
CoV-2 that has sporadic mutations throughout the full 
genome sequence. Two mutations located in the spike 
protein (G75V and C1247F) were present in all isolates 
reported in this study. The G75V mutation is localized 
in the N terminal domain and could be responsible for 
interactions with host receptors or stabilizing the spike 
protein in a constrained prefusion state (28). To date, 
no other SARS-CoV-2 sequences deposited in GISAID 
have these 2 mutations simultaneously (29). We have 
recently detected possible zoonotic spillover of SARS-
CoV-2 in worker employed at the farm described in 
this study (L. Rabalski et al., unpub. data). Preliminary 
genome analysis showed that the newly described 
isolates carry the combination of mutations typical of  
viruses isolated in November 2020, but additional new 
changes have accumulated since that time. We believe 
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that wide monitoring of humans living near the mink 
farm should be performed to search for possible spill-
over and presence of new virus variants. Constant epi-
zootiology monitoring is a crucial step in preventing 
new outbreaks of zoonotic diseases.
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mink sampled on November 24, 2020, in Pomorskie Voivodeship, northern Poland, are shown on green branches. Only closely related isolates 
that were included in the dataset are presented. Visualization was achieved by using Nextstrain (https://nextstrain.org/ncov/europe).
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Dynamic circumstances, time sensitivity, limited 
information about widely variable scenes en-

countered, and heterogeneous patient characteristics 
make emergency medical service (EMS) responses in-
herently challenging. The global coronavirus disease 
(COVID-19) pandemic, caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), has 
now forced EMS providers to also consider how best 
to manage their own potential exposure, particularly 
when a patient’s infection status is unknown (1,2).

During outbreaks of severe acute respiratory 
syndrome in 2003 and Middle East respiratory syn-
drome in 2012, many healthcare workers became 
infected while caring for patients (3–5). There is an 
evolving understanding of the risk of patients trans-
mitting COVID-19 to healthcare workers, but less is 
known about transmitting it to emergency medical 
fi rst responders or about the specifi c etiology of in-
fection (6–10).

Respiratory exposure is the primary mode of 
COVID-19 transmission (11,12). Clinical guidelines 
have evolved to mitigate risk for transmission, es-
pecially through aerosolizing procedures used for 
cardiopulmonary resuscitation (CPR) or airway man-
agement. A better understanding of the risks related 
to patient care itself could further inform clinical 
practice approaches, therapeutic choices, and per-
sonal protective equipment (PPE) strategies in an ef-
fort to balance risks and benefi ts for providers and 
patients while striving to maintain best practices for 
patient care (4,12,13). Therefore, we investigated the 
risk for COVID-19 transmission from patient to pro-
vider and how use of aerosol-generating procedures 
(AGP) during the encounter might affect risk levels.

Methods

Study Design, Population, and Setting
We conducted a retrospective cohort study to evalu-
ate the risk for COVID-19 infection among EMS pro-
viders caring for patients in King County, Washing-
ton, USA, during February 16–July 31, 2020. When 
determining risk for COVID-19, we considered all 
EMS provider-patient encounters and individual 
EMS providers involved in those encounters. The 
investigation was designed and reported with con-
sideration of the Strengthening the Reporting of 

Risk for Acquiring COVID-19 
Illness among Emergency Medical 

Service Personnel Exposed to 
Aerosol-Generating Procedures
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We	 investigated	 the	 risk	 of	 coronavirus	 disease	
(COVID-19) patients transmitting severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) to emer-
gency	 medical	 service	 (EMS)	 providers,	 stratifi	ed	 by	
aerosol-generating procedures (AGP), in King County, 
Washington,	 USA,	 during	 February	 16–July	 31,	 2020.	
We	conducted	a	retrospective	cohort	investigation	using	
a	statewide	COVID-19	 registry	and	 identifi	ed	1,115	en-
counters,	182	with	≥1	AGP.	Overall,	COVID-19	incidence	
among EMS personnel was 0.57 infections/10,000 per-
son-days. Incidence per 10,000 person-days did not dif-
fer whether or not infection was attributed to a COVID-19 
patient	encounter	(0.28	vs.	0.59;	p>0.05).	The	1	case	at-
tributed to a COVID-19 patient encounter occurred within 
an	at-risk	period	and	 involved	an	AGP.	We	observed	a	
very low risk for COVID-19 infection attributable to pa-
tient	encounters	among	EMS	fi	rst	responders,	supporting	
clinical strategies that maintain established practices for 
treating patients in emergency conditions.



COVID-19 among EMS Personnel Exposed to Aerosol

Observational Studies in Epidemiology (STROBE) 
reporting guidelines (14) and approved by the Uni-
versity of Washington and Seattle and King County 
Public Health and University of Washington public 
health review boards.

King County is a large metropolitan region en-
compassing the city of Seattle and covering ≈2,300 
square miles with ≈2.3 million residents living in ur-
ban, suburban, and rural areas. The EMS system is 
2-tiered, the first tier comprising 27 firefighter and 
emergency medical technician departments and the 
second tier 5 paramedic departments serving mul-
tiple emergency medical technician departments for 
responding to more serious medical emergencies. 
EMS teams of 2–7 providers respond to calls based on 
dispatcher-determined acuity. In general, fire depart-
ment or private basic life support ambulance units 
transport medically stable patients to hospitals and 
advanced life support paramedic units transport pa-
tients needing more acute care.

EMS COVID-19 Protocols
Seattle and King County EMS management devel-
oped protocols for screening and care of patients at 
risk for having COVID-19 (15). EMS PPE protocols 
include wearing a mask, eye protection, gloves, and a 
gown. Surgical masks were considered sufficient for 
treating patients not requiring AGP, but an N95 respi-
rator was required when patients underwent AGPs. 
HEPA (high efficiency particulate air) filters were 
added to ventilation bags. Otherwise, clinical proto-
cols did not change in response to the pandemic. For 
example, the EMS system continued to support the 
use of endotracheal intubation and manual CPR to 
treat out-of-hospital cardiac arrest (13).

Data Sources, Linkages, and Abstraction
The Seattle and King County EMS Division of Pub-
lic Health maintains an encounter-level electronic 
health record of each EMS response using software 
from ESO Solutions Inc. (https://www.eso.com). 
The EMS record for each incident contains infor-
mation about patient and EMS provider identities, 
chief complaints, signs and symptoms, EMS care, 
and PPE use by providers. The state of Washington 
Disease Reporting System (WDRS) contains names, 
dates of birth, test dates, and results for all persons 
who have been tested for SARS-CoV-2 within the 
state. Seattle and King County Public Health ad-
ministers the EMS system, enabling identification of 
EMS encounters with patients who have COVID-19 
(15). To obtain patient COVID-19 status, we linked 
WDRS with EMS electronic health records using a 

multistep algorithm including the patient’s first and 
last names and date of birth; identification through 
this linkage was followed by human confirmation of 
the potential link.

In addition to the linking process for COVID-19 
status, we determined the health-related vital status 
of patients with COVID-19 by linking those patients 
with Washington State Department of Health vi-
tal records available through December 1, 2020, All 
study information for COVID-19 patient encounters 
was abstracted into a secure Research Electronic Data 
Capture (REDCap, https://www.project-redcap.org) 
platform by using a uniform data abstraction form 
supported by a data dictionary (16). The abstract re-
corded a review of the narrative and discrete data 
fields from the dispatch and EMS records.

Exposure and Data Definitions

COVID-19 Patient Classification
A provider was considered to have encountered a 
patient with COVID-19 if the patient had a positive 
SARS-CoV-2 swab sample result determined by us-
ing real-time reverse transcription PCR (rRT-PCR) 
≤10 d before or ≤3 d after an EMS encounter, on the 
basis of data from the linked EMS and WDRS re-
cords. We chose ≤10 d as a criterion on the basis of 
the 10-day infectious window after onset of symp-
toms. We used ≤3 d as a criterion after the EMS en-
counter recognizing that not all patients had been 
tested upon hospital arrival, especially in the first 
few months of the pandemic. In addition, a minority 
of patients were not transported by EMS and had 
subsequent follow-up for testing even though the 
EMS encounter appeared to be for illness consistent 
with COVID-19 (2).

AGP Definition and Classification
For this study, we classified endotracheal intubation, 
supraglottic airway insertion, bag-valve-mask (BVM) 
ventilation, continuous positive airway pressure 
nonrebreather mask oxygen, and nebulizer medica-
tion therapy as AGPs (4). Although the standards for 
AGP are not fully defined, nonrebreather masks rou-
tinely involve using higher-flow oxygen (15 L/min) 
and require applying and manipulating face masks, 
which may increase transmission risk (4,17,18). We 
did not classify use of low-flow nasal cannula oxygen 
as an AGP. In an EMS patient-encounter setting, CPR 
always involves both chest compressions and BVM 
ventilation, which constitutes an AGP. We identi-
fied AGP procedure usage from the EMS records 
by searching electronic text records for key phrases 
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in the narratives or discrete electronic data elements 
that recorded AGP procedures. We evaluated the 
accuracy of this method to identify AGP by manu-
ally reviewing records of all EMS encounters with  
COVID-19 patients.

Classifying EMS Provider Person-Days at Risk
For each day of the study period, each EMS provid-
er’s day was classified into 1 of 4 mutually exclusive 
cohorts based on the time interval after COVID-19 
patient encounters, if any, and whether or not AGPs 
were used. Person-days were classified into cohort 
1 for COVID-19 patient encounters that involved ≥1 
AGPs during the 2–14 d incubation period, cohort 2 
for COVID-19 patient encounters that did not involve 
AGPs during the 2–14 d incubation period, cohort 3 
for COVID-19 patient encounters before or after the 
2–14 d incubation period, or cohort 4 if the provid-
er had no COVID-19 patient encounters during the 
study period. Individual EMS providers could con-
tribute discrete person-days to different cohorts, ex-
cept for cohort 4.

We considered EMS providers at risk for trans-
mission from a patient for 2–14 d after an encounter 
with a COVID-19 patient (Figure 1), because the bi-
ology of transmission and illness indicates that the 
COVID-19 incubation period is 2–14 d (19). If an EMS 
provider tested positive for SARS-CoV-2 in the 2–14 d 
incubation period after treating a COVID-19–positive 
patient, the infection was attributed to the encounter. 

For classification, once an EMS provider completed 
the 14 d incubation period without SARS-CoV-2 in-
fection, the provider’s person-days for subsequent 
days would transition from cohort 1 or 2 to cohort 3 
until the provider was involved with another patient 
with COVID-19.

For days when a provider had multiple  
COVID-19 patient encounters and ≥1 involved an 
AGP, the provider’s person-hours for that day were 
classified into cohort 1, given that AGP use is con-
sidered to possess greater intrinsic transmission 
risk. EMS providers could be diagnosed with COV-
ID-19 on a person-day in any of the 4 cohorts. After 
a provider’s first rRT-PCR–positive SARS-CoV-2 
swab result, they were censored from the analysis 
and did not contribute additional person-days to 
any cohort. SARS-CoV-2 reinfection was not diag-
nosed in any provider.

Outcome Measures
We used COVID-19 infections among EMS provid-
ers as determined from the WDRS registry during 
February 15–August 14, 2020, as the primary out-
come measure. We extended the period for assessing  
COVID-19 to August 14, two weeks beyond the final 
day for recording person-days, to ensure we captured 
infections identified ≥14 d after COVID-19 patient en-
counters within the study period.

As part of COVID-19 surveillance, EMS imple-
mented a screening process for potential COVID-19 
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Figure 1.	Examples	of	classification	of	EMS	provider	person-days	at	risk	within	2–14	d	after	COVID-19	patient	encounters,	King	
County,	Washington,	February	16–July	31,	2020.	The	boxes	correspond	to	the	number	of	person-days	an	emergency	medical	services	
provider	contributes	to	each	mutually	exclusive	risk	group.	The	first	row	(provider	A)	demonstrates	a	COVID-19	patient	encounter	
without	an	AGP.	The	provider	is	classified	at	risk	for	COVID-19	transmission	because	of	a	patient	treated	without	AGP	within	2–14	d	
after	encounter.	After	the	incubation	window	ends,	the	EMS	provider	transitions	back	to	person-days	classification	of	COVID-19	patient	
outside	the	incubation	period	(cohort	3).	The	second	row	(provider	B)	demonstrates	classification	of	person-days	from	COVID-19	patient	
without AGP and then with AGP. Person-days transitions from COVID-19 patient encounter without AGP (cohort 2) to patient encounter 
with	AGP	(cohort	1).	The	example	illustrates	the	classification	hierarchy	that	classified	the	patient	into	the	AGP	incubation	period	when	
a provider had overlap of person-days following distinct encounters caring for COVID-19 patients without an AGP and then with an 
AGP.	After	the	incubation	window,	the	EMS	provider	will	transition	back	to	person-days	classification	of	COVID-19	patient	outside	the	
incubation	period	(group	3).	AGP,	aerosol-generating	procedure;	COVID-19,	coronavirus	disease;	EMS,	emergency	medical	service.
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illness among EMS personnel at the outset of each 
shift comprising a temperature check and observa-
tion for symptoms of medical illness. EMS personnel 
were guided by a return-to-work algorithm that rec-
ommended COVID-19 rRT-PCR testing for any acute 
illness acquired on or off duty in an effort to limit the 
risk of provider-to-provider transmission and main-
tain workplace safety (15).

Analysis
We performed descriptive analyses at the encoun-
ter, patient, and EMS provider levels. We stratified 
provider encounters and classified person-days ac-
cording to patient COVID-19 status and whether 
or not treatment included >1 AGPs. EMS providers 
were censored from the study on the date they were 
diagnosed with COVID-19 or at the end of the fol-
low-up period (August 15, 2020) if never diagnosed 
with COVID-19. We then calculated the incidence of  
COVID-19 infection among EMS providers on the 
basis of person-days at risk from COVID-19 patient 
encounters. We calculated the incidence rate ratio 
using the collective person-days from cohort 3, the 
cohort including person-days before or after the 2–14 
d incubation period of a COVID-19 patient encoun-
ter, as the referent group because this approach en-
abled providers to serve as their own controls when 
evaluating the risk attributable to COVID-19 patient 
encounters. In a post hoc analysis, we combined the 
person-days from cohorts 1 and 2 to evaluate the 
overall COVID-19 incidence among EMS providers 
attributed to a COVID-19 patient encounter regard-
less of AGP use.

Results

Encounters with COVID-19 Patients
During the February 16–July 31, 2020, study period, 
1,592 different EMS providers cared for 946 unique 
COVID-19 patients as part of 1,115 EMS responses, 
resulting in 3,710 provider-patient COVID-19 en-
counters. Over that period, 1,328 EMS providers did 
not care for any patients in whom COVID-19 had 
been diagnosed. Cohorts 1–3 encompassed a total of 
287,032 person-days in which there were COVID-19 
patient encounters, and cohort 4 encompassed a to-
tal of 240,245 person-days in which there were no  
COVID-19 patient encounters (Figure 2). Among the 
1,592 EMS providers with ≥1 COVID-19 patient en-
counter, 655 (41%) had 1 encounter, 417 (26%) had 2, 
and 520 (33%) had ≥3.

We recorded details from the 1,115 encounters in-
volving ≥1 provider and ≥1 COVID-19 patient, overall 
and stratified by AGP status (Table 1). An AGP was 
performed in 182 (16%) patient encounters involving 
787 EMS providers (567 different providers). Overall, 
half of the EMS responses were for female patients; 
the average patient age was 68 years. About half of 
EMS responses were to private residences and 41% to 
long-term care or assisted living facilities. Responders 
reported ≥1 clinical signs of shortness of breath (42%), 
cough (36%), or fever (42%) in 67% of patients. In the 
cohort of provider person-days when using AGPs (co-
hort 1) compared with the cohort of person-days when 
not using AGPs (cohort 2), patient encounters were 
more often characterized by tachypnea (63% vs. 28%), 
hypoxemia (70% vs. 18%), abnormal heart rate (48% 
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Figure 2. Flow diagram of 
emergency medical service 
provider encounters with 
COVID-19 patients and person-
days at risk for transmission, King 
County,	Washington,	February	16–
July	31,	2020.	Individual	provider’s	
person-days may transition 
among	cohorts	1–3.	AGP,	aerosol	
generating procedure; COVID-19, 
coronavirus disease; EMS, 
emergency medical services.
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vs. 38%), systolic blood pressure <90 mm Hg (17% vs. 
4%), and Glasgow coma scale ≤12 (25% vs. 6%). The 
most common EMS provider-recorded impression of 
patient illness overall among the 1,115 responses was 
respiratory distress (n = 417, 37%), 24% (n = 101) of 
those among patients needing AGPs and 76% (n = 316) 
among patients not needing AGPs. Twenty-two pa-
tients had out-of-hospital cardiac arrests, comprising 
12.1% of the provider person-days in cohort 1 (Table 1). 
The most common AGP provided was nonrebreather 
mask oxygen (n = 139) (Table 2). Other common AGPs 
included BVM ventilation (n = 42) and endotracheal in-

tubation (n = 29). Among patient encounters grouped 
in the first cohort, 44 (24%) involved >1 AGP during 
a single encounter, most often nonrebreather oxygen 
followed by BVM ventilation, then intubation. Over-
all, 34% of COVID-19 patients, 57% of those receiving 
AGPs and 29% of those not receiving AGPs, died dur-
ing follow-up from the time of encounter through De-
cember 31, 2020.

EMS Provider Risk
The 2,920 EMS providers followed over the 181-
day study period produced 525,154 person-days at 
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Table 1. Encounter characteristics by aerosol generating procedure status among COVID-19	patients,	King	County,	Washington,	
February	16–July	31,	2020* 
Characteristic All encounters AGP encounters Non–AGP encounters 
Unique	encounters 1,115 (100.0) 182	(16.3) 933	(83.7) 
Patient age, mean (SD) 68.1	(19.8) 69.4	(18.4) 67.8	(20.1) 
Sex    
 M 563	(50.5) 100	(54.9) 463	(49.6) 
 F 552	(49.5) 82	(45.1) 470	(50.4) 
Location    
 Home 529	(47.4) 78	(42.9) 451	(48.3) 
 Long-term care 458	(41.1) 87	(47.8) 371	(39.8) 
 Public outdoors 50	(4.5) 3	(1.6) 47	(5.0) 
 Medical clinic or office 38	(3.4) 11	(6.0) 27 (2.9) 
 Public indoors 21 (1.9) 1 (0.5) 20 (2.1) 
 Homeless shelter 19 (1.7) 2 (1.1) 17	(1.8) 
 Other Unknown Unknown Unknown 
Documented signs and symptoms    
 Fever 467	(41.9) 74	(40.7) 393	(42.1) 
 Cough 401	(36.0) 65	(35.7) 336	(36.0) 
 Shortness of breath 472	(42.3) 133	(73.1) 339	(36.3) 
 Fever/cough/shortness of breath 751	(67.4) 147	(80.8) 604	(64.7) 
 Sore throat/nasal congestion 79 (7.1) 8	(4.4) 71	(7.6) 
 GI symptoms 160	(14.3) 23	(12.6) 137	(14.7) 
 Body	aches 175 (15.7) 27	(14.8) 148	(15.9) 
 Altered mental status 188	(16.9) 39	(21.4) 149	(16.0) 
 Fatigue/weakness 354	(31.7) 38	(20.9) 316	(33.9) 
 Headache 37	(3.3) 6	(3.3) 31	(3.3) 
 Chest pain 75	(6.7) 11	(6.0) 64	(6.9) 
Vital signs    
 Any abnormal vital sign 936	(83.9) 179	(98.4) 757	(81.1) 
 Heart rate ≥100 bpm 438	(39.3) 87	(47.8) 351	(37.6) 
 Temperature ≥38°C 573	(51.4) 94	(51.6) 479	(51.3) 
 Respirations ≥24 breaths/min 378	(33.9) 114	(62.6) 264	(28.3) 
 Oxygen saturation ≤90 SpO2 292	(26.2) 127	(69.8) 165	(17.7) 
 Systolic blood pressure ≤90 mm Hg 69	(6.2) 30	(16.5) 39	(4.2) 
 Glasgow coma scale <12 97	(8.7) 46	(25.3) 51 (5.5) 
 Glasgow	coma	scale	13–14 58	(5.2) 20 (11.0) 38	(4.1) 
 Glasgow	coma	scale	=	15 534	(47.9) 76	(41.8) 458	(49.1) 
Patient with cardiac arrest 22 (2.0) 22 (12.1) Unknown 
Initial EMS response type    
 Respiratory 417	(37.4) 101 (55.5) 316	(33.9) 
 Fatigue/weakness/malaise 157	(14.1) 8	(4.4) 149	(16.0) 
 Infection 128	(11.5) 13	(7.1) 115	(12.3) 
 Behavioral/psychological/intoxication 114	(10.2) 19	(10.4) 95 (10.2) 
 Other medical 72	(6.5) 2 (1.1) 70 (7.5) 
 Cardiovascular 64	(5.7) 29 (15.9) 35	(3.8) 
 Trauma 64	(5.7) 5 (2.7) 59	(6.3) 
 Abdominal/GU/endocrine 60	(5.4) 3	(1.6) 57	(6.1) 
 Neurological 39	(3.5) 2 (1.1) 37	(4.0) 
*Values	are	no.	(%)	except	as	indicated.	AGP,	aerosol	generating	procedure;	COVID-19, coronavirus disease; EMS, emergency medical service; GI, 
gastrointestinal;	GU,	genitourinary. 
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risk: 8,582 person-days from 705 providers treating 
COVID-19 patients using AGP within the incuba-
tion period (cohort 1); 26,583 person-days from 
1,389 providers treating COVID-19 patients with-
out AGP within the incubation period (cohort 2); 
252,867 person-days from 1,592 providers treating 
COVID-19 patients outside the incubation period 
(cohort 3); and 240,245 person-days from 1,328 
providers who never treated a COVID-19 patient 
during the study period (cohort 4). Thirty EMS pro-
viders had positive rRT-PCR COVID-19 test results 
(Table 3). The median interval between COVID-19 
patient encounter and EMS provider positive rRT-
PCR test was 73 days (IQR 30–105 days). Only 1 
infection occurred within the 2–14-d window after 

an encounter with a COVID-19 patient; during that 
period, the provider encountered >1 COVID-19 pa-
tient with ≥1 involving AGP use, so transmission 
was attributed to a patient encounter in which an 
AGP was provided. An additional 18 EMS pro-
viders cared for COVID-19 patients and acquired  
COVID-19. However, their COVID-19–positive 
tests were outside the 2–14-d incubation period 
after caring for a patient with COVID-19. Eleven 
EMS providers who never cared for a patient with  
COVID-19 tested positive for COVID-19.

Overall, the incidence of rRT-PCR positive tests 
among EMS providers was 0.57/10,000 person-days 
(30 positive tests in 525,154 person-days). The relative 
risk associated with COVID-19 patient encounters, 
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Table 2. Patient outcome emergency medical service care and by aerosol generating procedure status among COVID-19 patients, 
King	County,	Washington,	February	16–July	31,	2020* 
Characteristic All encounters AGP encounters Non–AGP encounters 
Unique	EMS	providers 1,592 567 1,025 
EMS encounters 1,115 182 933 
 ALS unit dispatched 171	(15.3) 98	(53.8) 73	(7.8) 
 EMS suspicion of COVID-19 715	(64.1) 132	(72.5) 583	(62.5) 
 Low-flow oxygen 188	(16.9) 34	(18.7) 154	(16.5) 
AGP types    
 Nonrebreather 139	(12.5) 139	(76.4) NA 
 Simple face mask 5	(0.4) 5 (2.7) NA 
 Medication therapy 13	(1.2) 13	(7.1) NA 
 Metered dose inhaler 4	(0.4) 4	(2.2) NA 
 Nebulizer 9	(0.8) 9	(4.9) NA 
 NiPPV 48	(4.3) 48	(26.4) NA 
 CPAP 6	(0.5) 6	(3.3) NA 
 Bag-valve-mask ventilation 42	(3.8) 42	(23.1) NA 
 Suction 4	(0.4) 4	(2.2) NA 
 Advanced airways 32	(2.9) 32	(17.6) NA 
 Supraglottic airway 3	(0.3) 3	(1.6) NA 
 Endotracheal intubation 29	(2.6) 29 (15.9) NA 
AGP frequency per encounter    
 0 933	(83.7) 0 933	(100) 
 1 138	(12.4) 138	(75.8) NA 
 ≥2 44	(3.9) 44	(24.2) NA 
Disposition    
 Not transported 245	(22.0) 21 (11.5) 224	(24.0) 
 BLS	transport 759	(68.1) 108	(59.3) 651	(69.8) 
 ALS transport 86	(7.7) 53	(29.1) 33	(3.5) 
 Private vehicle 17 (1.5) 0 17	(1.8) 
 Air ambulance 1 (0.1) 1 (0.5) 0 
Patient mortality as of 2020 Dec 1 373	(33.5) 103	(56.6) 270	(28.9) 
*Values	are	no.	(%).	AGP,	aerosol	generating	procedure;	ALS,	advanced	life	support;	COVID-19, coronavirus disease; CPAP, continuous positive airway 
pressure; EMS, emergency medical service; NA, not applicable; NiPPV, noninvasive positive-pressure ventilation. 

 

 
Table 3. Incidence of COVID-19 among EMS providers by COVID-19 patient encounter and AGP status cohort, King County, 
Washington,	February	16–July	31,	2020* 

Cohort 

COVID-19 
patient 

encounter 

2–14	d	
exposure 
window 

AGP 
status 

EMS provider 
COVID-19 
infection 

Person-
days at risk 

Incidence/10,000 
person-days	(95%	CI) IRR	(95%	CI) 

1 Yes Yes Yes 1 8,582 1.17	(0.03–6.49) 1.64	(0.22–12.26) 
2 Yes Yes No 0 26,583 0 (0.0–1.39) 0 (0.0–1.50) 
3 Yes No NA 18 252,867 0.71	(0.42–1.13) Referent 
4 Never NA NA 11 240,245 0.46	(0.23–0.82) 0.64	(0.30–1.36) 
Post hoc        
 1 and 2 Yes Yes Y/N 1 35,165 0.28	(0.01–1.58) 0.40	(0.05–2.99) 
*AGP, aerosol generating procedure; COVID-19, coronavirus disease; EMS, emergency medical service; IRR, incidence rate ratio; NA, not available. 
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with or without AGP use, did not differ compared 
with those without any COVID-19 patient encoun-
ters (Table 3). Finally, we found no difference in inci-
dence between aggregated person-days attributed to  
COVID-19 patient encounters, 0.28/10,000 person-
days (1 positive test in 35,165 person-days), and 
person-days not attributed to COVID-19 patient en-
counters, 0.59/10,000 person-days (29 positive tests in 
489,989 person-days; p>0.05).

Discussion
In this observational study of a populous US met-
ropolitan region, encounters with patients with  
COVID-19 accounted for 1% of all 911 EMS respons-
es, involving nearly 1,200 unique COVID-19 patients 
and several thousand patient-provider encounters 
during the study period. Approximately 16% of these 
COVID-19 patient encounters involved treatment 
with AGPs, typically for patients with more severe 
illness based on field assessment and underscored by 
subsequent all-cause death rates. However, risk for 
the first responder workforce primarily originated 
from nonpatient sources; 29 of 30 COVID-19 illnesses 
among EMS providers were not directly attributed 
to COVID-19 patient encounters. Collectively, the 
results suggest that PPE provides protection against 
acquiring COVID-19 during prehospital emergency 
patient care, which supports maintenance of estab-
lished practices.

 Although the results indicate that risk of trans-
mission from patients is low, the findings also high-
light potential for concern. COVID-19 patients com-
prised only 1% of EMS responses, but that small 
fraction translated to thousands of calls involv-
ing ≈55% of the region’s first-responder workforce 
over the 6 months of our investigation. One third of  
COVID-19 patients did not display any common 
symptoms, such as fever, coughing, or shortness of 
breath (2), and about one sixth of all COVID-19 pa-
tient encounters involved a prehospital AGP. Col-
lectively, the involvement of such a large proportion 
of the first responder workforce, the heterogeneous 
nature of patient characteristics, and the time-pres-
sured need among some patients for AGP interven-
tion could pose major COVID-19 risk to public safe-
ty personnel and infrastructure. This reality needs to 
be considered not only with regard to COVID-19 but 
also to future infectious disease risks, including as 
part of pandemics.

In our study, however, we found a low overall 
risk of EMS provider infection from patient care; 
COVID-19 occurred in a single provider in 1 of 
3,710 provider-patient encounters, representing an 

incidence of 0.28 cases/10,000 person-days at risk. 
The low incidence occurred under circumstances in 
which ample PPEs were available for EMS provid-
ers and public health management provided active 
oversight to support guideline-directed PPE field 
practices (15,20). The low infection rate attributed 
to patient care covered 182 COVID-19 patient en-
counters when AGPs were used, including the 
spectrum of high-flow oxygen, advanced airway 
maneuvers, and attempted resuscitation. Although 
data from larger numbers of patient encounters 
with use of different AGPs could perhaps help re-
searchers refine the overall estimate and potentially 
determine treatment-specific risk, the overarching 
inference is that PPE provides excellent protection 
under these prehospital circumstances. The find-
ings should reassure first responders that emer-
gency care in general and specifically when using 
AGPs can be delivered safely to treat patients as 
long as PPE are properly deployed and that, in gen-
eral, EMS personnel and management should not 
change evidence-based practice solely to mitigate 
transmission risk.

Our results also highlight the realities of the  
COVID-19 pandemic. Sources of infectious risk for 
EMS personnel are not confined to patients. We ob-
served that the large majority of COVID-19 illness 
was a consequence of encounters not with patients 
but in the community or occupational settings. These 
findings support efforts to screen workplaces for 
provider symptoms or initiate point-of-care provid-
er testing to limit on-the-job exposure as well as to 
practice guideline-directed social distancing, mask-
ing, and hygiene recommendations outlined for the 
general public, acknowledging that vaccination may 
affect these directives (21).

The study leveraged linking electronic records 
to establish EMS provider–COVID-19 patient en-
counters, but the data platforms or linkages may not 
have been comprehensive. Specifically, the registry 
of persons positive for COVID-19 requires a test, so 
we could have underestimated the risk attributable 
to encounters with untested patients. However, in 
the study methodology we attributed a priori an 
EMS provider’s COVID-19 infection to a patient 
encounter if it occurred within 2–14 days after the 
encounter, even though the transmission could 
have originated from another source. Conversely, 
this design approach could have overestimated the 
risk attributable to the COVID-19 patient encounter 
because the study did not specifically evaluate non-
patient sources of SARS-CoV-2 provider infection 
(including transmission among co-workers). We  
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defined AGP on the basis of prior research. Although 
the results from our study were clinically encourag-
ing, the small number of patient encounters limited 
our ability to compare encounters with patients by 
whether AGPs were used and by the different types 
of AGPs.

This active evaluation in the context of the re-
gion’s EMS operational structure and the profile of 
experienced EMS providers may influence the gen-
eralizability of the results. For example, each year 
the Seattle and King County EMS system’s pro-
viders are required to review and be tested on the 
topic of occupational infectious diseases. As part 
of the standard approach to patient care before the 
pandemic, EMS personnel routinely wore gloves 
and eyewear and were regularly fit-tested for N95 
masks, so PPE use was to some extent already com-
mon practice at the outset of the pandemic. More-
over, the EMS system has been able to ensure PPE 
supply to achieve guideline-directed practices 
during the pandemic. These study-specific char-
acteristics should be considered in balance with 
the study’s broader strengths: innovative linking 
across EMS records and with the SARS-CoV-2 test 
registry, reviewing and classifying AGP status for 
each COVID-19 patient encounter, and undertak-
ing a population-based regional evaluation.

In summary, we observed a very low overall 
risk for COVID-19 infection among the EMS first-
responder workforce attributed to COVID-19 pa-
tient encounters, although the small number of EMS 
provider infections prevented definitive inference 
regarding AGP-specific risk. These findings sup-
port clinical strategies that maintain established, 
evidence-based practices for emergency conditions. 
Future efforts should continue to evaluate care set-
tings, patient medical characteristics, provider be-
haviors, specific treatments, and systemwide PPE 
availability and status to establish risk and refine 
prevention practices.
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Secondary infections are known to complicate the 
clinical course of coronavirus disease (COVID-19). 

Bacterial infections are the most common secondary 
infections, but increasing reports of systemic fungal 
infections are causing concern. In the early part of the 
COVID-19 pandemic, <1% of secondary infections re-
ported in COVID-19 patients were fungal (1,2). Pre-
existing conditions, indiscriminate use of antimicro-
bial and glucocorticoid drugs, and lapses in infection 
control practices are putative factors contributing to 
the emergence of systemic fungal infections in severe 
COVID-19 cases (3). After incidence of candidemia and 
invasive aspergillosis in COVID-19 patients increased 
(4,5), awareness of possible fungal co-infections in-
creased among clinicians and microbiologists. One 
study reported invasive fungal infections in ≈6% of 
hospitalized COVID-19 patients (6). Occasional reports 
of COVID-19–associated mucormycosis (CAM) from 
various centers (7,8) and a series of 18 cases from a city 
in South India increased our concerns about CAM (9). 

India has a high burden of mucormycosis among 
patients with uncontrolled diabetes mellitus, and 
many severe COVID-19 patients have diabetes (8,10). 
India also is one of the countries worst affected by the 
COVID-19 pandemic. Thus, we would expect India to 
have many CAM cases. We conducted a nationwide 
multicenter study to evaluate the epidemiology and 
outcomes of CAM and compare the results with cases 
of mucormycosis unrelated to COVID-19 (non-CAM).

Methods

Study Design and Setting
 We conducted a retrospective observational study in-
volving 16 healthcare centers across India (Figure 1).
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During September–December 2020, we conducted a multi-
center retrospective study across India to evaluate epidemi-
ology and outcomes among cases of coronavirus disease 
(COVID-19)–associated	mucormycosis	(CAM).	Among	287	
mucormycosis	patients,	187	(65.2%)	had	CAM;	CAM	preva-
lence	was	0.27%	among	hospitalized	COVID-19	patients.	
We	noted	a	2.1-fold	rise	in	mucormycosis	during	the	study	
period	compared	with	September–December	2019.	Uncon-
trolled diabetes mellitus was the most common underlying 
disease among CAM and non-CAM patients. COVID-19 
was	the	only	underlying	disease	in	32.6%	of	CAM	patients.	
COVID-19–related hypoxemia and improper glucocorticoid 
use independently were associated with CAM. The mucor-
mycosis	case-fatality	rate	at	12	weeks	was	45.7%	but	was	
similar for CAM and non-CAM patients. Age, rhino-orbital-
cerebral involvement, and intensive care unit admission 
were associated with increased mortality rates; sequential 
antifungal drug treatment improved mucormycosis survival. 
The COVID-19 pandemic has led to increases in mucormy-
cosis in India, partly from inappropriate glucocorticoid use.
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We collected data for all confirmed mucormycosis 
cases among patients with and without COVID-19 re-
ported during September 1–December 31, 2020. The 
ethics committees of the respective centers approved 
the study protocol.

Study Subjects and Definitions 
We defined a case of mucormycosis as compatible 
clinical and radiologic manifestations and demon-
stration of fungi in the tissue or sterile body fluids of 
a patient by either direct microscopic visualization 
of broad ribbon-like aseptate hyphae or isolation of 
Mucorales. COVID-19 diagnosis was made in pa-
tients who tested positive for severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2, the causative 
agent of COVID-19) RNA in respiratory specimens by 
reverse transcription PCR (RT-PCR) or a positive rap-
id antigen test. We defined CAM as the occurrence of 
proven mucormycosis in COVID-19 patients. 

Seven participating centers provided additional 
data on hospitalized COVID-19 patients and num-
ber of diagnosed CAM cases during the study pe-

riod. The prevalence of CAM was calculated as the 
total number of CAM cases divided by the number of  
COVID-19 patients treated at the 7 participating cen-
ters during the study period. Similarly, the preva-
lence of CAM cases in the intensive care unit (ICU) 
was calculated as the total number of patients devel-
oping mucormycosis among COVID-19 patients who 
received treatment in the ICU. We classified CAM 
cases as early when mucormycosis was diagnosed <7 
days after COVID-19 diagnosis and late when mucor-
mycosis was diagnosed ≥8 days after COVID-19 diag-
nosis. We also collected the number of mucormycosis 
cases reported at the participating centers during the 
same months (September–December) of 2019. For pa-
tients who left the hospital against medical advice, we 
considered a worst-case scenario for mortality analy-
sis and assumed the patients died.

Study Procedure 
We developed a standard case-record form that we 
circulated to all the centers for data collection. We 
extracted the following information from the patient 
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Figure 1.	Locations	of	16	
healthcare centers participating 
in MucoCovi Network study on 
coronavirus disease–associated 
mucormycosis, India. AIIMS, 
All India Institute of Medical 
Sciences; CIMS, Care Institute of 
Medical Sciences; PD Hinduja, 
Parmanand Deepchand Hinduja; 
PGIMER, Post Graduate 
Institute of Medical Education & 
Research; SGPI, Sanjay Gandhi 
Postgraduate Institute
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records: demographic characteristics; underlying 
diseases, such as diabetes mellitus, hematological 
malignancy, organ transplantation, and others; days 
to the diagnosis of mucormycosis before or after  
COVID-19 diagnosis; anatomic site of mucormycosis 
involvement; diagnostic modalities for mucormyco-
sis, including microscopy, culture, or histopathology; 
treatment details, including antifungal drug therapy, 
surgical therapy, and other treatments; site of case 
management, including home, hospital ward, or ICU; 
immunosuppressive treatment received, such as glu-
cocorticoid and other drugs; and outcome at 6 and 12 
weeks. We classified multiple underlying diseases by 
using a hierarchical model. For instance, if a patient 
had hematologic malignancy and then diabetes mel-
litus developed due to the patient’s therapy, we con-
sidered hematologic malignancy as the primary risk 
factor. On the other hand, for patients with COVID-19 
and preexisting uncontrolled diabetes, we regarded 
diabetes as the primary underlying disease.

Treatment Details 
All patients received treatment for COVID-19 and 
mucormycosis according to protocol at the respec-
tive treating institution. We recorded the information 
regarding the type, dose, and duration of glucocor-
ticoid drugs used for managing COVID-19, where 
available, by using dexamethasone-equivalent dose; 
0.75 mg dexamethasone is equivalent to 4 mg meth-
ylprednisolone or 5 mg prednisolone. We classified 
glucocorticoid use as not indicated when any steroid 
was used for managing nonhypoxemic COVID-19, 
appropriate when dexamethasone-equivalent doses 
of 6 mg/day were used for 10 days, or indicated but 
inappropriate when dexamethasone-equivalent doses 
>6 mg/day were used for >10 days. To treat mucor-
mycosis, patients received liposomal amphotericin B 
(5 mg/kg 1×/d for 4–6 weeks, or, if the patient had 
economic constraints, amphotericin B deoxycholate 1 
mg/kg 1×/d for 6–8 weeks). Duration of induction 
therapy was dependent on how well patients tolerat-
ed amphotericin B infusion. Oral triazoles were given 
for variable duration depending on the site of mucor-
mycosis, radiologic resolution, and clinical response. 
Patients with intracranial extension received higher 
doses of amphotericin B for longer periods. We clas-
sified antifungal therapy as combination when the 
patient received both classes of antifungals in any 
formulation of amphotericin B and posaconazole or 
isavuconazole, concurrent when both amphotericin B 
and triazoles were used simultaneously, and sequen-
tial when triazole was used after amphotericin B.

Study Objectives 
Our primary objective was to compare the epidemiol-
ogy of mucormycosis between CAM and non-CAM 
groups during the study period, including the preva-
lence, underlying diseases, relationship to COVID-19, 
site of infection, and outcomes. Our secondary objec-
tives were to compare CAM versus non-CAM and 
ascertain whether COVID-19 is a risk factor for mu-
cormycosis death.

Sample Processing 
Tissue biopsies from mucormycosis-affected ana-
tomical sites were used for conventional microscopy, 
culture, and histopathology, as appropriate, at the 
respective health centers. Microscopy was performed 
by using potassium hydroxide mount with or with-
out calcofluor stain. The samples were inoculated on 
2 sets of Sabouraud dextrose agar and incubated at 
25°C and 37°C. Positive cultures were identified by 
macroscopic and microscopic characteristics. Tissue 
samples submitted for histopathology were exam-
ined by using hematoxylin and eosin, periodic acid 
Schiff, or Gomori methenamine silver stain.

Statistical Methods 
We performed data analysis using SPSS Statistics 21.0 
(IBM, Inc, https://www.ibm.com). We provide de-
scriptive statistics as frequencies, mean (SD), or me-
dian (interquartile range [IQR]), as appropriate. We 
compared categorical variables by using χ2 or Fischer 
exact test and analyzed differences between continu-
ous data by using Mann-Whitney U tests. We per-
formed multivariate logistic regression analyses to 
identify factors predicting development of late CAM 
and mucormycosis mortality rates. We considered 
p<0.05 statistically significant.

Results
During the study period, a total of 295 consecutive 
mucormycosis cases were diagnosed at the 16 par-
ticipating centers. We excluded 8 cases because of 
incomplete data. Of the remaining 287 cases, 187 
(65.2%) had CAM. The mean age of the entire study 
population was 53.4 years (SD 17.1 years); 74.6% 
were men and 25.4% were women (Table 1). Patients 
with CAM were older (mean age 56.9 years), and 
a higher proportion (80.2%) were men than for the 
non-CAM patients.

CAM Prevalence
Among participating centers, 7 provided informa-
tion needed to estimate the prevalence of CAM. Dur-
ing the study period, CAM patients accounted for 
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28/10,517 COVID-19 patients managed in general 
wards and 25/1,579 in ICUs. The overall prevalence 
of CAM was 0.27% (range 0.05%–0.57%); prevalence 
of CAM in ICUs was 1.6% (range 0.65%–2.0%). More 
mucormycosis cases were identified during the 2020 
study period (231 cases) than during the same time 
range in 2019 (112 cases). The number of mucormyco-
sis cases unrelated to COVID-19 did not differ much 
during both the study periods (112 cases in 2019 vs. 
92 cases in 2020), indicating the increase in 2020 was 
chiefly attributed to CAM (Figure 2).

Predisposing Factors 
The most common underlying disease among both 
CAM and non-CAM groups was uncontrolled diabe-
tes mellitus (62.7%). Of note, newly detected diabetes 
mellitus was more frequent during the evaluation of 
mucormycosis among CAM (39/187 [20.9%]) than 
non-CAM (10/100 [10%]; p = 0.02) patients. Diabet-
ic ketoacidosis was seen less often in CAM patients 
(16/187 [8.6%]) than in non-CAM patients (27/100 
[27%]; p = 0.0001). COVID-19 was the only underly-
ing disease in 61/187 (32.6%) CAM patients, among 
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Table 1. Baseline characteristics among patients with mucormycosis, with and without COVID-19, India* 
Variables CAM, n	=	187 Non-CAM, n	=	100 p value 
Mean age, y (SD) 56.9	(12.5) 46.9	(16.4) 0.0001 
Sex   0.003 
 M 150	(80.2) 64	(64.0)  
 F 37	(19.8) 36	(36.0)  
Underlying	disease   0.0001 

 None 0 19 (19.0)  
 COVID-19 only 61	(32.6) 0  

 Glucocorticoids for COVID-19 48/61 (78.7) NA  
 Diabetes mellitus 113	(60.4) 67	(67.0)  
 Traumatic inoculation (dental surgery, trauma, and burns) 3	(1.6) 9 (9.0)  
 Hematological malignancy 2 (1.1) 2 (2)  
 Renal transplantation 3	(1.6) 0  
Other† 5 (2.7) 3	(3)  

Glucocorticoids 146	(78.1) 6	(6.0) 0.0001 
Site of involvement    

 Rhino-orbital 117	(62.6) 50 (50.0) 0.07 
 Rhino-orbito-cerebral 44	(23.5) 34	(34.0) 0.07 
 Pulmonary 16	(8.6) 6	(6.0) 0.42 
 Renal 1 (0.5) 1 (1.0) 0.66 
 Other (e.g., cutaneous, stomach) 5 (2.7) 9 (9.0) 0.03 
 Disseminated 4	(2.1) 0 0.41 

Microscopy   0.10 
 Negative smear 30	(16.0) 10 (10.0)  
 Aseptate hyphae 153	(81.8) 84	(84.0)  
 Septate hyphae 1 (0.5) 0  
 Septate and aseptate hyphae 3	(1.6) 6	(6.0)  

Culture   0.04 
 No growth 87	(46.5) 61	(61.0)  

 Mucorales 99 (52.9) 37	(37.0)  
 Mucorales and Aspergillus species 1 (0.5) 1 (1.0)  
 Aspergillus species 0 1 (1.0)  

Histopathology diagnostic of mucormycosis‡ 143/155	(92.3) 37/44	(84.1) 0.10 
Management and outcome    
 Hypoxemia during hospitalization 74	(39.6) 12 (12.0) 0.0001 
 Admission to the intensive care unit 58	(31.0) 9 (9.0) 0.0001 
 Treatment    

  Liposomal	amphotericin	B 136	(72.7) 84	(84) 0.002 
  Amphotericin D deoxycholate 31	(16.6) 5 (5.0) 0.005 
  Posaconazole 73	(39.0) 14	(14.0) 0.0001 
  Isavuconazole 19 (10.2) 2 (2.0) 0.01 

 Combined antifungal therapy   0.0001 
  Single antifungal drug 95	(50.8) 88	(88.0)  
  Concurrent 13	(7.0) 1 (1.0)  
  Sequential 79	(42.5) 11 (11.0)  

 Combined medical and surgical therapy 131	(70.1) 73	(73.0) 0.60 
 Outcome    

  Death <6	weeks 70	(37.4) 40	(40.0) 0.67 
  Death <12	weeks	(n	=	256) 75/170	(44.1) 42/86	(48.8) 0.51 

*Values	are	no.	(%)	except as indicated. CAM, COVID-19–associated mucormycosis; COVID-19, coronavirus disease; NA, not applicable. 
†Includes liver cirrhosis, immunosuppression, and malignancies.  
‡Histopathological examination was performed in 199 cases, 155 in the CAM group and 44	non-CAM groups. 
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whom 48 (78.7%) received glucocorticoid treatment 
for COVID-19 management. Other risk factors, in-
cluding hematologic malignancy and solid organ 
transplantation, were noted in few among the study 
population (Table 1).

Clinical Manifestations and Site of Involvement
A greater percentage of patients with CAM had 
hypoxemia requiring ICU admission during hos-
pitalization than the non-CAM group (Table 1). 
The rhino-orbital region was the most common 
mucormycosis site (58.2%), followed by rhino-or-
bital-cerebral, pulmonary, and other sites (Table 1). 
However, site of involvement was similar in both 
the CAM and the non-CAM groups. Toothache, 
loosening of teeth, and radiologic involvement of 
the jaw were noted in many CAM patients (Figure 
3) but were not seen in non-CAM patients. One 
participating center reported jaw involvement in 
10/47 (21.3%) contributed CAM cases (Figure 3). 
The common form of pulmonary involvement was 
cavitary lung disease (Figure 4).

Diagnosis 
Mucormycosis diagnosis was made by direct micros-
copy in 237/287 (82.6%) patients. Histopathology 
demonstrated aseptate hyphae in 180/199 (90.5%) 
patients. Culture identified the etiologic agent in 
138/287 (48.1%) cases (Table 1). The isolated Muco-
rales included Rhizopus arrhizus, Rhizomucor pusillus, 
Apophysomyces variabilis, Lichtheimia corymbifera, and 
others. We did not note association of any species 
with any anatomic infection site.

Treatment 
Liposomal amphotericin B was the most used anti-
fungal agent in both groups. However, the use of li-
posomal amphotericin B was much lower in the CAM 
group (72.7%) compared with the non-CAM group 
(84%). Posaconazole and isavuconazole were more 
frequently used in CAM patients than in the non-CAM 
group. A combination of antifungal therapy, such as 
amphotericin B plus triazoles, either concurrent or se-
quential, was used much more often in CAM patients 
(49.5%) than in non-CAM (12%) patients. Combined 
medical and surgical management was performed in 
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Figure 2. Cumulative number of mucormycosis cases during 
September–December 2019 and September–December 
2020	in	10	health	centers,	India.	White	bar	section	indicates	
coronavirus disease–associated mucormycosis (CAM); black 
bar sections indicate non-CAM cases. During 2019, 112 cases of 
mucormycosis	were	detected,	but	a	total	of	231	cases,	92	non-
CAM	and	139	CAM,	were	detected	in	2020.

Figure 3. Radiographic images and surgical specimens demonstrating rhino-orbital-cerebral coronavirus disease–associated 
mucormycosis	in	patients	from	India,	2020.	A)	Three-dimensional	reconstruction	of	computed	tomography	scan	of	54-year-old	male	
patient.	Black	arrows	indicate	patchy	osteonecrosis	involving	the	upper	jaw,	right	orbital	wall,	and	paranasal	sinuses.	B)	Surgical	
specimen	from	the	maxilla	of	54-year-old	male	patient	showing	black	necrotic	paranasal	sinus	with	palatal	involvement	indicated	by	
yellow arrows. C, D) Magnetic resonance imaging (MRI) of coronal section of paranasal sinus and brain of 51-year-old female patient. 
Red arrow in panel C indicates enhancing cavernous sinus lesion; D) red arrow in panel D indicates right ethmoid and maxillary 
sinusitis. Scale bar indicates 7 cm. 
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71.1% (204/287) of patients and was similar in the 2 
groups. Major resection of the affected site was per-
formed in 59/284 patients; the remaining patients un-
derwent partial resection or debridement.

Outcomes 
Mortality rates were similar between CAM and non-
CAM groups; the combined 6-week mortality rate 
was 38.3% (110/287 patients) and the 12-week mor-
tality rate was 45.7% (117/256 patients) (Table 1). 
Univariate analysis showed that combined medical 
and surgical management improved survival in the 
rhino-orbital-cerebral group but did not improve 
outcomes for patients with infections at other sites 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/9/21-0934-App1.pdf). On multivariate 
logistic regression analysis, we found age, site of 
involvement (rhino-orbital-cerebral or pulmonary), 
and ICU admission were associated with increased 
mortality rates. In contrast, sequential treatment with 
a combination of antifungal drugs was independently 

associated with better survival at 6 and 12 weeks (Ta-
ble 2; Appendix Table 2).

Subgroup Analysis of CAM 
The median time to CAM diagnosis was 18 (IQR 
11–27) days (Figure 5). Among 187 CAM patients, 
158 (84.2%) were classified as late CAM (Table 3). 
Some (33/187; 17.6%) patients were managed for  
COVID-19 at home before developing CAM. Among 
187 CAM patients, 74 (55.6%) were hypoxemic. Glu-
cocorticoid drugs were administered in various dos-
es; the median cumulative dexamethasone-equivalent 
dose was 84 mg (range 18–1,343 mg). Of note, only 
49/146 (33.6%) patients received steroids at appropri-
ate levels (Table 3). Tocilizumab was administered to 
5 (2.7%) patients for COVID-19 management.

The demographic characteristics, underly-
ing diseases, and site of involvement were similar 
among patients with early and late CAM. However, 
we saw diabetic ketoacidosis more often in patients 
with early CAM (28%) than late CAM (5%). A higher 
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Figure 4. Noncontrast 
computed tomography scan 
of the thorax of a patient with 
coronavirus disease–associated 
mucormycosis, India, 2020. 
A) Pulmonary mucormycosis 
demonstrated as a large area 
of consolidations with patchy air 
trapping (black arrow), patchy 
ground-glass opacities, and septal 
thickening;	B)	large	thick-walled	
cavity (red arrow) with surrounding 
ground-glass opacities.

 
Table 2. Multivariate analysis of factors predicting death at 6 weeks among patients with mucormycosis, India* 
Variables Survivors, n	=	177 Non-survivors, n	=	110 Odds ratio (95%	CI) p value 
Mean age, y (SD) 52.6	(15.1) 54.7	(14.0) 1.02 (1.00–1.04) 0.03 
Underlying	disease     
 None 10	(5.6) 9	(8.2) Referent Referent 

 Isolated COVID-19 42	(23.7) 19	(17.3) 0.56	(0.17–1.83) 0.34 
 Diabetes mellitus 109	(61.6) 71	(64.5) 0.92	(0.32–2.64) 0.88 
 Traumatic inoculation 8	(4.5) 4	(3.6) 1.30	(0.25–6.80) 0.76 
 Others 5	(2.8) 3	(2.7) 1.20	(0.18–7.81) 0.85 
 Renal transplantation 1	(0.6) 2	(1.8) 6.87	(0.42–113.19) 0.18 
 Hematological malignancy 2 (1.1) 2	(1.8) 1.60	(0.14–18.72) 0.71 

Site of involvement     
 Rhino-orbital 117	(66.1) 50	(45.5) Referent Referent 
 Rhino-orbito-cerebral 39	(22) 39	(35.5) 2.39	(1.30–4.40) 0.005 
 Pulmonary 8	(4.5) 14	(12.7) 3.26	(1.05–10.11) 0.04 
 Other† 13	(7.3) 7	(6.4) 1.29	(0.43–3.86) 0.64 

Admission to the intensive care unit 32	(18.1) 35	(31.8) 2.87	(1.43–5.75) 0.003 
Combined medical surgical therapy 135	(76.3) 69	(62.7) 0.77	(0.41–1.45) 0.41 
Combination of antifungals     

 Single antifungal drug 95	(53.7) 88	(80) Referent Referent 
 Concurrent 9 (5.1) 5	(4.5) 0.37	(0.09–1.44) 0.15 
 Sequential 73	(41.2) 17 (15.5) 0.17	(0.87–0.35) 0.0001 

*Values	are	no.	(%)	except	as indicated.	Bold	text	indicates	statistical significance. COVID-19, coronavirus disease. 
†Includes cutaneous, stomach, disseminated, or other. 
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proportion of patients with late CAM received glu-
cocorticoid treatment (Table 3). Whereas amphoteri-
cin B remained the most common antifungal drugs 
used in both groups, posaconazole, isavuconazole, 
or a sequential use of antifungal agents (i.e., ampho-
tericin B followed by posaconazole or isavuconazole) 
was more often seen in patients with late CAM. We 
saw no statistically significant difference in 6- and 12-
week mortality rates between the early and late CAM 
groups (Table 3).

We also explored factors associated with late CAM 
development (Table 4). After adjusting for age, sex, and 
underlying risk factors, we found hypoxemia due to 
COVID-19 and inappropriate glucocorticoid adminis-
tration were associated with development of late CAM.

Discussion
In our study, the prevalence of CAM was 0.27% in 
patients managed in hospital wards and 1.6% in pa-
tients managed in ICUs. We found a 2.1-fold increase 
in mucormycosis cases during September–Decem-
ber 2020 than the same months of 2019; we attribute 
the increase to COVID-19. Most CAM cases were 
diagnosed >8 days after COVID-19 diagnoses. Hy-
poxemia due to COVID-19 and inappropriate use of 
glucocorticoid drugs were independently associated 
with development of late CAM. The mortality rate for 
CAM patients was high (44%) but was comparable 
to rates for non-CAM (49%) patients. Older age (>54 
years), admission to an ICU, and pulmonary or brain 
involvement by Mucorales were independently asso-
ciated with a higher risk for death. The sequential use 
of antifungal drugs at any site was associated with 
improved survival at 6 and 12 weeks, irrespective of 
anatomical site of mucormycosis.

In our study, 74.6% of patients affected by mu-
cormycosis were men, as observed in previous stud-
ies (11–13). We found diabetes mellitus was the most 
common underlying disease for both CAM and non-
CAM patients. SARS-CoV-2 has been shown to affect 
the beta cells of the pancreas, resulting in metabolic 
derangement, possibly causing diabetes mellitus 
(14,15). Whether more frequent diagnosis (20%) of di-
abetes mellitus during the evaluation for CAM com-
pared with non-CAM (10%) is related to SARS-CoV-2 
infection, glucocorticoid therapy, or a chance occur-
rence remains unclear. Unfortunately, we do not have 
glycated hemoglobin values taken at admission for 
all newly detected diabetes cases in our study, so we 
cannot determine if these patients had diabetes mel-
litus before CAM developed. 

We found inappropriate glucocorticoid use was 
independently associated with late CAM. Among 

187 CAM cases, 61 (32.6%) had COVID-19 as the 
only underlying disease; 13 of those cases were not 
treated with glucocorticoid or other immunomodu-
latory therapies. Whether COVID-19 itself causes 
immune dysregulation and predisposes patients to 
invasive mucormycosis remains an unproven possi-
bility (16–18). We did not find that COVID-19 was an 
independent predictor of late CAM, possibly because 
of the lower numbers of patients in our cohort with 
COVID-19 as the only underlying disease without 
any other risk factor. Lymphopenia is common in 
COVID-19, and progressive lymphopenia has been 
shown to correlate with COVID-19 severity (19). The 
persisting immune dysregulation during the recov-
ery phase of COVID-19 infection also confers ad-
ditional risk. Unfortunately, we have not evaluated 
the effect of lymphopenia on the development or 
outcome of CAM. Tocilizumab use in COVID-19 has 
been reported as a risk factor for invasive candidiasis 
(20). However, only 2.7% of the CAM patients in this 
study received tocilizumab.

The high mortality rate for CAM is a major concern 
(7). Patients with CAM were older (56.9 years) than 
non-CAM patients (46.9 years). Evidence suggests that 
older age imparts increased risk for hospitalization, 
respiratory failure, ICU admission, and attendant glu-
cocorticoid therapy in COVID-19 (21,22). Further, age 
>54 years also was associated with an increased risk 
for death among our cohort. The site of mucormycosis 
involvement and the survival at 6 and 12 weeks was 
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Figure 5.	Waterfall	plot	showing	the	number	of	days	between	the	
diagnosis of coronavirus disease (COVID-19) and COVID-19–
associated mucormycosis (CAM). Each vertical line represents a 
case-patient. Red indicates late CAM (mucormycosis developing 
>8	days	after	COVID-19	diagnosis);	black	indicates	early	CAM	
(mucormycosis developing <7 days of COVID-19 diagnosis). 
Among early CAM cases, mucormycosis was diagnosed before 
(n	=	8),	concurrently	with	(n	=	8),	or	after	(n	=	13)	COVID-19	
diagnosis.	Dotted	line	represents	the	median	duration	(18	days)	
after COVID-19 diagnosis for the diagnosis of CAM.



RESEARCH

similar in CAM and non-CAM groups. We expected a 
higher proportion of pulmonary mycosis because re-
spiratory viral infections, such as influenza, often are 
associated with secondary invasive aspergillosis (8). 
However, we did not observe an increased occurrence 
of pulmonary mucormycosis compared with infec-
tions in other sites among the CAM group. Consider-
ing the low rate of pulmonary involvement, we believe 
that CAM can be attributed to the systemic effects of 
COVID-19 or its treatment, rather than a sole alteration 
in the lungs. Several pulmonary mucormycosis cases 
also might have remained undiagnosed because of 
challenges in obtaining diagnostic respiratory samples 
among critically ill COVID-19 patients.

Appropriate and timely antifungal therapy and 
surgical resection, when feasible, are considered es-

sential in mucormycosis management. Liposomal 
amphotericin B is the drug of choice, but isavucon-
azole also is recommended in primary therapy. Tri-
azoles, including posaconazole and isavuconazole, 
commonly are used in the consolidation phase or as 
salvage therapy (23). The role of combination antifun-
gal treatment in mucormycosis is not clearly support-
ed by evidence (24). The combination of surgery and 
antifungal therapy was associated with better sur-
vival in the rhino-orbital-cerebral group in this study, 
conforming with previous experiences (6,11,25). 
However, the same was not true for mucormycosis in 
other anatomic sites. Early diagnosis of mucormyco-
sis and the more frequent use of consolidation thera-
py or combination of antifungals in this study could 
be one explanation; another could be fewer surgeries 
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Table 3. Characteristics of early and late CAM among patients with COVID-19, India* 
Variables Early CAM, n	=	29† Late CAM, n	=	158‡ p value 
Mean age, y (SD) 51.8	(14.2) 57.8	(11.9) 0.015 
Sex   0.10 
 F 9	(31.0) 28	(17.7)  
 M 20 (69.0) 130	(82.3)  
Glucocorticoids 8	(27.6) 138	(87.3) 0.0001 
Tocilizumab 0 5	(3.2) 0.33 
Underlying	diseases   0.52 

 COVID-19 only 11	(37.9) 50 (31.6)  
 Diabetes mellitus 16	(55.2) 97	(61.4)  

 Diagnosed during current illness 6 33  
 Diabetic ketoacidosis§ 8 8  

 Traumatic inoculation: dental surgery, trauma, and burns 0 3	(1.9)  
 Hematological malignancy 0 2	(1.3)  
 Renal transplantation 0 3	(1.9)  
 Other: liver cirrhosis, immunosuppression, and others 2	(6.9) 3	(1.9)  

Site of involvement   0.88 
 Rhino-orbital 17	(58.7) 100	(63.3)  
 Rhino-orbito-cerebral 8	(27.6) 36	(22.8)  
 Pulmonary 3	(10.3) 13	(8.2)  
 Renal 0 1 (0.6)  
 Other: e.g., cutaneous, stomach 0 5	(3.2)  
 Disseminated 1	(3.4) 3	(1.9)  

Hypoxemia during hospitalization 9	(31.0) 65	(41.1) 0.19 
ICU	admission 12	(41.4) 46	(29.1) 0.31 
Glucocorticoid treatment for COVID-19 N =	17 N	=	133  

 Appropriate 11	(64.7) 44	(33.1)  
 Not indicated 4	(23.5) 46	(34.6)  
 Indicated, but inappropriately high dose 2	(11.8) 43	(32.3)  

Treatment    
 Liposomal	amphotericin	B 26	(89.7) 110 (71.9) 0.06 
 Amphotericin D deoxycholate 3	(10.3) 28	(17.7) 0.33 
 Posaconazole 4	(13.8) 69	(43.7) 0.02 
 Isavuconazole 0 19 (12.0) 0.049 

Combined antifungal therapy   0.004 
 Single antifungal drug 23	(79.4) 72	(45.6)  
 Concurrent 1	(3.4) 12	(7.6)  
 Sequential 5 (17.2) 74	(46.8)  

Combined medical and surgical therapy 18	(62.1) 113	(71.5) 0.31 
Outcomes    

 Death	at	6	weeks 12	(41.4) 58	(36.7) 0.63 
 Death at 12 weeks, n	=	170 13/22	(59.1) 62/148	(41.9) 0.17 

*Values	are	no.	(%)	except	as indicated. CAM, COVID-19–associated mucormycosis; COVID-19, coronavirus disease;	ICU,	intensive	care	unit. 
†Early CAM is considered mucormycosis diagnosed <7 days of COVID-19 diagnosis. 
‡Late CAM is mucormycosis diagnosed >8	days	of	COVID-19 diagnosis. 
§Diabetic ketoacidosis was more frequent among patients with early	CAM	(p	=	0.0001). 
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performed in patients with other than rhino-orbital 
mucormycosis.

We found the sequential use of antifungal drugs, 
amphotericin B then posaconazole or isavuconazole, 
was independently associated with improved sur-
vival among mucormycosis patients. However, the 
lack of randomization, possibility of case selection, 
and chance survival are potential biases. In addi-
tion, the optimal duration and dose of amphotericin 
B and posaconazole are not clear. The usefulness of 
antifungal combination administered simultaneous-
ly could not be ascertained due to the small num-
ber of patients receiving concurrent therapy in our 
study. A randomized controlled trial could affirm 
the role of a combination of antifungals or mainte-
nance therapy in mucormycosis.

We expected better survival for the CAM patients 
in this study. Contrary to the prevailing practices 
(11,24), a combination of antifungal agents was more 
frequently used (50%) in CAM patients than in non-
CAM patients (12%). Also, hospitalized CAM patients 
were closely monitored. The treatment practices used 
for the CAM group, especially those with late CAM, 
were distinct from those for the non-CAM group and 
those for patients with early CAM. The occurrence 
of a mold infection and the apprehension associated 
with the COVID-19 pandemic could have resulted in 
more frequent use of combination therapy in CAM. 
However, we saw no difference in mortality rates 
between CAM and non-CAM patients. Of course, in-
creased risk for death due to COVID-19 itself cannot 
be ruled out for these CAM patients.

Our study’s first limitation is that we collected 
data from a single country. The predominant risk 
factor for mucormycosis in our study was diabetes, 
which is also the case in some countries, including 

Bangladesh, China, Iran, Mexico, and Pakistan, from 
which data on mucormycosis are still limited (26). 
Further studies should compare data from coun-
tries with high rates of diabetes and mucormycosis 
with that of data from the United States and Europe, 
where mucormycosis predominantly is encountered 
in hematological malignancies and organ transplan-
tation. Given the large number of late CAM cases, 
healthcare-associated mucormycosis remains a dis-
tinct possibility (27,28). Contaminated ventilation 
systems, air conditioners, and ongoing construction 
in hospitals have been reported to cause outbreaks 
of mucormycosis in the past (28). However, we did 
not estimate the burden of Mucormycetes spores in 
the hospital environment (29). We also do not have 
data on the timing of amphotericin B use, timing of 
surgery, or duration of sequential antifungal thera-
py, which are critical factors that have a bearing on 
mucormycosis outcomes; hence, we could not ana-
lyze these factors. Other unexplored factors, includ-
ing genetic predisposition, might explain the high 
prevalence of CAM and non-CAM in India. Thus, 
prospective studies from the rest of the world, es-
pecially those severely affected by the COVID-19 
pandemic, would be needed to ascertain the epide-
miology of CAM. The strength of our study is the 
large number of patients, which lends credibility to  
our observations.

In conclusion, mucormycosis is a rare but criti-
cal problem complicating the later part of the clini-
cal course of COVID-19 in India, possibly due to im-
proper glucocorticoid usage. We found no difference 
in the risk factors, site of involvement, and outcome 
of mucormycosis complicating COVID-19 cases com-
pared with non–COVID-19 cases. Nevertheless, the 
prevalence of mucormycosis has increased greatly in 
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Table 4. Multivariate analysis of factors predicting the development of late CAM among COVID-19 patients, India* 
Variables Early	CAM,	n	=	29† Late	CAM,	n	=	158‡ Odds	ratio	(95%	CI) p value 
Mean age, y (SD) 51.8	(14.2) 57.8	(11.9) 1.02 (0.96–1.07) 0.62 
Sex     
 M 20	(69.0) 130	(82.3) 0.25	(0.06–1.10) 0.07 
 F 9	(31.0) 28	(17.7) Referent  
Underlying	disease     
 Isolated COVID-19 11	(23.7) 50	(17.3) 1.71 (0.25–11.96) 0.59 

 Diabetes mellitus 16	(61.6) 97	(64.5) 5.84	(0.70–48.89) 0.10 
 Others§ 2	(4.5) 11	(3.6) Referent  

Hypoxemia due to COVID-19 9	(31.0) 65	(41.1) 11.84	(1.43–98.06) 0.02 
Glucocorticoid usage N	=	17 N	=	133   

 Appropriate 11	(64.7) 44	(33.1) Referent  
 Not indicated 4	(23.5) 46	(34.6) 66.93	(7.05–635.19) 0.0001 
 Indicated, but inappropriately high dose 2	(11.8) 43	(32.3) 9.91	(1.39–70.77) 0.02 

*Values	are	no.	(%)	except	as	indicated.	Bold	text	indicates	statistical	significance.	CAM,	COVID-19–associated mucormycosis; COVID-19, coronavirus 
disease.  
†Early CAM is considered mucormycosis diagnosed <7 days of COVID-19 diagnosis. 
‡Late CAM is mucormycosis diagnosed >8	days	of	COVID-19 diagnosis. 
§Includes traumatic inoculation, cirrhosis, immunosuppression, renal transplantation, and hematological malignancy. 
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India, coinciding with the country’s COVID-19 epi-
demic. Clinicians should be vigilant for mucormyco-
sis in the patients recovering from COVID-19 illness, 
especially among patients with new or previously di-
agnosed diabetes mellitus and clinical manifestations 
of facial or orbital pain or black or blood-stained nasal 
discharge. In addition, we found improper glucocor-
ticoid use for the COVID-19 treatment to be an ad-
ditional risk factor in CAM. Therefore, treating physi-
cians should ensure they use appropriate drugs and 
doses in treating COVID-19 patients.
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Methicillin-resistant Staphylococcus aureus, bet-
ter known as MRSA, is often found on human skin. 
But MRSA can also cause dangerous infections that 
are resistant to common antimicrobial drugs. Epide-
miologists carefully monitor any new mutations or 
transmission modes that might lead to the spread of 
this infection.

Approximately 15 years ago, MRSA emerged in 
livestock. From 2008 to 2018, the proportion of in-
fected pigs in Denmark rocketed from 3.5% to 90%. 

What happened, and what does this mean for hu-
man health?

In this EID podcast, Dr. Jesper Larsen, a senior re-
searcher at the Statens Serum Institut, describes the 
spread of MRSA from livestock to humans. 
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From the Greek (para/
παρά + kokkis [coccid-

ia]), Adolpho Lutz de-
scribed Paracoccidioides in 
1908. After analysis of 
oral and cervical lymph 
node lesions from in-
fected patients, Lutz 
initially believed that he 
had detected Coccidioi-
des. However, more ex-
tensive analysis showed 
that he had detected an-
other fungus. Because of 
morphologic and clinical 
disease similarities, the name Paracoccidioides was 
suggested. The prefi x para (near) indicates its simi-
larity with Coccidioides.

Paracoccidioides is a thermally dimorphic fun-
gus. It grows as an infective mycelium form (at 
18°C–23°C) or a parasitic multibudding yeast 
form (at 35°C–37°C). It is composed of 2 species: 

P. brasiliensis and P. lutzi. They are the etiologic 
agents of paracoccidioidomycosis. This systemic 
infection is endemic to Latin America (southern 
Mexico to northern Argentina). The highest num-
ber of cases are found in Brazil, Colombia, and 
Venezuela. Paracoccidioides conidia and mycelia 
are found in soil and transmitted by inhalation.

Paracoccidioides [p′a ɾə kok-sidʺe-oiʹ d′ez]

etymologia
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Figure 2. Paracoccidioides brasiliensis mycelium cells 
(left) and multibudding yeasts (right) by scanning electron 
microscopy.		Original	magnifi	cations	×1,500	for	the	left	panel	
and	×3,000	for	the	right	panel.	Image	adapted	from	Vieira	e	
Silva	et	al.	1974.
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Early in the coronavirus disease (COVID-19) pan-
demic, New Zealand (Aotearoa in Māori lan-

guage) adopted a disease elimination approach. 
Elimination was fi rst achieved in May 2020 (1,2), and 
through April 30, 2021, only 13 community outbreaks 
(Table) had occurred, comprising a total of 225 re-
corded community cases. We defi ne a community 
case as illness in someone who has either been in 

contact with the wider community while potentially 
infectious or who was infected after being put into a 
dedicated managed isolation and quarantine (MIQ) 
facility because of one of the outbreaks discussed 
here. In contrast, we consider MIQ case-patients (i.e., 
returnees or MIQ workers) as those who acquired 
their infection through a chain of transmission that 
had not entered New Zealand.

The public health response to community out-
breaks differed according to the extent of the out-
break. Two outbreaks resulted in Auckland, New 
Zealand’s largest city, moving to alert level 3, which 
mandates stay-at-home-orders for most persons. The 
alert level system comprises levels 1–4; the most strin-
gent is level 4 (4).

A core part of the COVID-19 elimination strat-
egy is a strictly controlled border where nearly 
every person entering the country is required to 
isolate for 14 days at an MIQ facility and be tested 
for severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) on days 0, 3, and 12 of their 
stay (4,5). The MIQ facilities are repurposed hotels, 
more than half of which are located in Auckland. 
With an operational capacity of 4,000 returnees, the 
returnees (135,451 as of May 1, 2021) (6) and the 
considerable workforce required to service them 
present a possible transmission route into the com-
munity. Of the 13 known border incursions, 7 origi-
nated in MIQ facilities (4 from MIQ workers and 
3 from returnees who tested positive after leaving 
the facility), 3 were from airline workers, and 1 was 
from an infection on a visiting ship; the sources of 
the remaining 2, which both led to stay-at-home or-
ders, remain unknown.

Real-Time Genomics for Tracking
Severe Acute Respiratory 
Syndrome Coronavirus 2 

Border Incursions after Virus 
Elimination, New Zealand
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Since severe acute respiratory syndrome coronavirus 2 
was	fi	rst	eliminated	in	New	Zealand	in	May	2020,	a	total	
of	13	known	coronavirus	disease	(COVID-19)	community	
outbreaks	have	occurred,	2	of	which	led	health	offi		cials	to	
issue stay-at-home orders. These outbreaks originated 
at the border via isolating returnees, airline workers, and 
cargo	vessels.	Because	a	public	health	system	was	in-
formed by real-time viral genomic sequencing and com-
plete genomes typically were available within 12 hours of 
community-based positive COVID-19 test results, every 
outbreak was well-contained. A total of 225 community 
cases	resulted	in	3	deaths.	Real-time	genomics	were	es-
sential for establishing links between cases when epide-
miologic data could not do so and for identifying when 
concurrent	outbreaks	had	diff	erent	origins.
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Since April 19, 2021, travel between New Zea-
land and Australia has been open. Australia has 
also pursued an elimination strategy (although it is 
typically referred to as aggressive suppression) (7) 
and uses a hotel-based MIQ system although with 
notably fewer but larger outbreaks detected from 
their MIQ facilities (L.M. Grout et al., unpub. data, 
https://www.medrxiv.org/content/10.1101/2021.
02.17.21251946v1) (8).

Viral genomic sequencing has played a crucial 
role in tracing and delineating all community out-
breaks in New Zealand (3,9,10), complementing 
border controls, the alert level system, and contact 
tracing. There has been an effort to sequence the 
virus from every case-patient. Infected returnees 
in MIQ facilities are sequenced weekly, and com-
munity case-patients are sequenced more urgently; 
complete genomes are typically available to inform 
health officials within 12 hours of the first posi-
tive test result. Real-time genomic surveillance has 
been indispensable for confirming or disproving 
links between cases, particularly when epidemio-
logic data were lacking. We recount the events sur-
rounding the 13 community outbreaks as of April 
30, 2021, and demonstrate how genomic sequenc-
ing technologies have played vital roles in delineat-
ing these outbreaks.

Materials and Methods
We constructed a multiple sequence alignment (11) 
containing 225 genomes from New Zealand com-
munity outbreaks and another 663 from the rest of 
the world, downloaded from GISAID (12). For each 
New Zealand outbreak, we sampled up to 50 global 
sequences from the same pangolin lineage(s) (13) as 
those of the outbreak, uniformly through time be-
tween the date of the first case in the outbreak and 60 
days before. To reduce the effect of geographic sam-
pling biases, global sequences were weighted propor-
tionally to the number of sequences from the same 
country. For example, to sample the Pullman MIQ 
outbreak, we considered all B.1.351 global genomes 
collected up to 60 days before the outbreak and sam-
pled 50 genomes from this pool, where the probabil-
ity of sampling genome X was inversely proportional 
to the number of genomes in the pool from the same 
country as X. Our tree is the maximum-clade credibil-
ity tree summarizing a posterior distribution of trees 
inferred by BEAST 2 (14). Genomic sites were parti-
tioned into the 3 codon positions, plus noncoding, as 
described (3)

For each partition, we modeled evolution with an 
HKY (Hasegawa-Kishino-Yano) substitution model 

with log-normal(μ = 1, σ = 1.25) prior on κ, frequencies  
estimated with Dirichlet (1,1,1,1) prior, and rela-
tive substitution rates with Dirichlet (1,1,1,1). We 
used a strict clock model with log-normal(μ = −7, 
σ = 1.25) prior on mean clock rate, and for the tree 
prior we used a Bayesian skyline model (15) with 
Markov chain distribution on population sizes and 
log-normal(μ = 0, σ = 2) on the first population size. 
We established convergence of the analysis by run-
ning multiple analyses (8) and using Tracer (16) to 
ensure that effective sample sizes were sufficient and 
that all individual analyses converged to the same 
distribution (supplemental information available at  
https://zenodo.org/record/5093838#.YOy_YDqxU5k). 

Outbreaks
We reconstructed the phylogenetic tree for New 
Zealand’s border incursions by using complete viral 
genomes from New Zealand and, for context, from 
the rest of the world (12) (Figure; Appendix Figure, 
https://wwwnc.cdc.gov/EID/article/27/9/21-
1097-App1.pdf). As of April 30, 2021, complete ge-
nomes (>90% recovery) have been obtained from 
1,288 (57%) of 2,243 case-patients total and from 583 
(57%) of 1,030 case-patients since June 1, 2020. For 
some case-patients without a full genome sequence, 
genomes were of lower quality, which was sufficient 
to assign them to a lineage, but for many case-pa-
tients, viral material was insufficient for any mean-
ingful analysis. For the community outbreaks consid-
ered here, we had high-quality genomes for 225 (85%) 
of 265 case-patients (Table).

Compassionate Exemption
After 24 days without any recorded cases in the 
community or at the border and 1 week after all of 
New Zealand had been moved down to alert level 
1, two cases were found in the community. These 
case-patients had arrived on June 7 and were grant-
ed a compassionate exemption to exit MIQ early to 
attend a funeral on June 13. The conditions of the 
exemption required them to self-isolate as much as 
possible while traveling and to get tested. They were 
both positive for COVID-19 on June 16. Within 1 
day, complete viral genome sequencing confirmed 
that virus from the 2 case-patients shared a single 
origin. Although there were no secondary infec-
tions, concern for public health led to the New Zea-
land Defence Force being put in charge of managing 
MIQ facilities, no returnees being allowed to leave 
MIQ without having a negative test result, and end-
ing compassionate exemptions from most of the  
MIQ requirements.

2362 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9,, September 2021



Tracking SARS-CoV-2 Incursions, New Zealand

Auckland August 2020 Lockdown
On August 11, 2020, a 102-day period with no record-
ed community transmission ended when 4 cases of 
COVID-19 were found among workers at an Auck-
land cold storage facility. The city was sent into an 
immediate lockdown (alert level 3), and lower level 
restrictions were introduced for the rest of the coun-
try (alert level 2). Elevated restrictions remained until 
October 7 as the cluster grew to a total of 179 cases, 
including 3 deaths. This COVID-19 cluster was the 
largest in New Zealand.

All genomes were closely related; 44 segregating 
sites were found across 155 genomes (Table). The sin-
gle origin gave public health officials confidence that 
it was a single outbreak despite several cases having 
no clear epidemiologic links with other cases (17). The 
cluster included a healthcare worker who was infect-
ed during work at an MIQ facility where community 

case-patients were sent to quarantine (18). Although 
the index case-patients worked at a cold chain supply 
facility linked to the border, the source of the outbreak 
was never established (19). Complete genomes were 
available for 87% of cases in this outbreak, which we 
believe makes it one of the most comprehensively 
sampled large COVID-19 outbreaks.

Rydges MIQ Facility
During the Auckland outbreak in August, there was 
an unusual case of COVID-19 in a maintenance work-
er at the Rydges MIQ facility with no known epidemi-
ologic link to the ongoing community outbreak. Se-
quencing confirmed that the source of infection was 
not related to the main community cluster but rather 
to an overseas returnee under managed isolation at 
the Rydges MIQ facility. A follow-up investigation 
suggested that transmission probably occurred when 
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Figure. Outbreaks of coronavirus disease (COVID-19) after initial elimination in New Zealand. A) Daily COVID-19 cases, June 2020–
April	2021.	Alert	levels	in	the	Auckland	region	and	across	the	wider	country	are	indicated.	B)	Phylogenetic	trees	of	all	13	COVID-19	
postelimination community outbreaks. VoCs are indicated. Each subtree displayed is part of the larger phylogenetic tree built from 
genomes around the world. MIQ, managed isolation and quarantine; VoC, variant of concern.
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the 2 case-patients used the same elevator minutes 
apart from each other (20) and that transmission was 
most likely airborne (21,22), although fomite trans-
mission (e.g., through elevator buttons) cannot be 
ruled out.

Crowne Plaza MIQ Facility
The complete Crowne Plaza outbreak has been thor-
oughly analyzed (23), so we provide only brief detail 
here. In September 2020, symptoms developed in a 
returnee who tested positive in Auckland 4 days af-
ter leaving the Crowne Plaza MIQ facility in Christ-
church. Genomic sequencing showed that this case-
patient (case-patient G) and 2 household contacts 
were not linked to the ongoing Auckland cluster in 
August. Rather, they were linked to other returnees 
under managed isolation at the Crowne Plaza. Epide-
miologic investigations show that the chain probably 
started with case-patients A and B, who were seated 
close to case-patient C on a repatriation flight from 
India. Case-patient C then infected case-patient D in 
the MIQ facility via airborne transmission between a 
hotel room and its adjacent hallway. Case-patient D 
is then thought to have infected case-patient G on a 
domestic flight from Christchurch to Auckland. This 
outbreak illustrates the power of genome sequenc-
ing—when coupled with detailed epidemiologic in-
vestigations—for identifying cryptic transmission 
events such as those on flights or airborne transmis-

sion between MIQ guests. The genomic evidence here 
is complete; all sequences in the cluster are available, 
and the tree is relatively well-resolved, showing 4 dis-
tinct genomes among its 9 cases.

Sudima MIQ Facility
On October 16, 2020, a group of 235 international mari-
ners arrived in New Zealand on a charter flight from 
Moscow and began self-isolation at the Sudima MIQ 
facility in Christchurch. In the ensuing period, 31 of the 
mariners tested positive for COVID-19, as did 2 work-
ers at the MIQ facility (24). Genomic sequencing pro-
duced full genomes for 24 case-patients and indicated 
>4 independent origins for the 33 cases; the viruses 
fell into 3 distinct phylogenetic clades (Figure). The 3 
clades accounted for 2, 7, and 15 cases. We estimate the 
date of origin of the largest clade as between August 
4 and October 9 (95% credible interval), but the mari-
ners arrived on October 16, suggesting >2 separate in-
troductions of this variant into the facility. The 2 MIQ 
workers were infected with 2 different variants of the 
virus; public health officials concluded that the 2 trans-
mission events occurred via regular interactions with 
the mariners where protocols were followed but were 
insufficient to prevent transmission (25).

Sofrana Surville
In mid-October, routine testing indicated that a bor-
der worker was positive for COVID-19. Extensive  
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Table. Summary of all coronavirus disease community cases in New Zealand since elimination was first achieved* 

Outbreak 
First case 
report date 

Last case 
report date Genomes Community Lineage(s) 

No. unique 
genomes 

No. 
segregating 

sites Origin 
Compassionate 
Exemption 

2020	Jun	16 2020	Jun	16 2/2 2 A.11 1 0 MIQ 

Auckland August 
2020 Lockdown 

2020 Aug 11 2020 Oct 20 155/179 179 C.12 40 44 Unknown 

Rydges MIQ 2020 Aug 1 2020	Aug	16 2/2 1 B.1.509 1 0 MIQ 
Crowne Plaza MIQ 2020	Aug	30 2020 Sep 22 9/9 6 B.1.36.18 4 4 MIQ 
Sudima MIQ 2020 Oct 10 2020	Nov	3 24/33 2 B.1.1,	

B.1.1.397 
1, 2, 7 0,	1,	14 MIQ 

Sofrana Surville 2020 Oct 17 2020 Oct 22 3/4 4 B.1 1 0 Cargo 
vessel 

Defence Force 2020	Nov	6 2020	Nov	18 5/8 6 B.1.36 1 0 MIQ 
Airline Crew 1 2020 Dec 12 2020 Dec 12 1/1 1 B.1.1.7 1 0 Airline/ 

abroad 
Pullman MIQ 2021	Jan	13 2021	Feb	4 3/5 4 B.1.351 2 1 MIQ 
Auckland February 
2021 Lockdown 

2021	Feb	13 2021	Feb	28 14/15 15 B.1.1.7 4 3 Unknown 

Airline Crew 2 2021 Mar 7 2021 Mar 7 1/1 1 B.1.1.317 1 0 Airline/ 
abroad 

Grand Millennium 
MIQ 

2021	Mar	13 2021 Apr 11 4/4 3 B.1.1.7 1 0 MIQ 

Auckland Airport 2021 Apr 15 2021 Apr 20 2/2 1 B.1.1.7 1 0 Airport 
Total NA NA 225/265 225 NA NA NA NA 
*Pangolin lineages are specified (version 2.3.9)	(3) as well as the number of complete genomes/no. confirmed cases and no. community cases. No. 
unique genomes and no. segregating sites (i.e., no. genome positions that differ) within each cluster are counted, or within the	3	subclusters	of	the	
Sudima outbreak. All dates are the dates of report for the laboratory test. MIQ, managed isolation and quarantine; NA, not applicable. 
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surveillance testing found 3 others who were positive: 
2 were household contacts and 1 was a mariner who 
worked on the same cargo vessel, the Sofrana Surville 
(26). Genomic testing confirmed that virus isolates 
from the 4 case-patients shared the same origin and 
were part of a lineage that was novel to New Zea-
land, thus making residual community transmission 
an unlikely explanation. International crew members 
on the Sofrana Surville were confirmed as the source 
of infection when the ship arrived in Australia, and 
crew were tested by health officials in Queensland. 
One crew member tested positive, and the virus se-
quence reportedly matched that of the New Zealand 
case-patients.

Defence Force
After visiting several public locations in the Auck-
land central business district, a New Zealand De-
fence Force member tested positive for COVID-19 
(November 2020). Genomic sequencing confirmed 
that his infection was acquired from the quarantine 
facility where he worked. Contact tracing identi-
fied 3 additional cases in Wellington (500 km from 
Auckland, where the Defence Force member’s close 
contact resided), and surveillance testing identified 
1 community case in the Auckland central business 
district. The only known connection to the rest of the 
outbreak was that this case-patient worked at a retail 
outlet ≈50 m from one of the locations visited by the 
index case-patient (27). The case was quickly linked 
to the rest of the cluster through whole-genome se-
quencing, providing reassurance that widespread un-
detected community transmission was unlikely (28). 
The circumstances of the transmission event remain 
unknown. Because the genomic link was established, 
the alert level was not changed. However, the general 
public was asked to avoid the Auckland central busi-
ness district, if possible, for ≈3 days.

Airline Crew 1
In December 2020, an airline crew member tested 
positive for COVID-19. The worker was self-isolating 
at an airline hotel-based facility (as opposed to a dedi-
cated MIQ facility) because of return from a high-risk 
country (United States). The crew member tested 
positive within the first 48 hours of self-isolation, and 
there were no recorded secondary infections (29). 
Genomic sequencing indicated that the infection had 
been acquired abroad. Although this case meets our 
definition of a community case in that it occurred out-
side one of the MIQ facilities, the wider community 
was at little risk, and the case was managed according 
to aircrew protocols (30).

Pullman MIQ Facility
A returnee (case-patient A) tested positive for  
COVID-19 1 week after completing managed isolation 
at the Pullman MIQ facility (January 2021). Despite 
extensive travel across the Northland region while in-
fected with the B.1.351 lineage (Beta variant) of SARS-
CoV-2 (H. Tegally et al., unpub. data, https://www.
medrxiv.org/content/10.1101/2020.12.21.20248640v) 
(31), no secondary infections were reported, includ-
ing in case-patient A’s traveling companion. Shortly 
thereafter, 2 additional cases (case-patients B and C) 
with the same variant (and their household contact) 
were found in the community; case-patients B and C 
had completed self-isolation at Pullman (32). The out-
break was successfully limited to these 4 community 
cases, which were genomically linked to a returnee 
under isolation at Pullman. Case-patient A had oc-
cupied a room on the same floor as the source case-
patient and may have been infected through the air 
circulation system; whereas, case-patient B was most 
likely infected from using an elevator 3 minutes af-
ter the source case-patient, despite their use of face 
masks (33). New arrivals at the MIQ facility were sus-
pended, and its air filtration systems were improved.

Auckland February 2021 Lockdowns
On February 13, 2021, a total of 3 household mem-
bers in Auckland tested positive for SARS-CoV-2. The 
genomes were identical and of the highly transmis-
sible B.1.1.7 (Alpha) variant (34,35). Although 1 case-
patient worked at an airline services company, that 
person had no obvious contact with persons coming 
through the border. Auckland was immediately sent 
into its third alert level 3 lockdown for 3 days, and wi-
descale surveillance testing commenced. Other cases 
with closely related virus genomes were found; how-
ever, the epidemiologic links were not always strong 
(36). A fourth alert level 3 lockdown followed shortly 
after, when another case was found that could not im-
mediately be linked to the cluster.

The known outbreak was restricted to 4 households 
and 15 cases, although epidemiologic gaps suggest that 
there may have been undetected cases. Genetic evidence 
showed 4 distinct genomes among 14 cases, which was 
not informative beyond confirming a single origin; the 
B.1.1.7 variant’s global overrepresentation presented 
further difficulties at pinpointing an overseas origin. 
The outbreak has not been traced back beyond the origi-
nal 3 cases, and its origin remains unknown.

Airline Crew 2
During the Auckland February outbreak, an airline 
crew member tested positive 1 week after arriving 
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from Japan (37). Self-isolation was not required be-
cause the worker did not arrive from a high-risk lo-
cation. There were no known secondary infections, 
including household contacts. Genomic sequenc-
ing suggested that the infection was most likely ac-
quired overseas.

Grand Millennium MIQ Facility
In late March 2021, a cleaner at the Grand Millennium 
MIQ facility tested positive. Despite this person being 
infected with the more transmissible B.1.1.7 lineage, 
there were no known secondary infections in the 
community. Two weeks later, 2 other workers from 
the same facility tested positive. All 3 cases were ge-
nomically linked back to a returnee isolating at the 
Grand Millennium.

Auckland Airport
A worker at Auckland International Airport tested 
positive for the B.1.1.7 variant in April 2020. No on-
ward transmission was detected. Genomic sequenc-
ing linked the case to a recent returnee, and a follow-
up investigation showed that the infected worker 
had cleaned the airplane on which the returnee had 
arrived, so it was likely a case of fomite or airborne 
transmission, despite the worker wearing personal 
protective equipment (38).

Discussion
Real-time genomic sequencing has been used to 
investigate each of the 13 COVID-19 community 
outbreaks after the initial elimination in New Zea-
land. Sequencing has been essential, not only for es-
tablishing links between cases when epidemiologic 
links could not (e.g., the Defence Force outbreak 
and both Auckland lockdowns) but also for iden-
tifying when multiple outbreaks had different ori-
gins (e.g., decoupling the Rydges outbreak from the 
ongoing Auckland outbreak and the second airline 
crew case from the February 2021 outbreak). These 
efforts have been instrumental in clearly delineating 
outbreaks and informing the public health response. 
Genomic sequencing has also elucidated cryptic 
modes of transmission, such as airborne transmis-
sion (23) and in-flight transmission (39), which have 
brought about policy changes (e.g., revision of filtra-
tion systems in MIQs).

When paired with routine genomic sequencing 
from within MIQ facilities and around the world, 
genomics can identify the origins of community 
outbreaks and rule out the possibility of undetected 
widespread community transmission. However, 
as exemplified by the 2 community outbreaks that  

led to lockdowns, the ability of this strategy to 
identify outbreak origins when there is no closely 
matched genome with a plausible epidemiologic 
link is limited (18).

A wide range of lineages have been imported into 
New Zealand over the course of the pandemic (Table) 
(8). The fact that the 4 outbreaks of locally acquired in-
fection in 2021 were all caused by variants of concern 
(VoC)—pangolin lineages B.1.1.7 and B.1.351 (13,40) 
(P. Wang et al., unpub data, https://www.biorxiv.
org/content/10.1101/2021.03.01.433466v1)—reflects 
the lineages that are arriving at the border. A total of 
83 of the 142 genomes from overseas returnees found 
during January 1–April 30, 2021, were from those 2 
lineages or other VoCs. However, data are too scarce 
to make any link between these outbreaks and the re-
ported higher transmissibility of the VoCs.

New Zealand’s ability to rapidly generate SARS-
CoV-2 genomes has greatly improved over the past 
year, to the point where new genomes are routinely 
available within hours of positive community test 
results. Although the potential of the techniques de-
scribed here has been well characterized in academia 
(41), the pandemic has facilitated their widespread 
adoption in New Zealand and other places (e.g., 
Singapore and Australia) (42,43); the term “whole-
genome sequencing” is becoming commonplace in 
public health announcements. Combined with epi-
demiologic investigation, those data have increased 
public knowledge of the outbreak and have driven 
policy change. Although the techniques described 
here of real-time sequencing and analysis coupled 
with epidemiologic investigation have come to the 
fore during the COVID-19 pandemic, they are not 
limited to pandemic situations. These technologies 
can be integrated into regular surveillance of other 
pathogens, such as seasonal influenza viruses, which 
have been largely absent from many countries over 
the past year (44).

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2021.05.13.21257194v1.
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Gonorrhea, caused by infection with the bacte-
rium Neisseria gonorrhoeae, is the second most 

prevalent bacterial sexually transmitted infection 
(STI) globally (1,2). The World Health Organization 
(WHO) estimated that in 2016, a total of 86.9 million 
incident gonorrhea cases occurred among persons 
15–49 years of age, including 13.8 million cases in the 

WHO Region of the Americas (1). Researchers have 
documented antimicrobial resistance (AMR) to all 
drugs used to treat gonorrhea (2,3). Ceftriaxone, an 
extended-spectrum cephalosporin, is the last option 
for fi rst-line empirical treatment, but the emergence 
of ceftriaxone resistance has raised concerns about 
future treatments (2,4).  Consequently, WHO guide-
lines and national guidelines of many countries now 
recommend a combination of ceftriaxone (250 mg–
1 g) and azithromycin (1–2 g) as fi rst-line treatment 
for uncomplicated gonorrhea (5,6). However, in 2016 
Fifer et al. (7) reported the failure of dual therapy. 
 Two years later, a gonococcal strain with ceftriaxone 
resistance and high-level azithromycin resistance was 
isolated in Australia and England (8–10). In recent 
years, international reports of azithromycin-resistant 
N. gonorrhoeae have substantially increased (2,3,11,12). 
The WHO Global Gonococcal Antimicrobial Surveil-
lance Program showed that in 2016, a total of 48.4% 
of reporting countries had an >5% increase in rates of 
azithromycin resistance (3). 

Argentina has reported low azithromycin resis-
tance levels since the early 2000s (13). In Argentina, 
the proportion of azithromycin-nonsusceptible iso-
lates (i.e., requiring MICs >1 μg/mL) increased from 
0.1% in 2015 to 4.3% in 2018 (p<0.01) (14).   The Clinical 
and Laboratory Standards Institute currently states a 
susceptible-only breakpoint for azithromycin (15); 
for simplicity, we refer to these isolates as resistant. 
High-level azithromycin-resistant isolates requiring 
MICs >256 μg/mL have emerged in several countries, 
including Argentina (16–20). Azithromycin resistance 
threatens the effectiveness of dual antimicrobial gon-
orrhea treatment.
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Azithromycin-nonsusceptible Neisseria gonorrhoeae
strains are an emerging global public health threat. Dur-
ing	2015–2018,	the	prevalence	of	azithromycin-nonsus-
ceptible	 gonococcal	 infection	 increased	 signifi	cantly	 in	
Argentina. To investigate the genomic epidemiology and 
resistance mechanisms of these strains, we sequenced 
96	 nonsusceptible	 isolates	 collected	 in	 Argentina	 dur-
ing 2005–2019. Phylogenomic analysis revealed 2 main 
clades, which were characterized by a limited geographic 
distribution, circulating during January 2015–November 
2019. These clades included the internationally spread-
ing	multilocus	sequence	types	(STs)	1580	and	9363.	The	
ST1580	 isolates,	 which	 had	 MICs	 of	 2–4	 μg/mL,	 had	
mutations	in	the	23S	rRNA.	The	ST9363	isolates,	which	
had	MICs	of	2–4	or	>256	μg/mL,	had	mutations	 in	 the	
23S	 rRNA,	a	mosaic	mtr locus, or both. Identifying the 
geographic dissemination and characteristics of these 
predominant clones will guide public health policies to 
control the spread of azithromycin-nonsusceptible N. 
gonorrhoeae in Argentina.
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Whole-genome sequencing (WGS) provides 
higher resolution and accuracy than other typing 
methods, making it an ideal method to study the dis-
semination and transmission dynamics of N. gonor-
rhoeae strains on a national and international level 
(21,22). Furthermore, WGS data offer insights into 
AMR determinants, thereby enabling prediction, en-
hanced detection, and characterization of high-risk 
clones (22,23). Several studies have found N. gonor-
rhoeae lineages and clones driving AMR transmission 
among N. gonorrhoeae strains within local, national, 
and international networks (16,17,24–26). Genomic 
surveillance provides information on current and 
emerging trends of circulating strains. Phenotypic, 
epidemiologic, and genomic surveillance data are 
critical for designing public health interventions and 
treatment strategies. Genomic approaches, including 
molecular epidemiology and detection of AMR deter-
minants, are crucial for monitoring resistance to first-
line drugs. We examined the genomic background 
of azithromycin-resistant N. gonorrhoeae isolates with 
MICs >2 μg/mL collected throughout Argentina dur-
ing 2005–2019.

Materials and Methods
We examined 96 azithromycin-resistant N. gonorrhoe-
ae isolates (MICs >2 μg/mL) from male and female 
patients treated at STI hospitals throughout Argen-
tina. We selected 95 isolates from 8,002 consecutive 
isolates collected through the Gonococcal Antimicro-
bial Susceptibility Surveillance Programme—Argen-
tina during January 2005–November 2019; we also 
included an isolate with high-level azithromycin re-
sistance cultured in 2001 (20). We confirmed the N. 
gonorrhoeae species by culture on selective agar me-
dia, microscopic analysis using Gram staining, rapid 
oxidase positivity, superoxol test, carbohydrate uti-
lization test, and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (micro-
flex LT/SH; Bruker Daltonik, https://www.bruker.
com) (27). The study was approved by the Research 
Ethics Committee of the Hospital General de Agudos 
“Bernardino Rivadavia” (Buenos Aires, Argentina). 
MIC determinations and whole-genome sequencing 
for all isolates were conducted using methods pre-
viously described (Appendix, https://wwwnc.cdc.
gov/EID/article/27/9/20-4843-App1.pdf). 

WGS Analysis
We identified AMR determinants (i.e., the mtrR-35A, 
mtr120, and mosaic N. meningitidis–like mtrR muta-
tions) in addition to the MtrR A39T and G45D amino 
acid mutations in silico from WGS data, as described 

(26,28). We aligned and compared the mtr locus and 
rplD, rplV, and macAB sequences with the N. gonor-
rhoeae FA1090 reference genome (GenBank acces-
sion no. AE004969). To identify the frequency of 23S 
rRNA A2059G and C2611T mutations (named using 
Escherichia coli numbering), we mapped sequence 
reads against a single copy of the FA1090 23S rRNA 
gene using Burrow-Wheeler Aligner version 0.7.17 
(http://bio-bwa.sourceforge.net) with the default 
settings. We determined base counts using a custom 
script, enabling the estimation of the proportion of 
copies with the A2059G, C2611T, or both mutations. 
We examined additional macrolide resistance genes 
(e.g., ereA, ereB, ermA, ermB, mefA, mefB, msrA, and 
msrC) using ARIBA version 2.14.4 and the ResFinder 
(https://cge.cbs.dtu.dk/services/ResFinder) and 
CARD (https://card.mcmaster.ca) databases (29). 
We identified alleles in silico from WGS data using 
N. gonorrhoeae multiantigen sequence typing (NG-
MAST), multilocus sequence typing (MLST), and 
N. gonorrhoeae sequence typing for antimicrobial re-
sistance (NG-STAR). We used the MLST (https://
pubmlst.org/neisseria), NG-MAST (http://www.
ng-mast.net), and NG-STAR (https://ngstar.can-
ada.ca) databases to assign allele numbers and se-
quence types (ST)s (30,31). We grouped closely re-
lated NG-MAST STs using a previously described 
genogroup definition (28).

For phylogenetic analysis, we identified single-
nucleotide polymorphisms (SNPs) in sequence reads 
mapped against the WHO P reference genome using 
the variant calling tool Snippy version 4.4.5 (https://
github.com/tseemann/snippy). We identified and 
filtered recombinant regions using Gubbins version 
2.1.0 (Sanger, https://sanger-pathogens.github.io/
gubbins); the resulting core SNP alignment consisted 
of 9,415 sites. We used IQ-tree version 1.6.1 (http://
www.iqtree.org) to infer a maximum-likelihood tree 
from the whole-genome SNP alignment with a gen-
eralized time-reversible model of evolution using 
gamma correction for among-site rate variation with 
4 rate categories; branch support was estimated by 
bootstrap analysis of 10,000 replicates (32). We visu-
alized the resulting phylogeny with Figtree version 
1.4.4 (http://tree.bio.ed.ac.uk/software/figtree) and 
phandango (33). We clustered sequences using RAMI 
with a branch length threshold of 0.01 (34). For com-
parison, we selected international isolates and pub-
licly available genomic data on the basis of MICs, 
MLST STs (i.e., ST9363 and ST1580), and NG-MAST 
genogroups (i.e., G470 and G12302) from the National 
Center for Biotechnology Information (https://www.
ncbi.nlm.nih.gov), European Molecular Biology  
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Laboratory (https://www.embl.org), and the DNA 
Data Bank of Japan (https://www.ddbj.nig.ac.jp). 
We found 17 genomes from the United Kingdom, 3 
from Canada, 3 from Scotland, 17 from Australia, 28 
from the United States, 7 from Brazil, and 11 from 
Norway (16,17,24,25,35–37). We generated a phyloge-
netic tree of 86 international and 96 isolates from Ar-
gentina as described for domestic isolates and visual-
ized the tree in Figtree version 1.4.4. Sequence reads 
are available from the European Nucleotide Archive 
(accession no. PRJEB41007).

Results

Patient Data
The 96 N. gonorrhoeae isolates were collected from 
male (90.6%) and female (6.3%) patients; sex was un-
reported for 3.1% of patients. Patient age was report-
ed for 88 (91.7%) isolates. Patients were 4–47 years of 
age (mean 24.3 years of age); 79.5% were <30 years 
of age. In total, 72 isolates were cultured from the 
urethra, 11 from urine, 3 from the cervix, 2 from the 
vagina (in children 4 and 6 years of age), 1 from the 
pharynx, and 7 from an unreported site.

The isolates were collected in 7/24 provinces. 
Among these, Córdoba and Ciudad Autónoma 
de Buenos Aires (CABA), 2 of the most populated 
provinces in Argentina, had the highest percentage 
of isolates (Córdoba had 47.9%; CABA had 39.6%) 
(Figure 1). We observed a lower percentage of iso-
lates from the provinces of Buenos Aires (5.2%), Rio 
Negro (3.1%), Neuquén (2.1%), La Pampa (1.0%), 
and Santa Fe (1.0%).

Antimicrobial Susceptibility of N. gonorrhoeae Isolates
Overall, 78 (81.3%) isolates had azithromycin MICs of 
2–4 μg/mL, 13 (13.5%) had MICs of 8–16 μg/mL, and 
5 (5.2%) had MICs of >256 μg/mL (Table 1). Among 
5 isolates with MICs >256 μg/mL, 3 were collected 
in CABA in 2001 (n = 1) and 2019 (n = 2); the other 2 
isolates were collected in Buenos Aires in 2018 and 
Córdoba in 2019. All 96 azithromycin-resistant iso-
lates were susceptible to ceftriaxone, cefixime, and 
spectinomycin. However, 2 isolates collected in 2016 
from Córdoba, each had a MIC of 4 μg/mL, showed 
decreased susceptibility to ceftriaxone (MIC = 0.06 
μg/mL) and cefixime (MIC = 0.125 μg/mL) (Table 2).

Molecular AMR Determinants
All 5 isolates with MICs of >256 μg/mL had the A2059G 
mutation in all 4 23S rRNA alleles, whereas none of the 
91 isolates with MICs of 2–16 μg/mL had this SNP (Ta-
ble 1). Most (72; 75%) isolates with MICs of 2–16 μg/

mL had the 23S rRNA C2611T mutation. Nearly all (70; 
97.2%) of these isolates had the C2611T mutation in all 
4 23S rRNA alleles, except for 2 isolates: 1 with a single 
mutated allele that had a MIC of 4 μg/mL and 1 with 3 
mutated alleles that had a MIC of 8 μg/mL. Interspecies 
mosaics in the mtr locus (which encodes the tripartite 
MtrCDE efflux pump), as well as mutations in the mtrR 
promoter, coding region, or both, have been associated 
with increased azithromycin MICs (38–40). Among the 
80 (83.3%) isolates with mtrR mutations, 17 (17.7%) had 
an mtrR-35A promoter deletion, 44 (45.8%) had an MtrR 
G45D amino acid mutation, 1 (1.0%) had an mtrR-35A 
deletion and MtrR G45D substitution, and 18 (18.8%) 
had a mosaic N. meningitidis–like mtrR promoter. We 
did not identify any isolates with the mtr120 mutation. 
Eighteen isolates, all of which had MICs of 2–4 μg/mL, 
had no 23S rRNA mutations; however, 13 contained a 
mosaic mtrR promoter and 5 had a mtrR-35A deletion. 
Among 18 isolates with mosaic mtrR promoters, 100% 
also had mosaic sequences in the mtrD, 100% in mtrC, 
and 94.4% in mtrE loci. Fifteen isolates with a mosaic 
mtrD allele had sequences identical to the N. meningiti-
dis–like mosaic previously described (39,40); 2 isolates 
had sequences sharing 97.8% identity and 1 had a se-
quence sharing 97.3% identity with the N. meningitidis–
like mosaic (Appendix Figure 1). Isolates containing a 
mosaic-like mtr locus had MICs of >2 to >256 μg/mL. 
Isolates with MICs of >256 μg/mL also contained the 
23S rRNA A2059G mutation.

We did not find any mutations associated with 
macrolide resistance in the rplD gene, which encodes 
ribosomal protein L4, or the rplV gene, which encodes 
ribosomal protein L22 (23). In addition, we did not 
find AMR mutations in macAB, which encodes the 
MacA-MacB efflux pump, or the acquired macrolide 
resistance genes, ere, mef, erm, mph, and msr (38). An 
isolate that had a MIC of 2 μg/mL had an unclear re-
sistance mechanism.

Molecular Epidemiology and Phylogenomic Analysis
Among the 96 N. gonorrhoeae isolates, we observed 42 
NG-MAST STs, including 21 new STs and 25 STs repre-
sented by single isolates. We found 24 isolates belonging 
to ST470, 7 belonging to ST20102, 6 belonging to ST696, 
4 belonging to ST12302, and 4 belonging to ST20104. We 
found 3 NG-MAST genogroups comprising >3 isolates: 
33 belonged to G470, 10 belonged to G12302, and 10 be-
longed to G20102. We also documented 14 MLST STs, 
including 2 new STs and 8 STs represented by single 
isolates. We found 43 isolates belonging to ST1580, 14 
belonging to ST1901, 14 belonging to ST9363, and 10 be-
longing to ST1584. NG-STAR showed 32 types, of which 
11 were new and 20 were represented by single isolates. 
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We found 32 isolates belonging to NG-STAR type 1038, 
10 belonging to type 179, 5 belonging to type 168, and 5 
belonging to type 3200.

Analysis of the phylogenomic tree revealed 14 
clades. In total, 63 (65.6%) isolates were grouped into 3 
clades, each containing 10–38 isolates (Figure 2) (https://
microreact.org/project/AZM_Project/006b822d). The 
remaining 33 isolates were singletons or belonged to 
smaller clonal groups of 2–6 isolates each. 

Clade 1 comprised 38 isolates, most of which be-
longed to NG-MAST G470 (86.8%), MLST ST1580 
(97.4%), or NG-STAR ST1038 (84.2%). Clade 1 isolates 
had mean SNP difference of 8.5 (range 0–39). The iso-
lates required MICs of 2–16 μg/mL; most (76.3%; 29/38) 
required an MIC of 4 μg/mL. The oldest isolate in clade 
1 was identified in CABA in 2013. The proportion of 
clade 1 isolates increased significantly from 1.0% (1/96) 
in 2013 to 11.4% (11/96) in 2019 (p<0.05). Clade 1 was 
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Figure 1. Geographic distribution 
of Neisseria gonorrhoeae isolates 
with azithromycin MICs of >2	μg/
mL, Argentina, January 2005–
November 2019. Circle size 
corresponds to the number of 
isolates in each location. Circle 
colors indicate the proportion of 
isolates	belonging	to	the	3	main	
genomic clades compared with 
other clades.
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dominated by isolates from Córdoba (52.6%; 20/38) 
and CABA (28.9%; 11/38) but also included isolates ob-
tained in 4 additional provinces. In total, 92.1% of the 
clade 1 isolates were from male patients and 7.9% were 
from female patients. Clade 1 isolates were character-
ized by the 23S rRNA C2611T mutation in all 4 alleles 
and the MtrR G45D amino acid mutation. 

Clade 2 comprised 15 isolates that mainly be-
longed to NG-MAST G12302 (66.7%) and MLST 
ST9363 (93.3%). Clade 2 isolates had a mean SNP dif-
ference of 13.1 (range 0–33). All clade 2 isolates were 
cultured from men. Most (73.3%; 11/15) required an 
MIC of 2 μg/mL, and 26.7% (4/15) required MICs of 
>256 μg/mL. The first clade 2 isolate was detected 
in Córdoba in 2016; during 2017–2019, isolates were 
mainly detected in CABA (71.4%; 10/14), except for 
2 isolates detected in Córdoba, 1 in Neuquén, and 
1 in Buenos Aires. Clade 2 isolates did not have the 
23S rRNA C2611T mutation but possessed the mo-

saic mtrR promoter and mtrCDE locus. In addition, 
isolates requiring MICs of >256 μg/mL had the 23S 
rRNA A2059G mutation in all 4 alleles. 

Clade 3 was composed of 10 isolates belonging to 
NG-MAST G20102 and MLST ST1584. Clade 3 isolates 
had a mean SNP difference of 1.1 (range 0–2). Eight 
isolates were collected in Córdoba, 1 in CABA, and 1 
in Río Negro during 2017–2019; of these, 8 were from 
men. All isolates required an MIC of 4 μg/mL and pos-
sessed the 23S rRNA C2611T mutation in all 4 alleles.

To investigate the international context of the 2 
major MLST STs in Argentina, including azithromy-
cin-resistant ST1580 and ST9363, we conducted a phy-
logenomic analysis using SNPs (Figure 3) (https://
microreact.org/project/AZM_Project_2/7a2032e2). 
The ST1580 isolates from Argentina clustered with 
isolates from the United States, the United King-
dom (particularly Scotland), Australia, and Brazil. 
The mean pairwise SNP differences between ST1580 
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Table 1. Characteristics	of	96	azithromycin-resistant Neisseria gonorrhoeae isolates, Argentina, January 2005–November 2019* 

Characteristics 
MICs for azithromycin, g/mL 

2–4 8–16 >256 
Total 78 13 5 
Province Buenos	Aires,	CABA,	

Córdoba, Neuquén, La 
Pampa, Río Negro, Santa Fe 

CABA,	Córdoba Buenos	Aires,	CABA,	
Córdoba 

Resistance determinants    
 23S	rRNA	(no.	mutated	alleles;	 
 total no. isolates) 

C2611T	(4;	58);	C2611T	(1;	
1) 

C2611T	(4;	12);	C2611T	(3;	
1) 

A2059G	(4;	5) 

 MtrR protein (no. isolates) A-deletion (12)†; N. 
meningitidis–like	(14);	G45D	

(41); mtr120 (0)‡ 

A-deletion	(6);	G45D	(3); 
mtr120 (0) 

 

N. meningitidis–like	(4);	
G45D	(1); mtr120 (0) 

 Mosaic mtr locus (no. isolates) mtrC (14);	mtrD (14);	mtrE 
(13) 

mtrC (0); mtrD (0); mtrE (0) mtrC (4);	mtrD (4);	mtrE (4) 

ST    
 N. gonorrhoeae multiantigen  
 sequence typing (no. isolates) 

ST470	(23);	ST20102	(7);	
ST696	(4);	ST12302	(4);	

ST11062	(3);	other	STs	(37) 

ST18761	(3);	ST20104	(3);	
singleton STs (7) 

ST3935	(2);	ST20106	(2);	
ST696	(1) 

 Multilocus sequence typing (no.  
 isolates) 

ST1580	(39);	ST1584	(10);	
ST9363	(10);	ST1901	(8);	

other STs (11) 

ST1901	(6);	ST1580	(3);	
ST13844	(3);	ST13594	(1) 

ST9363	(4);	ST1580	(1) 

 N. gonorrhoeae sequence typing for  
 antimicrobial resistance (no. isolates) 

ST1038	(30);	ST179	(10);	
ST168	(5);	ST3200	(4);	other	

STs (29) 

ST27	(4);	ST2728	(3);	
ST1038	(2);	singleton	STs	(4) 

ST1993	(2);	ST2906	(1);	
ST3194	(1);	ST3199	(1) 

*CABA,	Ciudad	Autónoma de	Buenos	Aires;	ST,	sequence	type. 
†Deletion of A in 13-bp inverted repeat sequence of the mtrR gene. 
‡C-to-T transition mutation 120 bp upstream of the mtrC start codon. 

 
 

 
Table 2. Antimicrobial	susceptibility	of	96	azithromycin-resistant Neisseria gonorrhoeae isolates, Argentina, January 2005–November 
2019* 

Antimicrobial drug 

Azithromycin MICs, g/mL (no. isolates) 
2–16	(91) 

 
>256	(5) 

MIC50 MIC90 Range Resistance,	% MIC Resistance,	% 
Ciprofloxacin 0.004 16 0.001–32 28.6  0.002–4 20 
Tetracycline 1 2 0.125–4 25.3  0.5–2 20 
Benzylpenicillin 1 2 0.25–8 14.3  0.5–1 0 
Ceftriaxone 0.004 0.03 0.002–0.06 0  0.004–0.016 0 
Cefixime 0.016 0.03 0.004–0.125 0  0.008–0.03 0 
Spectinomycin 32 32 16–32 0  32 0 
Gentamicin 8 8 4–16 0  8–16 0 
*MIC50, MIC for	50%	of	isolates;	MIC90,	MIC	for	90%	of	isolates. 

 



RESEARCH

isolates from Argentina and other countries were 
6.8 (range 1–23) for the isolates from the United 
States, 6.9 (range 1–22) for isolates from Austra-
lia, 7.9 (range 4–22) for isolates from Scotland, 11.4 
(range 4–28) for isolates from Brazil, and 16.8 (range 
13–31) for isolates from the United Kingdom (ex-
cluding Scotland). Isolates from Scotland and the 
United Kingdom had MICs of >256 μg/mL whereas 
isolates from the United States, Australia, and Bra-
zil had MICs of 2–8 μg/mL. All isolates with MICs 
of 2–8 μg/mL had the 23S rRNA C2611T mutation 
and all isolates with MICs of >256 μg/mL had the 
A2059G mutation. In addition, 2 isolates from Bra-
zil had mosaic mtrD alleles, but no mutations in the 
23S rRNA gene; these isolates had MICs of 2 μg/mL. 
The ST9363 isolates from Argentina clustered with 
other ST9363 isolates from the United States, Aus-
tralia, Canada, Brazil, and Norway. ST9363 isolates 

from Argentina had a mean pairwise SNP difference 
of 7.7 (range 0–20) with isolates from Brazil, 10.1 
(range 1–23) with isolates from Norway, 12.5 (range 
5–25) with isolates from Canada, 13.1 ( range 2–42) 
with isolates from the United States, and 14.8 (range 
2–35) with isolates from Australia. All isolates had 
mosaic mtrR promoters and mtrD alleles. All iso-
lates with MICs of >256 μg/mL had the 23S rRNA 
A2059G mutation and 4 isolates with MICs of 8–16 
μg/mL had the 23S rRNA C2611T mutation.

Conclusion
We characterized the genomes of azithromycin-resis-
tant N. gonorrhoeae isolates collected in Argentina dur-
ing 2005–2019. Phylogenomic analysis showed that 
isolates from Argentina clustered into distinct clades, 
including 3 clades comprising 63 (65.6%) isolates  
collected during 2016–2019. All isolates also were  
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Figure 2.	Phylogenomic	tree	of	96	Neisseria gonorrhoeae isolates with azithromycin MICs of >2 μg/mL, Argentina, January 2005–
November	2019.	Lane	1,	year;	lane	2,	province;	lane	3,	sex;	lane	4,	azithromycin	MICs;	lane	5,	23S	C2611T;	lane	6,	23S	A25059G;	
lane	7,	MtrR;	lane	8,	MtrCDE;	lane	9,	NG-MAST;	lane	10,	MLST;	lane	11,	NG-STAR.	Scale	bar	indicates	substitutions	per	site.	CABA,	
Ciudad	Autónoma	de	Buenos	Aires;	MLST,	multilocus	sequence	typing;	NG-MAST,	N. gonorrhoeae multiantigen sequence typing;  
NG-STAR, N. gonorrhoeae sequence typing for antimicrobial resistance; ST, sequence type.
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resistant to benzylpenicillin, tetracycline, ciprofloxa-
cin or some combination, but susceptible to ceftriax-
one and cefixime.

In Argentina, dual therapy is recommended as first-
line treatment for uncomplicated gonorrhea, according 
to the WHO guidelines (6). The Argentine Ministry of 
Health and the Sociedad Argentina de Infectología rec-
ommend a single 1-g dose of azithromycin monother-
apy for the treatment of Chlamydia trachomatis and My-
coplasma genitalium infections (41,42). These guidelines 
also recommend antimicrobial treatment for suspected 
infections. Azithromycin has a long half-life, resulting 
in detectable drug concentrations in human plasma for 
up to 14 days (43). Undiagnosed N. gonorrhoeae infec-
tions concurrent with the treatment of C. trachomatis 
and M. genitalium infections might lead to prolonged 
exposure to subinhibitory concentrations of azithro-
mycin, thereby prompting the induction of or selection 
for resistance genes. In the United States and United 
Kingdom, dual therapy is no longer the first-line treat-
ment. Instead, high-dose ceftriaxone monotherapy (500 
mg in the United States or 1 g in the United Kingdom) 
is now recommended for treatment of uncomplicated 
gonorrhea (44,45). Moreover, additional treatment with 
doxycycline (100 mg 2×/d for 7 d) is recommended if 

chlamydial infection has not been excluded (44). Simi-
lar empirical antimicrobial therapies for gonorrhea and 
chlamydial infections might be of benefit in Argentina 
to reduce patient exposure to azithromycin and avoid 
the emergence of resistant gonococcal strains.

Azithromycin resistance (i.e., MICs of >2 μg/mL) 
in N. gonorrhoeae has been mainly associated with muta-
tions in the 23S rRNA target (38). The 23S rRNA A2059G 
mutation causes high-level resistance (i.e., MICs of >256 
μg/mL) and the C2611T mutation causes low-level 
resistance (i.e., MICs of 2–16 μg/mL) (38). We found 
that 75% of isolates had the C2611T mutation. These 
isolates were phylogenetically diverse; however, clade 
1, which was predominated by MLST ST1580 and NG-
MAST G470, comprised 38 (52.8%) isolates. NG-MAST 
ST470 has been associated with high-level resistance to 
azithromycin in Scotland (18). In addition, NG-MAST 
ST470 has >99% similarity to ST9768, which caused an 
outbreak of high-level azithromycin-resistant N. gonor-
rhoeae in the United Kingdom (16). Previous gonococcal 
evolution studies have estimated that ≈4 (range 0–14) 
SNPs occur per year per genome, enabling phylogenetic 
analysis (21). Isolates from Argentina differed from 
isolates from Scotland by >4 (mean 7.9) SNPs and the 
United Kingdom by 13 (mean 16.8) SNPs. In addition, 
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Figure 3. Phylogenomic tree of Neisseria gonorrhoeae isolates with azithromycin MICs of >2	μg/mL,	2004–2017.	A)	MLST	ST1580	and	
NG-MAST	genogroup	470	isolates	from	Argentina	in	the	context	of	selected	isolates	from	Scotland	(2004–2005),	the	United	States	(2016),	
Australia	(2017),	Brazil	(2015–2016),	and	the	United	Kingdom	(2014–2017).	B)	MLST	ST9363	and	NG-MAST	genogroup	G12302	isolates	
from	Argentina	in	the	context	of	selected	isolates	from	Australia	(2017),	the	United	States	(2014–2017),	Brazil	(2015–2016),	Norway	(2017),	
and	Canada	(2013–2014).	Lane	1,	23S	rRNA;	lane	2,	mtrR;	lane	3,	mtrD;	lane	4,	MLST.	Labels	indicate	isolate	identity;	font	colors	indicate	
country	of	isolation.	Bar	colors	indicate	distribution	of	mutations.	Insets	indicate	relationship	of	sequences	to	larger	phylogenetic	tree.	Scale	
bar indicates substitutions per site.  MLST, multilocus sequence typing; NG-MAST, N. gonorrhoeae multiantigen sequence typing.
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NG-MAST ST470 isolates from the United States, Brazil, 
and Australia, all of which showed low-level resistance 
to azithromycin, were closely related to isolates from 
Argentina (mean 7–11 SNPs). These findings support 
the hypothesis that NG-MAST G470 strains from Ar-
gentina might be descended from 1 lineage of the ST470 
clone, which has spread internationally and can devel-
op high-level and low-level resistance to azithromycin. 
Previous research, especially that of Unemo et al. (38), 
hypothesized that gonococcal antimicrobial-resistant 
strains emerge through genetic events, such as hori-
zontal gene transfer or spontaneous mutations; these 
strains can spread quickly within a geographic region 
through sexual networks. Furthermore, compensatory 
mutations or gene exchange might have preserved this 
lineage in Argentina. The presence of additional STs, 
such as the co-circulation of MLST ST1584 and MLST 
ST1580 (NG-MAST G470), suggests that novel introduc-
tions also have occurred.

The mtr locus recently has been described as a 
hotspot for genetic recombination; mosaic-like mtr 
loci are associated with decreased susceptibility to 
azithromycin (i.e., MICs of 1–4 μg/mL) and contrib-
ute to the survival and transmission of N. gonorrhoe-
ae (39,40, 46). Most clade 2 isolates were associated 
with MLST ST9363 and had a mosaic-like mtr locus. 
MLST ST9363 was the predominant strain type of iso-
lates with MICs of 2–4 μg/mL identified in Australia 
during 2017 and the United States during 2014–2017 
(24,25,35). We found that MLST ST9363 isolates from 
Argentina shared a high level of genomic similar-
ity with the ST9363 clones reported in Australia, the 
United States, Canada, Norway, and Brazil, indicat-
ing that importation and dissemination has occurred. 
Those data further support the hypothesis that N. 
gonorrhoeae isolates carrying a mosaic-like mtr locus 
contribute to the emergence of isolates with low-level 
resistance to azithromycin in many countries (24,25). 
Isolates with MICs of >256 μg/mL have recently re-
emerged in Argentina (20). Those isolates belonged 
to clade 2 and were distinguished by the mosaic-like 
mtr locus and the A2059G mutation in all 4 23S rRNA 
gene alleles. The phylogenetic tree showed that these 
isolates were closely related to isolates from Norway 
(mean 10.2 SNPs) that also had MICs of >256 μg/mL, 
suggesting that strains carrying a mosaic-like mtr lo-
cus and 23S rRNA A2059G mutation can disseminate 
internationally. Previous studies have suggested that 
isolates carrying the A2059G mutation or mosaic mtr 
locus have enhanced fitness; elucidating the effects of 
both mechanisms on N. gonorrhoeae evolution might 
help predict the emergence and spread of azithromy-
cin resistance (39,46,47).

Because we received a small number of isolates 
from some provinces, our dataset might have been lim-
ited by selection bias. In addition, we did not have ac-
cess to therapy strategies and treatment success rates, 
which might have provided insight into the generation 
of resistance or the selection of azithromycin-resistant 
isolates. Finally, we obtained limited data regarding 
patients’ sexual orientation and HIV status, but found 
that clade 2 strains were slightly more associated with 
male patients, including men who have sex with men, 
than clade 1 strains (100.0% vs. 92.1%). In addition, 3 pa-
tients who had infections caused by clade 2 strains were 
HIV-positive (data not shown). Increased awareness of 
the transmission dynamics of azithromycin-resistant 
gonococcal strains within sexual networks is crucial to 
confirming these observations. Continuing surveillance 
of the prevalence and distribution of azithromycin-re-
sistant strains in addition to genomic monitoring using 
individual-level epidemiologic data should provide a 
more complete picture of azithromycin-resistant gono-
coccal strains. These data will inform public health strat-
egies to control azithromycin-resistant N. gonorrhoeae.

In conclusion, the recent increase in the prevalence 
of azithromycin-resistant N. gonorrhoeae isolates in Ar-
gentina was mainly the result of the introduction and 
expansion of 2 clones belonging to MLST ST1580 and 
ST9363. The integration of appropriate STI diagnosis 
and antimicrobial prescription into health services com-
bined with genomic, phenotypic, and epidemiologic 
gonococcal surveillance data will be critical in prevent-
ing the dissemination of gonococcal clones resistant to 
azithromycin, ceftriaxone, or both, and preserving the 
current available therapeutic option for gonorrhea.

Members of the Gonococcal Antimicrobial Susceptibil-
ity Surveillance Programme—Argentina: C. Oviedo, P. 
Cristaldo, M. Gonzalez, L. Fernández Canigia, J. Smayevs-
ki, M. Turco, C. Garbaz, M. Morales, C. Alfonso, M. Mon-
toto, M. Marcato, M. Cervetto, M. Giovanakis, L. Scocozza, 
L. Cardozo, N. Prieto, A. Tarzia, V. Cames, L. Spadaccini, 
M. Machaín, M. Garrone, V. Vilches, M. Sparo, A. Tognieri, 
M. Rizzo, N. Casanova, G. Sly, O. Mariñasqui, P. Simone, 
L. Moreno, S. Odriz, T. Lopez, J. Valles, V Manías, A. Bri-
huela, H. Solís, A. Burzla, V. Silva, N. Sponton, A. Berejnoi, 
V. Guillermel, G. Rivollier, M. Roncallo, M. Alvarez, M. 
Flores, A. Pereyra, N. Scarone, F. Ampuero, C. Bandoni, 
A.C. Lopez, A. Lopez, W. Krause, N. Pereyra, N. Yoya, A 
Prestifilippo, L. Basco, N. Cudmani, M. Mernes, P. Ranea, 
M. Vargas, R. Pato, G. Bello Velázquez, and S. Roginski.

Acknowledgments
We are grateful to Beatriz Lopez for her commentary on 
the manuscript.

2376 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9,, September 2021



 Azithromycin-Nonsusceptible Neisseria gonorrhoeae

The study was supported by grants from the Genomics and 
Bioinformatics Platform, Instituto Nacional de Enfermedades 
Infecciosas—Administración Nacional de Laboratorios e 
Institutos de Salud Dr. Carlos G. Malbrán (Ciudad  
Autónoma de Buenos Aires, Argentina), the Programa de 
Becas de Formación en el Exterior en Ciencia y Tecnología 
(grant no. Grant Bec.Ar – CIT; Ciudad Autónoma de Buenos 
Aires), and the Örebro County Council Research Committee 
and the Foundation for Medical Research at Örebro  
University Hospital (Örebro, Sweden).

About the Author
Mr. Gianecini is a microbiologist at the Instituto Nacional 
de Enfermedades Infecciosas—Administración Nacional 
de Laboratorios e Institutos de Salud Dr. Carlos G.  
Malbrán in la Ciudad Autónoma de Buenos Aires,  
Argentina. His primary research interests include public 
health and antimicrobial resistance.

References
  1. Rowley J, Vander Hoorn S, Korenromp E, Low N, Unemo M, 

Abu-Raddad LJ, et al. Chlamydia, gonorrhoea,  
trichomoniasis and syphilis: global prevalence and incidence 
estimates, 2016. Bull World Health Organ. 2019;97:548–562P.  
https://doi.org/10.2471/BLT.18.228486

  2. Wi T, Lahra MM, Ndowa F, Bala M, Dillon JR,  
Ramon-Pardo P, et al. Antimicrobial resistance in Neisseria 
gonorrhoeae: global surveillance and a call for international 
collaborative action. PLoS Med. 2017;14:e1002344.  
https://doi.org/10.1371/journal.pmed.1002344

  3. Unemo M, Lahra MM, Cole M, Galarza P, Ndowa F,  
Martin I, et al. World Health Organization Global Gono-
coccal Antimicrobial Surveillance Program (WHO GASP): 
review of new data and evidence to inform international 
collaborative actions and research efforts. Sex Health. 
2019;16:412–25. https://doi.org/10.1071/SH19023

  4. Unemo M. Current and future antimicrobial treatment of 
gonorrhoea—the rapidly evolving Neisseria gonorrhoeae  
continues to challenge. BMC Infect Dis. 2015;15:364.  
https://doi.org/10.1186/s12879-015-1029-2

  5. Unemo M, Ross J, Serwin AB, Gomberg M, Cusini M, 
Jensen JS. 2020 European guideline for the diagnosis 
and treatment of gonorrhoea in adults. Int J STD AIDS. 
2020;2020:956462420949126.

  6. World Health Organization. WHO guidelines for the  
treatment of Neisseria gonorrhoeae. 2016 [cited 2020 Dec 4]. 
http://www.who.int/reproductivehealth/publications/
rtis/gonorrhoea-treatment-guidelines/en

  7. Fifer H, Natarajan U, Jones L, Alexander S, Hughes G,  
Golparian D, et al. Failure of dual antimicrobial therapy in 
treatment of gonorrhoea. N Engl J Med. 2016;374:2504–6. 
https://doi.org/10.1056/NEJMc1512757

  8. Whiley DM, Jennison A, Pearson J, Lahra MM. Genetic  
characterisation of Neisseria gonorrhoeae resistant to both  
ceftriaxone and azithromycin. Lancet Infect Dis. 2018;18:717–
8. https://doi.org/10.1016/S1473-3099(18)30340-2

  9. Eyre DW, Sanderson ND, Lord E, Regisford-Reimmer N, 
Chau K, Barker L, et al. Gonorrhoea treatment failure caused 
by a Neisseria gonorrhoeae strain with combined ceftriaxone 
and high-level azithromycin resistance, England,  

February 2018. Euro Surveill. 2018;23:1800323. https://doi.org/ 
10.2807/1560-7917.ES.2018.23.27.1800323

10. Jennison AV, Whiley D, Lahra MM, Graham RM, Cole MJ, 
Hughes G, et al. Genetic relatedness of ceftriaxone-resistant 
and high-level azithromycin resistant Neisseria gonorrhoeae 
cases, United Kingdom and Australia, February to April 
2018. Euro Surveill. 2019;24:1900118. https://doi.org/ 
10.2807/1560-7917.ES.2019.24.8.1900118

11. Williamson DA, Fairley CK, Howden BP, Chen MY,  
Stevens K, De Petra V, et al. Trends and risk factors for 
antimicrobial-resistant Neisseria gonorrhoeae, Melbourne, 
Australia, 2007 to 2018. Antimicrob Agents Chemother. 
2019;63:e01221–19. https://doi.org/10.1128/AAC.01221-19

12. US Centers for Disease Control and Prevention. Sexually 
transmitted disease surveillance 2017. 2018 [cited 2020 Dec 
4]. https://www.cdc.gov/std/stats17/2017-STD- 
Surveillance-Report_CDC-clearance-9.10.18.pdf

13. Thakur SD, Araya P, Borthagaray G, Galarza P,  
Hernandez AL, Payares D, et al. Resistance to ceftriaxone 
and azithromycin in Neisseria gonorrhoeae isolates from 7 
countries of South America and the Caribbean: 2010–2011. 
Sex Transm Dis. 2017;44:157–60. https://doi.org/10.1097/
OLQ.0000000000000587

14. Ministerio de Salud y Desarrollo Social. Bulletin on HIV/
AIDS and STIS in Argentina no. 36 [in Spanish]. 2019 [cited 
2020 Dec 4]. https://bancos.salud.gob.ar/recurso/ 
boletin-sobre-el-vih-sida-e-its-en-la-argentina-ndeg-36

15. Clinical and Laboratory Standards Institute. 2019.  
Performance standards for antimicrobial susceptibility  
testing: twenty-ninth informational supplement (M100–S29). 
Wayne (PA): The Institute; 2019.

16. Fifer H, Cole M, Hughes G, Padfield S, Smolarchuk C,  
Woodford N, et al. Sustained transmission of high-level 
azithromycin-resistant Neisseria gonorrhoeae in England: 
an observational study. Lancet Infect Dis. 2018;18:573–81. 
https://doi.org/10.1016/S1473-3099(18)30122-1

17. Demczuk W, Martin I, Peterson S, Bharat A, Van Domselaar G,  
Graham M, et al. Genomic epidemiology and molecular 
resistance mechanisms of azithromycin-resistant Neisseria 
gonorrhoeae in Canada from 1997 to 2014. J Clin Microbiol. 
2016;54:1304–13. https://doi.org/10.1128/JCM.03195-15

18. Palmer HM, Young H, Winter A, Dave J. Emergence and 
spread of azithromycin-resistant Neisseria gonorrhoeae in 
Scotland. J Antimicrob Chemother. 2008;62:490–4.  
https://doi.org/10.1093/jac/dkn235

19. Jacobsson S, Golparian D, Cole M, Spiteri G, Martin I, 
Bergheim T, et al. WGS analysis and molecular resistance 
mechanisms of azithromycin-resistant (MIC >2 mg/L) 
Neisseria gonorrhoeae isolates in Europe from 2009 to 2014. J 
Antimicrob Chemother. 2016;71:3109–16. https://doi.org/ 
10.1093/jac/dkw279

20. Galarza PG, Alcalá B, Salcedo C, Canigia LF, Buscemi L, 
Pagano I, et al. Emergence of high level azithromycin-
resistant Neisseria gonorrhoeae strain isolated in Argentina. 
Sex Transm Dis. 2009;36:787–8. https://doi.org/10.1097/
OLQ.0b013e3181b61bb1

21. De Silva D, Peters J, Cole K, Cole MJ, Cresswell F, Dean G, 
et al. Whole-genome sequencing to determine transmission 
of Neisseria gonorrhoeae: an observational study. Lancet Infect 
Dis. 2016;16:1295–303. https://doi.org/10.1016/ 
S1473-3099(16)30157-8

22. Harris SR, Cole MJ, Spiteri G, Sánchez-Busó L, Golparian D, 
Jacobsson S, et al.; Euro-GASP study group. Public health 
surveillance of multidrug-resistant clones of Neisseria  
gonorrhoeae in Europe: a genomic survey. Lancet Infect Dis. 
2018;18:758–68. https://doi.org/10.1016/S1473-3099(18)30225-1

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	27,	No.	9,	September	2021	 2377



RESEARCH

23. Grad YH, Harris SR, Kirkcaldy RD, Green AG, Marks DS, 
Bentley SD, et al. Genomic epidemiology of gonococcal  
resistance to extended-spectrum cephalosporins, macrolides, 
and fluoroquinolones in the United States, 2000–2013. J Infect 
Dis. 2016;214:1579–87. https://doi.org/10.1093/infdis/jiw420

24. Williamson DAF, Chow EPF, Gorrie CL, Seemann T, Ingle DJ, 
Higgins N, et al. Bridging of Neisseria gonorrhoeae lineages 
across sexual networks in the HIV pre-exposure prophylaxis 
era. Nat Commun. 2019;10:3988. https://doi.org/10.1038/
s41467-019-12053-4

25. Gernert KM, Seby S, Schmerer MW, Thomas JC IV,  
Pham CD, St Cyr S, et al.; Antimicrobial-Resistant Neisseria 
gonorrhoeae Working Group. Azithromycin susceptibility of 
Neisseria gonorrhoeae in the USA in 2017: a genomic analy-
sis of surveillance data. Lancet Microbe. 2020;1:e154–64. 
https://doi.org/10.1016/S2666-5247(20)30059-8

26. Gianecini RA, Zittermann S, Oviedo C, Galas M, Pardo PR, 
Allen VG, et al. Use of whole genome sequencing for the 
molecular comparison of Neisseria gonorrhoeae isolates with 
decreased susceptibility to extended spectrum  
cephalosporins from 2 geographically different regions in 
America. Sex Transm Dis. 2019;46:548–55. https://doi.org/ 
10.1097/OLQ.0000000000001011

27. World Health Organization. Laboratory diagnosis of sexually 
transmitted infections, including human immunodeficiency 
virus. 2013 [cited 2020 Dec 4]. http://apps.who.int/iris/ 
bitstream/10665/85343/1/9789241505840_eng.pdf

28. Gianecini RA, Golparian D, Zittermann S, Litvik A, Gonzalez S, 
Oviedo C, et al.; Gonococcal Antimicrobial Susceptibility 
Surveillance Programme—Argentina Working Group. 
Genome-based epidemiology and antimicrobial resistance 
determinants of Neisseria gonorrhoeae isolates with decreased 
susceptibility and resistance to extended-spectrum  
cephalosporins in Argentina in 2011-16. J Antimicrob Chemother. 
2019;74:1551–9. https://doi.org/10.1093/jac/dkz054

29. Hunt M, Mather AE, Sánchez-Busó L, Page AJ, Parkhill J, 
Keane JA, et al. ARIBA: rapid antimicrobial resistance 
genotyping directly from sequencing reads. Microb Genom. 
2017;3:e000131. https://doi.org/10.1099/mgen.0.000131

30. Martin IM, Ison CA, Aanensen DM, Fenton KA, Spratt BG. 
Rapid sequence-based identification of gonococcal  
transmission clusters in a large metropolitan area. J Infect 
Dis. 2004;189:1497–505. https://doi.org/10.1086/383047

31. Demczuk W, Sidhu S, Unemo M, Whiley DM, Allen VG, 
Dillon JR, et al. Neisseria gonorrhoeae sequence typing for 
antimicrobial resistance, a novel antimicrobial resistance 
multilocus typing scheme for tracking global dissemination 
of N. gonorrhoeae strains. J Clin Microbiol. 2017;55:1454–68. 
https://doi.org/10.1128/JCM.00100-17

32. Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ.  
IQ-TREE: a fast and effective stochastic algorithm for  
estimating maximum-likelihood phylogenies. Mol Biol Evol. 
2015;32:268–74. https://doi.org/10.1093/molbev/msu300

33. Hadfield J, Croucher NJ, Goater RJ, Abudahab K, Aanensen 
DM, Harris SR. Phandango: an interactive viewer for bacterial 
population genomics. Bioinformatics. 2018;34:292–3.

34. Pommier T, Canbäck B, Lundberg P, Hagström A, Tunlid A. 
RAMI: a tool for identification and characterization of  
phylogenetic clusters in microbial communities.  
Bioinformatics. 2009;25:736–42. https://doi.org/10.1093/
bioinformatics/btp051

35. Thomas JC, Seby S, Abrams AJ, Cartee J, Lucking S, 
Vidyaprakash E, et al.; Antimicrobial-Resistant Neisseria 
gonorrhoeae Working Group. Evidence of recent genomic 
evolution in gonococcal strains with decreased susceptibil-
ity to cephalosporins or azithromycin in the United States, 

2014–2016. J Infect Dis. 2019;220:294–305. https://doi.org/ 
10.1093/infdis/jiz079

36. Golparian D, Bazzo ML, Golfetto L, Gaspar PC,  
Schörner MA, Schwartz Benzaken A, et al.; Brazilian—
GASP Network. Genomic epidemiology of Neisseria  
gonorrhoeae elucidating the gonococcal antimicrobial  
resistance and lineages/sublineages across Brazil,  
2015–16. J Antimicrob Chemother. 2020;75:3163–72. 
https://doi.org/10.1093/jac/dkaa318

37. Alfsnes K, Eldholm V, Olsen AO, Brynildsrud OB, Bohlin J, 
Steinbakk M, et al. Genomic epidemiology and population 
structure of Neisseria gonorrhoeae in Norway, 2016–2017. 
Microb Genom. 2020;6:e000359. https://doi.org/10.1099/
mgen.0.000359

38. Unemo M, Shafer WM. Antimicrobial resistance in  
Neisseria gonorrhoeae in the 21st century: past, evolution, and 
future. Clin Microbiol Rev. 2014;27:587–613. https://doi.org/ 
10.1128/CMR.00010-14

39. Wadsworth CB, Arnold BJ, Sater MRA, Grad YH.  
Azithromycin resistance through interspecific acquisition 
of an epistasis-dependent efflux pump component and 
transcriptional regulator in Neisseria gonorrhoeae. MBio. 
2018;9:e01419–18. https://doi.org/10.1128/mBio.01419-18

40. Rouquette-Loughlin CE, Reimche JL, Balthazar JT,  
Dhulipala V, Gernert KM, Kersh EN, et al. Mechanistic  
basis for decreased antimicrobial susceptibility in a clinical 
isolate of Neisseria gonorrhoeae possessing a mosaic-like  
mtr efflux pump locus. MBio. 2018;9:e02281–18. 
https://doi.org/10.1128/mBio.02281-18

41. Ministerio de salud y ambiente de la nación. Management 
guide for sexually transmitted infections [in Spanish].  
Buenos Aires: El Ministerio; 2004.

42. Sociedad Argentina de Infectología. First consensus on the 
diagnosis, treatment, and prevention of sexually transmitted 
infections [in Spanish]. 2011 [cited 2020 Dec 4]. https://drive.
google.com/file/d/1VqW7USdEyO5FkJXwB239f8pudQ9Mb
DUr/view

43. Kong FYS, Horner P, Unemo M, Hocking JS.  
Pharmacokinetic considerations regarding the treatment of 
bacterial sexually transmitted infections with azithromycin:  
a review. J Antimicrob Chemother. 2019;74:1157–66.  
https://doi.org/10.1093/jac/dky548

44. St Cyr S, Barbee L, Workowski KA, Bachmann LH, Pham C, 
Schlanger K, et al. Update to CDC’s treatment guidelines for 
gonococcal infection, 2020. MMWR Morb Mortal Wkly Rep. 
2020;69:1911–6. https://doi.org/10.15585/mmwr.mm6950a6

45. Fifer H, Saunders J, Soni S, Sadiq ST, FitzGerald M. 2018 
UK national guideline for the management of infection with 
Neisseria gonorrhoeae. Int J STD AIDS. 2020;31:4–15.  
https://doi.org/10.1177/0956462419886775

46. Handing JW, Ragland SA, Bharathan UV, Criss AK. The 
MtrCDE efflux pump contributes to survival of Neisseria 
gonorrhoeae from human neutrophils and their antimicrobial 
components. Front Microbiol. 2018;9:2688. https://doi.org/ 
10.3389/fmicb.2018.02688

47. Zhang J, van der Veen S. Neisseria gonorrhoeae 23S rRNA 
A2059G mutation is the only determinant necessary for  
high-level azithromycin resistance and improves in vivo 
biological fitness. J Antimicrob Chemother. 2019;74:407–15. 
https://doi.org/10.1093/jac/dky438

Address for correspondence: Patricia Galarza, National Institute 
of Infectious Diseases—ANLIS Dr. Carlos G. Malbrán, Velez 
Sarsfield 563, C1282AFF, Ciudad Autónoma de Buenos Aires, 
Argentina; email: pgalarza@anlis.gob.ar.

2378 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9,, September 2021



Group B Streptococcus (GBS) is a common com-
mensal bacteria of vaginal fl ora with reported 

carriage rates of 4%–40% (1–3). Vertical transmission 
of (GBS) through fetal aspiration of infected amniotic 
fl uid or during birth canal passage has been consid-
ered one of the most important causes of neonatal ill-
ness and death (3,4). GBS colonization during preg-
nancy has been a leading cause of severe neonatal 

infectious diseases, including sepsis, pneumonia, and 
meningitis (5,6). Early onset neonatal infections can 
be prevented in most cases by providing intrapartum 
antibiotic prophylaxis to the colonized mother (7). 
However, GBS carriages are often intermittent, and 
the rate of GBS colonization varies during pregnancy 
(1,8). On the other hand, use of antibiotic prophylaxis 
solely relying on risk assessment leads to unnecessary 
treatment in many women. Therefore, determination 
of colonization at the time of delivery is crucial for the 
prevention of neonatal infection (9).

Culture-based methods remain the most com-
monly used screening practice and the standard for 
GBS detection; however, because of technical limita-
tions, including turnaround time, pregnant women 
are usually screened for GBS at 35–37 weeks of gesta-
tion (6). As many studies have pointed out, the pre-
dictive value of GBS decreases as the interval time in-
creases between screening and delivery (10,11). These 
studies underlie the needs for a more rapid and sensi-
tive diagnostic for intrapartum GBS screening.

CRISPR/Cas has been widely used as a pro-
grammable tool for gene editing and other in vivo 
applications since 2013 (12–14). However, recently, 
the collateral, promiscuous cleavage activities of a 
unique group of Cas enzymes were discovered and 
harnessed for in vitro nucleic acid detection (15–17).

To address the unmet clinical needs for GBS 
screening, we developed CRISPR-GBS, a novel CRIS-
PR/Cas13-based in vitro diagnostic assay, and con-
ducted a prospective cohort study and a validation 
study in >400 clinical cases to evaluate its diagnostic 
performance among different technology platforms, 
including culture and PCR-based methods. Our fi nd-
ings demonstrate that CRISPR-GBS is rapid and easy-
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Vertical	transmission	of	group	B	Streptococcus	(GBS)	is	
among the leading causes of neonatal illness and death. 
Colonization	with	GBS	usually	is	screened	weeks	before	
delivery during pregnancy, on the basis of which preven-
tive measures, such as antibiotic prophylaxis, were taken. 
However, the accuracy of such an antenatal screening 
strategy has been questionable because of the intermit-
tent	nature	of	GBS	carriage.	We	developed	a	simple-to-
use,	rapid,	CRISPR-based	assay	for	GBS	detection.	We	
conducted	 studies	 in	a	prospective	 cohort	 of	 412	preg-
nant women and a retrospective validation cohort to eval-
uate	 its	 diagnostic	 performance.	We	demonstrated	 that	
CRISPR-GBS	is	highly	sensitive	and	off	ered	shorter	turn-
around times and lower instrument demands than PCR-
based	assays.	This	novel	GBS	test	exhibited	an	overall	
improved diagnostic performance over culture and PCR-
based assays and represents a novel diagnostic for po-
tential	rapid,	point-of-care	GBS	screening.
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to-use, having a low instrument requirement and a 
level of sensitivity that surpasses PCR-based assays.

Materials and Methods

Study Participants and Sample Collection
A total of 426 pregnant women were prospectively 
admitted into Zhujiang Hospital (Guangzhou, China) 
for antenatal care during March 7–November 22, 2019. 
We excluded 14 from this cohort study because of in-
sufficient samples for testing, incomplete clinical or 
experimental data, or invalid test results attributable 
to internal control failures. We included the remaining 
412 samples in the prospective cohort study, in which 
direct culture, direct clinically validated PCR, and 
CRISPR-GBS tests were performed for each patient.

We conducted the validation cohort retrospec-
tively, where we performed direct culture and CRIS-
PR-GBS. For the purpose of validation, we included 
for enrichment culture 31 samples consisting of about 
one third each of dual-positive, dual-negative and 
discordant samples, according to the results of direct 
culture and CRISPR-GBS.

We collected vaginal–rectal swab specimens from 
the enrolled patients. Sample collection was reviewed 
and approved by the Zhujiang Hospital Ethics Com-
mittee Review Board. Informed consents were signed 
by patients or their surrogates. 

Cas13a Protein
After codon optimization, we synthesized the open 
reading frame (ORF) of Cas13a and cloned it by using 
Gene Services (Genscript Biotech, https://www.gen-
script.com). The Cas13a ORF expression vector was 
transfected into Escherichia coli BL21. We first grew 
transfected cells at 37°C and then incubated them 
with isopropyl β-d-1-thiogalactopyranoside at 16°C. 
We purified proteins from lysed bacteria by using the 
Ni-NTA protocol (18) and stored aliquots of purified 
protein at −80°C.

Strains and Human DNA
We purchased the S. agalactiae (group B Streptococcus) 
strain from the American Type Culture Collection 
(ATCC13813). S. pneumoniae, S. pyogenes, S. mitis, En-
terococcus faecalis, Acinetobacter baumannii, and Pseu-
domonas aeruginosa strains were donated by China’s 
National Institutes for Food and Drug Control. We 
purchased another 2 species of bacteria, E. coli and 
Staphylococcus aureus, from China’s General Microbio-
logical Culture Collection Center. We purchased pure 
human DNA from Solarbio (http://www.solarbio.
net), which we eluted in nuclease-free water.

Oligos and gRNA
Primer with an appended T7 promoter used in the re-
combinase polymerase amplification (RPA) for atoB 
amplification were forward primer 5′-TAAT ACGA 
CTCA CTAT AGGG AATT GAAT GGAA TGAA 
CCAT TTGC AGCG AT-3′ and reverse primer 5′-
AATA ATTC CTGA GCAG GCAT AAGG GTGT C-3′. 
We used sgRNA for Cas13 (5′-GGGG AUUU AGAC 
UACC CCAA AAAC GAAG GGGA CUAA AACU 
CUCU CUUC AGGA UAAU AAUG AUUA AAU-3′) 
and ssRNA probe (5′-6-FAM-UUUUUC-BHQ1) for 
CRISPR detection after RPA amplification. Primer 
used in the nested PCR amplification for atoB ampli-
fication for round 1 were forward primer 5′-ACGG 
AAAA ACTA TTAA CAGA AACT CATA CT-3′ and 
reverse primer 5′-AATA ATTC CTGA GCAG GCAT 
AAGG GTGT C-3′ and for round 2 were forward 
primer 5′-CTCA TACT AAAA TATC GGAT TATG 
ATGC-3′ and reverse primer 5′-AGGC ATAA GGGT 
GTCC GTAA GC-3′.

DNA Rapid Extraction
We eluted swabs with 1 mL of saline. We trans-
ferred 200 µL of eluate to a new sterile, nuclease-
free 1.5-mL tube. After a 5-minute centrifugation at 
10,000 × g, we resuspended the pellet in lysis buf-
fer consisting of 0.1% sodium dodecyl sulfate and 
1% NP40. We added glass microbeads and used a 
Crystal Industries vortex mixer (https://crystalin-
dustries.com) to disrupt the bacterial cell walls. We 
then heated samples at 99°C for 10 min and cen-
trifuged them again at 14,000 × g. We used 2 µL of 
supernatant as template for each subsequent assay 
for GBS detection.

CRISPR-GBS
The CRISPR-GBS test combines an RPA step and 
a subsequent T7 transcription and Cas13 detec-
tion step, as described previously (17). In brief, 
we incubated reactions containing 2 µL of sample, 
0.4 µM of each primer, 1 × reaction buffer, 14 mM 
of magnesium acetate, and the RPA enzyme mix at 
37°C for 30 min. Then we added the amplification 
product to the CRISPR reaction mix, consisting of 
33.3 nM of gRNA, 66.7 nM of Cas13, 5 mmol/L of 
each nucleotide triphosphate, 1 µL of T7 RNA poly-
merase (New England Biolabs, https://www.neb.
com) and 166 nM of ssRNA reporter. We incubated 
the final reaction mix at 37°C and monitored it for 
fluorescence signal. We collected fluorescent sig-
nals by using an ABI7500 qPCR machine (Thermo-
Fisher Scientific, https://www.thermofisher.com) 
for 20 min.
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Evaluation of Limit of Detection
For the evaluation of limit of detection by the number 
of genomic copies, we purified DNA of the GBS strain 
(ATCC13813) and determined the concentration by 
using Qubit (ThermoFisher Scientific). We calculated 
the number of genomic copies by using the formula

We performed serial dilution with nuclease-free 
water to achieve desired concentrations. For the 
evaluation of limit of detection by CFU per mL, we 
serially diluted a reference ATCC strain with known 
CFU with a negative sample to the desired titer be-
fore subjecting it to DNA extraction. Although ac-
curate conversion is challenging, our and others’ 
observations comparing DNA quantity and CFU 
counts showed that 1 CFU equaled ≈3–5 genome 
copies (data not shown) (19).

We used 2 µL of extracted DNA at each titer as tem-
plates. We performed 10 replicates at each data point. 

Direct Culture and Enrichment Culture
We eluted each swab with 1 mL of saline. For direct 
culture, we inoculated 200 µL of eluate onto selec-
tive chromogenic GBS screening media (CHROMID 
Strepto B; bioMérieux, https://www.biomerieux-
diagnostics.com) and incubated it at 37°C for 24 h 
aerobically. We incubated negative plates for an-
other 24 h before the final plate reading. For enrich-
ment culture, we first inoculated 200 µL of swab elu-
ate into selective Todd Hewitt broth and incubated 
it at 37°C aerobically overnight. We then inoculated 
the enriched broth onto chromogenic Brilliance GBS 
agar (bioMérieux) by using the same experimental 
procedures as direct culture. We subjected all sus-
pect colonies to Lancefield streptococcal grouping to 
confirm GBS.

PCR and Nested PCR
We performed the regular PCR testing by using a val-
idated commercial GBS PCR kit (BEC, http://www.
biochainbj.com) according to the manufacturer’s in-
structions. We performed the nested PCR assay in 2 
successive rounds of amplification. The first round 
amplified a larger fragment of the atoB gene for 35 
cycles. We then subjected 2 µL of the primary PCR 
product to the second amplification by using a nested 
set of primers targeting a shorter fragment as part of 
the first amplicon. We then purified the amplicons 
from the second round and subjected them to Sanger 
sequencing for validation. We considered positive 

only those samples that both yielded PCR products 
after the second round of amplification and had se-
quences validated by Sanger.

Statistical Analysis
We conducted comparative analysis by using  
Pearson χ2 test, Fisher exact test, or the Student t-
test, where appropriate. We performed data anal-
yses by using SPSS Statistics 22.0 (IBM, https://
www.ibm.com). We considered p values <0.05 as 
statistically significant. All tests were 2-tailed un-
less indicated otherwise.

Results

Development of CRISPR-GBS
To address the challenges in clinical GBS screening, 
we aimed to develop a rapid, highly sensitive, and 
simple-to-use GBS assay by combining an RPA reac-
tion with a CRISPR/Cas13 step for target detection 
(17). We established a rapid extraction method for 
high efficiency GBS DNA extraction by combining 
chemical, heat, and bead beating-based cell wall dis-
ruption, which eliminated the need for any column 
and organic solvents (Figure 1; Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/27/9/20-
0091-App1.pdf). This strategy takes advantage of 
both the polymerase-mediated DNA amplification 
and the CRISPR/Cas-mediated enzymatic signal am-
plification for greater sensitivity. Moreover, the rapid 
extraction and isothermal nature of such an assay 
eliminated the demand for sophisticated instruments 
such as thermal cyclers.

We chose the thiolase (atoB) gene as the target re-
gion in this assay because it is highly conserved and 
specific for the GBS genome (20). We screened mul-
tiple sets of RPA primers and CRISPR gRNAs target-
ing different regions within atoB (Appendix Table 2, 
Figure 2). The set that showed the best overall per-
formance of sensitivity and specificity was then used 
in this study for assay optimization and clinical diag-
nostic evaluation.

We then sought to determine the analytical sensi-
tivity by serial dilutions of GBS with negative swabs at 
various counts of CFU per mL. CRISPR-GBS managed 
to detect samples at 30 CFU/mL in 6 of 10 runs and 
at 60 CFU/mL in all 10 replicates (Figure 2, panel A). 
We further assessed the limit of detection of CRISPR- 
GBS by titrations of copies per reaction. The CRISPR 
assay consistently detected 5 copies of GBS in 10 of 10 
runs and 2 copies in 4 of 10 replicates (Figure 2, panel 
B). These data indicate that CRISPR-GBS could detect 
a low number of genome copies or ≈50 CFU/mL and 
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is more sensitive than most of the commercially avail-
able US Food and Drug Administration–approved 
GBS assays, such as GeneXpert GBS (300 CFU/mL) 
(Cepheid, https://www.cepheid.com), BD Max GBS 
(1,000 CFU/mL) (BD, https://www.bd.com), Quidel 
Solana GBS (2.6 × 105 CFU/mL) (Quidel, https://
www.quidel.com), and AmpliVue GBS (1.4 × 106 
CFU/mL) (Quidel) (20–22).

With such a high sensitivity of CRISPR-GBS, we 
set out to confirm its specificity. For this purpose, we 
assayed DNA from humans and a panel of bacteria, 
including bacteria in the same genus (e.g., S. pneu-
monia, S. pyogenes, and S. mitis), microbes commonly 
found in vaginal swabs (e.g., E. coli, Staphylococcus au-
reus, and Enterococcus faecalis), and bacteria common-
ly found in nosocomial infections (e.g., Acinetobacter 
baumannii and Pseudomonas aeruginosa) (23). Of note, 
none of these interference samples triggered a false-
positive reaction (Figure 2, panel C). Altogether, these 
analytical evaluations suggest that CRISPR-GBS, with 
its great sensitivity and specificity, is a promising mo-
lecular assay for GBS detection.

Clinical Diagnostic Evaluation of CRISPR-GBS
After the analytical study, we further assessed the di-
agnostic potential of CRISPR-GBS in settings of clini-
cal screening. A total of 426 pregnant women with a 
median age of 29 years (20–47 years) were enrolled in 
this cohort study. Sample collection was performed 
at 34–38 weeks of gestation. Among these patients, 

14 were excluded because of invalid test results, an 
insufficient specimen, or both. The remaining 412 
patients were tested for GBS by culture, PCR, and 
CRISPR-GBS on their direct swab samples. We found 
no significant differences between patients who were 
negative or positive for GBS on the basis of patient 
age or weeks of gestation (Appendix Table 1).

When we conducted the CRISPR-GBS assay, we 
included a positive control of GBS DNA and a no-tem-
plate control in parallel for each run. We used a fluo-
rescent signal from no-template control normalize the 
signal of other samples in the same run to calculate the 
corresponding fold changes. We noticed clear distinc-
tions in signal patterns of the reactions. Specifically, 
the fluorescent signal curve either remained flat (e.g., 
the no-template control runs) or had a distinguish-
able takeoff from the baseline (e.g., the positive control 
runs) (Figure 3, panel A). To determine the cutoff value 
as fold-changes for the CRISPR-GBS results, we first 
separated all the runs into a tentatively positive group 
and a tentatively negative group according to these 
distinct patterns. We then analyzed the cutoff values. 
The tentatively positives had fold changes ranging 
from 3.9 to 90.3 (median 26.3), whereas the tentatively 
negatives ranged from 0.5 to 2.9 (median 1.5) (Figure 3, 
panel B; Appendix Figure 3). Therefore, we were able 
to set the cutoff value at 3.5 for complete separation of 
the 2 groups. Consistently, this cutoff was further con-
firmed by the receiver operating characteristic analysis 
for optimal sensitivity and specificity (data not shown).
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Figure 1.	Schematic	diagram	of	CRISPR-based	diagnostic	for	rapid	GBS	screening.	Swab	samples	are	first	eluted	and	followed	by	a	
rapid	DNA	extraction	step	where	the	bacterial	cell	walls	are	disrupted	by	a	combination	of	chemical,	physical,	and	heating	effects.	The	
extracted	DNA	is	then	subjected	to	the	CRISPR/Cas	reaction.	The	collateral	nuclease	activity	of	Cas	proteins	are	activated	upon	specific	
binding of gRNA to the atoB	gene.	Fluorescent	signal	produced	from	cleaved	probes	is	captured	and	indicates	the	presence	of	GBS.	
GBS,	group	B	Streptococcus. gRNA, guide RNA; ssRNA, single-stranded RNA.
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To evaluate the diagnostic performances of dif-
ferent methodologies for GBS detection, we began 
by comparing direct culture and PCR. We found 
a concordance of 97.1% between these 2 traditional 
methods. Specifically, only 5 (1.2%) of 412 culture-
positive and 7 (1.7%) of 412 PCR-positive cases were 
missed by the other test. When culture was used as 
the reference standard, PCR demonstrated a sensitiv-
ity of 90.9% (50/55 results) and specificity of 98.0% 
(350/357 cases).

We further assessed the CRISPR-GBS test in com-
parison with direct culture and the PCR-based assay 
(Table; Figure 4). When the comparison was made 
separately, CRISPR-GBS was able to detect most of 

the positive samples by either reference method, with 
a sensitivity of 94.5% (52/55 cases) compared with 
culture and 94.7% (54/57 cases) compared with PCR. 
When we included only the 400 cases with concordant 
culture and PCR results in the analysis, CRISPR identi-
fied 94.0% (47/50) of the positive results and offered 
a negative predictive value of 99.1% (320/323 cases).

Among the cases reported negative by culture, 
PCR, or both, we also found ≈10% of them to be posi-
tive by CRISPR, which included 37 of 357 culture-
negative cases, 35 of 355 PCR-negative cases, and 30 
of 350 dual-negative cases (i.e., by culture and PCR). 
These data indicate a greater sensitivity or a lower 
specificity of CRISPR-GBS.
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Figure 2.	Analytical	assessment	of	the	sensitivity	and	specificity	of	CRISPR-based	diagnostic	for	rapid	GBS	screening.	Evaluation	
was	performed	by	testing	contrived	negative	swab	samples	with	indicated	CFUs	of	GBS	(A),	different	copy	numbers	of	GBS	genomic	
DNA	(B),	and	various	microbes	as	interfering	materials	(C).	GBS,	group	B	Streptococcus. A. baumannii, Acinetobacter baumannii; 
E. coli, Escherichia coli; E. faecalis, Enterococcus faecalis; hDNA, human DNA; P.aeruginosa, Pseudomonas aeruginosa; S. aureus, 
Staphylococcus aureus; S. mitis, Streptococcus mitis; S. pneumoniae, Streptococcus pneumoniae; S. pyogenes, Streptococcus pyogenes. 
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We designed and conducted additional valida-
tion studies in an attempt to validate the improved 
sensitivity of CRISPR-GBS. We developed a nested 
PCR–Sanger assay targeting the atoB gene, in which 
we performed 2 successive rounds of PCR in a nested 

manner to achieve greater amplification sensitivity 
compared with regular single-round PCR reactions. 
We then subjected the amplicons to Sanger sequenc-
ing for further validation. With this nested PCR assay, 
we tested the 30 specimens that were only positive by 
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Figure 3.	Determination	of	assay	cutoff	for	
CRISPR-based	diagnostic	for	rapid	GBS	
screening. A) Representative signal curves 
produced	by	CRISPR-GBS.	A	positive	control	
(red),	a	negative	control	(black),	and	85	clinical	
samples (blue) are shown with distinct curve 
patterns	(take-off	vs.	flat).	B)	Fold-change	values	
by	CRISPR-GBS	obtained	from	our	prospective	
cohort:	positive	(with	take-off	signal	curves	in	
red)	and	negative	(flat	curves	in	blue).	A	cutoff	
of	3.5	was	set	and	is	indicated	in	black	dashed	
line.	GBS,	group	B	Streptococcus. Lines from the 
bottom to the top of box-and-whisker plots refer to 
minimum,	first	quartile	(Q1),	median,	third	quartile	
(Q3),	and	maximum	number	of	the	dataset.
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CRISPR-GBS but negative by both direct culture and 
regular PCR in our cohort. We were able to confirm 
15 of 30 discordant cases (Figure 4, panel A). These 
data supported the previous findings and again indi-
cate higher sensitivity of CRISPR-GBS compared with 
direct culture or PCR.

To further rule out the possibility of false-positive 
results, we set up a retrospective validation study and 
compared the sensitivity of CRISPR-GBS with enrich-
ment culture, which had been shown to be more sen-
sitive than direct culture (5,24). The validation cohort 

of 31 patients consisted of 13 CRISPR-positive and 
direct culture–positive, 10 CRISPR-positive and direct 
culture–negative, and 8 CRISPR-negative and direct 
culture–negative samples. We tested each sample by 
direct culture, enriched culture, and CRISPR-GBS both 
before and after broth enrichment. We performed en-
riched culture by overnight culture in selective broth, 
followed by inoculation onto blood agar. We found 
that the samples that were negative by both direct 
culture and CRISPR originally would remain nega-
tive even after broth enrichment. However, of the 10 
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Table. Positive and negative agreement of CRISPR-based	diagnostic	for	rapid	group	B	Streptococcus screening versus different 
reference standards* 

Assay and result 
CRISPR-GBS 

 

%	(95%	CI) 

Sensitivity Specificity 
Positive predictive 

value 
Negative 

predictive value Positive Negative Total 
Direct culture 
 Positive 52 3 55  94.5	(83.9–98.6) 89.6	(85.9–92.5) 58.4	(47.5–68.6) 99.1 (97.1–99.8) 
 Negative 37 320 357  
 Total 89 323 412  
PCR 
 Positive 54 3 57  94.7	(84.5–98.6) 90.1	(86.4–92.9) 60.7	(49.7–70.7) 99.1 (97.1–99.8) 
 Negative 35 320 355  
 Total 89 323 412  
Direct culture and PCR 
 Positive 47 3 50  94.0	(82.5–98.4) 91.4	(87.9–94.0) 61.0	(49.2–71.7) 99.0 (97.1–99.8) 
 Negative 30 320 350  
 Total 77 323 400  
Enriched culture 
 Positive 22 0 22  100	(81.5–100.0) 100	(62.9–100.0) 100	(81.5–100.0) 100	(62.9–100.0) 
 Negative 0 9 9  
 Total 22 9 31  

 

Figure 4.	Overview	and	summary	of	the	prospective	cohort	study	assessing	CRISPR-GBS.	A)	Study	enrollment	and	result	summary	as	
categorized	by	agreements	between	different	tests.	B)	Venn	diagram	demonstrating	the	overall	concordance	and	discordance	among	direct	
culture,	regular	PCR,	and	CRISPR-GBS	in	the	cohort.	CRISPR-GBS,	CRISPR-based	diagnostic	for	rapid	group	B	Streptococcus screening.
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cases that were positive by CRISPR but negative by di-
rect culture, adding the broth enrichment step yielded 
positive results in 90% of those cases (Figure 5). These 
results validated the greater sensitivity of CRISPR and 
suggested that the testing direct swabs by CRISPR-
GBS conferred comparable sensitivity as enrichment 
culture. In our antepartum cohort of 412 pregnant 
women, the prevalence of GBS carriage was the high-
est by CRISPR at 21.6% (89/412) and was similar by 
culture (13.3% [55/412]), and PCR (13.8% [57/412]).

When we compared turnaround time, we found 
that the CRISPR-GBS test required an average of <1.5 
hours, which includes 30 minutes of rapid DNA ex-
traction, 30 minutes for DNA amplification by RPA, 
and 20 minutes for Cas13 detection. This turnaround 
time is a considerable advantage over those for con-
ventional culture-based (24–60 hours) and PCR-based 
(≈2.5 hours for a regular PCR assay and much longer 
for nested PCR–Sanger) methods.

Discussion
We developed and demonstrated a CRISPR-based 
assay that offered short turn-around time and great 
sensitivity, which makes it a potential rapid, point-
of-care assay for intrapartum GBS diagnosis, even in 
low-resource settings. Debates have occurred over ap-
proaches of preventing neonatal diseases caused by 
GBS infection (25). However, both of the 2 commonly 
used conventional strategies (i.e., risk-based screen-
ing or late antenatal microbiologic testing) have their 
own limitations (3,26). A point-of-care, rapid intra-
partum GBS diagnosis at the onset of labor or mem-
brane rupture is highly desired clinically because it 
would enable more accurate antibiotic prophylaxis 
and better antimicrobial stewardship (5). Successful 
development of such a diagnostic has been hindered 
by its requirement for a combination of short turn-
around time, high diagnostic performance, low tech-
nical complexity, and low instrument requirement. In 
our study, we took advantage of the programmable 

CRISPR/Cas system for GBS detection. The CRISPR-
GBS assay as established and demonstrated in our 
study takes <1.5 hours to complete, has a sensitivity 
comparable to enriched culture, and does not require 
any sophisticated instruments. These features illus-
trate its great potential to be an onsite, rapid diag-
nostic for intrapartum GBS screening. Given the low 
complexity of the CRISPR-GBS assay established in 
our study, integration of the entire testing into a com-
pact desktop instrument for an automated sample-in-
report-out assay is highly feasible.

In our prospective study, we found the preva-
lence of GBS in our cohort to be slightly higher than 
20% by CRIPSR. Although studies have shown differ-
ential prevalence between rectal and vaginal screen-
ing, the question of whether this could be caused by 
a lack of assay sensitivity for detecting borderline 
bacterial level remains controversial (1,24,27). In cur-
rent clinical practice, vaginal–rectal swab specimens 
are commonly collected for optimized GBS detection, 
despite reported discomfort or even pain associated 
with rectal swabs (28,29). Determining whether pa-
tients could be spared the discomfort of rectal speci-
mens without compromising the results with a more 
sensitive assay would be worthwhile. With this sensi-
tive and rapid CRISPR assay, further studies are also 
warranted to evaluate its diagnostic and clinical value 
as an intrapartum assay by comparing it to antepar-
tum culture (30).

Apart from GBS diagnosis, obtaining the infor-
mation on drug susceptibility is also of great clini-
cal value. For instance, recent reports have showed 
a trend of increased erythromycin and clindamycin 
resistance internationally (31–33). Genotypic analysis 
has been proven to have great predictive value for 
drug resistance. Given the highly sensitive nature of 
this CRISPR diagnostic technology, it holds the po-
tential to simultaneously detect genes related to drug 
susceptibility (34). An expanded CRISPR-GBS assay 
would be able to not only diagnose GBS colonization 
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Figure 5. Overview of the 
validation study with enrichment 
culture for CRISPR-based 
diagnostic	for	rapid	group	B	
Streptococcus screening. Testing 
results by culture and CRISPR 
before (left) and after (right) 
broth enrichment are shown.



CRISPR-Based	Diagnostic	for	Rapid	GBS	Screening

but also provide genetic insight into drug susceptibil-
ity for first-line antibiotics. On the basis of the proof-
of-principle demonstrated in our study for direct-
from-swab testing, rapid CRISPR detection of both 
pathogen and drug sensitivities would permit the 
precise approach to identification of GBS colonization 
and prevention of related neonatal diseases.

Because GBS is an important infection agent for 
multiple invasive infectious diseases such as men-
ingitis, CRISPR-GBS could also be a promising tool 
for potentially much wider applications. A future 
multicenter study with a larger cohort would pro-
vide a more thorough evaluation of its diagnostic 
value, including its performance under different 
clinical settings. 

In summary, the CRISPR-based rapid GBS assay 
we established in this study exhibits great diagnostic 
performance for GBS colonization under analytical 
and clinical settings. This novel test offers improved 
diagnostic performance over culture- and PCR-based 
assays and represents a novel option for potential 
rapid, point-of-care GBS screening. 
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Taenia solium is a zoonotic cestode that infects 
both humans and pigs (Figure 1). Human brain 

infection, neurocysticercosis, is a major cause of pre-
ventable epilepsy across much of Asia, Africa, and 
Latin America (1); ≈1.35 million persons in Latin 
America and ≈3 million persons in Africa have epi-
lepsy thought to be secondary to neurocysticercosis 
(2,3). Porcine cysticercosis is a food safety hazard and 

source of economic harm in rural regions where the 
parasite is endemic and of increasing public health 
concern because of the rapidly growing global de-
mand for pork (4). The United Nations Food and Ag-
riculture Organization (https://www.fao.org) ranks 
T. solium as a major foodborne parasite on the basis of 
global likelihood of exposure and potential severity 
of infection (5). In the United States, hospitalizations 
for cysticercosis exceed those for all other neglected 
tropical diseases combined (6).

One of the targets of the 2011 World Health Or-
ganization roadmap to overcome neglected tropical 
diseases is to validate T. solium control and elimina-
tion strategies and scale up taeniasis and cysticercosis 
interventions (7). Several different interventions to 
control transmission have been attempted, includ-
ing mass treatment for taeniasis (8–10), combined 
mass treatment for taeniasis and porcine cysticercosis 
(8,11), targeted screening and treatment for taeniasis 
(12), pig vaccination (13), improvements in sanita-
tion (14), and various education interventions (15,16). 
However, most studies have been limited by small 
scale or inconsistent monitoring, making conclusions 
regarding effectiveness and generalizability uncer-
tain. No clear indication has yet determined which 
control strategies will be feasible and effective. 

We previously completed a pilot study in Peru to 
evaluate a targeted ring approach to control transmis-
sion of T. solium, which exhibits spatial clustering (12). 
The premise of this approach is that selective treatment 
for taeniasis among high-risk subgroups within villag-
es might reduce transmission and limit the number of 
persons treated (17). We offered screening and treat-
ment for taeniasis within groups of households locat-
ed near pigs that had visible cyst infection during pe-
riodic surveillance. We noted a 50% relative reduction
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Optimal control strategies for Taenia solium taeniasis and 
cysticercosis	have	not	been	determined.	We	conducted	
a	2-year	cluster	randomized	trial	in	Peru	by	assigning	23	
villages	to	1	of	3	geographically	targeted	intervention	ap-
proaches. For ring screening (RS), participants living near 
pigs with cysticercosis were screened for taeniasis; iden-
tifi	ed	cases	were	 treated	with	niclosamide.	 In	 ring	 treat-
ment (RT), participants living near pigs with cysticerco-
sis received presumptive treatment with niclosamide. In 
mass treatment (MT), participants received niclosamide 
treatment	every	6	months	regardless	of	location.	In	each	
approach, half the villages received targeted or mass 
oxfendazole	for	pigs	(6	total	study	arms).	We	noted	sig-
nifi	cant	reductions	in	seroincidence	among	pigs	in	all	ap-
proaches	(67.1%	decrease	in	RS,	69.3%	in	RT,	64.7%	in	
MT; p<0.001), despite a smaller proportion of population 
treated	by	targeted	approaches	(RS	1.4%,	RT	19.3%,	MT	
88.5%).	 Our	 fi	ndings	 suggest	 multiple	 approaches	 can	
achieve rapid control of T. solium transmission..
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in transmission within the intervention village com-
pared with the negative control village (12), but a larg-
er randomized trial could help validate this approach. 
We conducted a follow-up study to compare effective-
ness of 2 ring approaches and mass treatment, and to 
explore whether including treatment for cysticercosis 
in pigs provided additional control benefits.

Methods

Study Design
We conducted a community cluster randomized trial 
with a 3 × 2 factorial design. We randomly assigned 
23 villages (total population 10,551) to 1 of 6 study 
arms (Figures 2, 3). Each study arm corresponded to 
a unique intervention comprised of an approach to 
deliver the antiparasitic drug niclosamide, for human 
taeniasis. The 6 study arms were ring screening (RS), 
ring treatment (RT), or mass treatment (MT), with or 
without antiparasitic drug treatment with oxfenda-
zole for cysticercosis in pigs.

Outcome Measures
The primary outcome was seroincidence of T. solium 
antibodies in all pigs born into the villages during 
the 2-year study period. The secondary outcome was 
prevalence of human taeniasis at study end.

Study Sites and Participants
We conducted the study during 2015–2017 in  
Piura, Peru, an agricultural region where T. solium is 

endemic. Outdoor defecation is common among hu-
mans and pigs roam free, a combination that places 
pigs at high risk for cysticercosis. Villages of 50–500 
residents were eligible to participate; 43 villages 
met this criterium. We selected 23 villages because 
they were accessible year-round and had no his-
tory of control interventions for taeniasis or cysti-
cercosis (Appendix, https://wwwnc.cdc.gov/EID/
article/27/9/20-3349-App1.pdf). All residents >2 
years of age were eligible to participate. The study 
was approved by the institutional review boards for 
human (approval no. IRB00010117) and animal (ap-
proval no. IP00000617) research at Oregon Health & 
Science University–Portland State University, Port-
land, Oregon, USA, and Universidad Peruana Cay-
etano Heredia, Lima, Peru (approval no. 62206).

Baseline Census
We conducted a door-to-door census in villages to 
collect information on demographics, household 
sanitation, and pig husbandry. We used global po-
sitioning system receivers (Trimble, https://www.
trimble.com) with post-processed differential correc-
tion to collect coordinates of each house, then created 
a georeferenced map of each village by using Arc-
MAP10 (Environmental Systems Research Institute, 
https://www.esri.com) and a 100-m buffer around 
each household to define extent of future interven-
tion rings (12).

Randomization
We randomly assigned the 23 villages to 1 of 6 study 
arms, repeating the allocation sequence until the hu-
man population in all 6 arms was approximately 
equal, within 10% of the study population divided by 
6 (Appendix). We considered no other factors in as-
signing villages.

Interventions
In the MT approach, we returned to each village ev-
ery 6 months and went door-to-door to offer residents 
>2 years of age presumptive treatment for taeniasis 
with a single oral dose of niclosamide. Persons who 
weighed 11–34 kg received 1 g niclosamide, persons 
who weighed 35–50 kg received 1.5 g, and persons 
weighing >50 kg received 2 g. We chose the 6-month 
interval to be consistent with the frequency of mass 
drug administration (MDA) recommended by the 
World Health Organization for other helminths (18). 
During each treatment cycle, we returned to house-
holds >1 additional time to locate persons who were 
absent when treatment initially was offered. We did 
not collect stool samples in the MT approach.
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Figure 1. Lifecycle of the Taenia solium tapeworm in humans 
and pigs.
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In the RT approach, we returned to each village 
every 4 months to perform active surveillance for 
heavily infected pigs. Surveillance included visit-
ing all households, catching all pigs, and examining 
pigs’ tongues for visible or palpable cysts (19). We 
returned to households >1 additional time if any 
pigs evaded capture or were otherwise unaccounted 
for during the first visit. When we identified a pig 
with cysticercosis of the tongue, we opened a treat-
ment ring comprising all households within a 100-m 
radius of the house where the tongue-positive pig 
was raised. We offered all persons >2 years of age 
living within the treatment ring the standard oral ni-
closamide dose for taeniasis and a second oral dose 
15 days later. We used 2 doses because single-dose 
treatment failure is common in this region (20). We 

did not collect stool samples in the RT approach. We 
offered to purchase all cysticercosis tongue-positive 
pigs and remove these pigs from the village; if the 
owner did not agree to sell the pig, we treated it with 
a single 30 mg/kg dose of oxfendazole, as recom-
mended (21).

In the RS approach, we conducted active surveil-
lance for heavily infected pigs as described in the RT 
approach. When we identified a cysticercosis tongue-
positive pig, we requested a single stool sample from 
each person >2 years of age living in a 100-m radius of 
the house where the infected pig was raised. We test-
ed stool samples for Taenia sp. eggs or antigens and 
only offered niclosamide single-dose treatment to 
persons with diagnosed taeniasis. We collected a fol-
low-up stool sample from taeniasis-positive persons 
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Figure 2. Flowchart of participating villages, humans, and pigs in a study of Taenia solium intervention strategies, Peru. Humans were 
treated with niclosamide, pigs (when treated) with oxfendazole. MT, mass treatment; RS, ring screening; RT, ring treatment.
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30 days after treatment to verify cure and retreated 
persistent infections. We purchased cysticercosis 
tongue-positive pigs or treated with oxfendazole as 
described in the RT approach.

In half of the villages in each approach, we treat-
ed pigs >6 weeks of age for cysticercosis by using a 
single oral dose of 30 mg/kg of oxfendazole. In the 
MT approach, we treated all pigs in the village at 
4-month intervals. In the RT and RS approaches, we 
treated only pigs owned by households within a 100-
m ring of a cysticercosis tongue-positive pig. Owners 
were instructed not to slaughter pigs within 21 days 
after treatment so that the drug would clear from tis-
sues before human consumption (22).

Measurement of Primary Outcome
We conducted serosurveys of the pig population ev-
ery 4 months in all 23 villages to determine seroinci-
dence of antibodies against cysticercosis. During each 
serosurvey, veterinary staff visited each household, 
captured all pigs >6 weeks of age, collected a 5-mL 
blood sample, placed an ear tag with a unique identi-
fier on new pigs, and updated the pig census. Pigs 
6 weeks–4 months of age when first captured were 
placed into a cohort for incidence calculations. We 
followed the serologic antibody response of every pig 
in this cohort through subsequent serosurveys until 
an antibody response developed in the pig (primary 
outcome) or the pig was lost to follow-up because 
it died, was sold, evaded capture or other reasons. 
The seroincidence reported at each sampling point 
reflects the risk for exposure during the preceding 
4-month interval.

Measurement of Secondary Outcome
At study end (month 24), we determined the preva-
lence of taeniasis in all 23 villages. We offered pre-
sumptive treatment with niclosamide to all residents 
>2 years of age, requested collection of the first post-
treatment stool in a 500-mL plastic container, and col-
lected stool samples for testing within 24 hours.

Laboratory Procedures
We centrifuged pig blood samples to separate se-
rum, froze serum at −20°C, and later processed it 
for antibodies against porcine cysticercosis by us-
ing lentil-lectin glycoprotein enzyme-linked im-
munoelectrotransfer blot, as previously described 
(23), except we considered results positive when a 
reaction occurred to any of the 6 glycoprotein (GP) 
antigens, GP39/42, GP24, GP21, GP18, GP14, or 
GP13. We excluded the GP50 antigen because re-
cent studies have shown this band cross-reacts with 
T. hydatigena, a cestode that infects pigs and is co-
endemic in the region (24). We examined human 
stool samples macroscopically for Taenia sp. scol-
eces or proglottids, then prepared fecal aliquots in 
5% formol-phosphate buffered saline (Appendix). 
We used ELISA to detect Taenia sp. coproantigens 
in aliquots, as previously described (25).

Statistical Analysis
We analyzed data in Stata SE14.2 (StataCorp LLC, 
https://www.stata.com). To evaluate pig seroin-
cidence, we used binomial family generalized esti-
mating equations with log-link and exchangeable 
correlation structure. We aggregated individual 
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Figure 3. Timeline showing interventions in humans and pigs during a study of Taenia solium tapeworms, Peru. NSMm, presumptive 
treatment with niclosamide for humans; NA, not applicable; NSMr, presumptive treatment with niclosamide for humans only in rings; 
OXFm, presumptive treatment with oxfendazole for pigs; OXFr, presumptive treatment with oxfendazole for pigs only in rings; SCRr/
NSMr, stool screening and treatment with niclosamide for humans with diagnosed taeniasis only in rings.
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pig-level data into panel format to reflect the hi-
erarchical structure of study arm, village, house, 
and intervention round, then further stratified by 
age category (0–4, 5–8, 9–12, and >13 months). We 
set village as the panel variable and used robust 
sandwich-type errors to account for intrahouse-
hold clustering. We used quasilikelihood informa-
tion criteria to select variables for the final model 
and retained variables that decreased criteria value 
relative to the saturated model. The final model 
variables were study arm, intervention round, base-
line village seroprevalence, presence or absence 
of household latrine and pig corral, pig age, and 
oxfendazole treatment for pigs. We included 2- and 
3-way interactions for study arm × intervention 
round × oxfendazole to evaluate any additional ef-
fect of including pig treatment in interventions. We 
considered p<0.05 statistically significant. We then 
used margins command to estimate predicted prob-
abilities (cumulative seroincidence) and absolute 
differences within each study arm over time and 
between study arms. For the taeniasis prevalence, 
we used a separate binomial family generalized es-
timating equation with log-link that included par-
ticipant age, number of pigs in village, and baseline  
village seroprevalence.

Results

Village Assignment and Characteristics
The total population of all 23 villages was 10,551; 
10,094 (95.7%) persons were >2 years and eligible to 
participate (Table 1; Figure 2). Compared with other 
study approaches, the MT approach had more latrines, 
fewer pigs, and a lower baseline seroprevalence.

Interventions Applied
In MT, we conducted 5 rounds of MDA with ni-
closamide to an age-eligible population of 3,329 per-
sons (Table 2); 1,240 (37.3%) participants received 

all 5 rounds, 583 (17.5%) in 4 rounds, 411 (12.4%) in 
3 rounds, 354 (10.6%) in 2 rounds, 359 (10.8%) in 1 
round, and 382 (11.5%) were not treated. We treated 
88.5% (2,641/3,329) of the age-eligible population 
with >1 dose.

In RT, we conducted 7 rounds of surveillance 
and examined tongues of 5,764 pigs (Table 3). We 
identified 37 tongue-positive pigs, resulting in 37 
distinct screening rings. We purchased and removed 
20 (54.1%) pigs; 17 (45.9%) pigs were treated with 
oxfendazole and remained with their owners. A total 
of 803/3,525 (22.8%) age-eligible persons in 183/870 
(21.0%) households were included in a treatment ring 
in >1 surveillance round; 538 (67.0%) persons were of-
fered niclosamide in 1 round, 202 (25.2%) in 2 rounds, 
48 (6.0%) in 3 rounds, and 15 (1.9%) in 4 rounds. We 
treated 19.3% (680/3,525) of the overall age-eligible 
population with >1 dose.

In RS, we conducted 7 rounds of surveillance and 
examined tongues of 7,885 pigs (Table 4). We identi-
fied 74 tongue-positive pigs, resulting in 65 distinct 
screening rings, but 9 rings completely overlapped 
with others. We purchased and removed 57 (77.0%) 
pigs, 15 (20.3%) were treated and remained, and 2 
(2.7%) were reported slaughtered and buried by the 
owner. A total of 1,475/3,328 (44.3%) age-eligible 
persons in 397/910 (43.6%) households were includ-
ed in a screening ring in >1 surveillance round; 972 
(65.9%) were included in 1 round, 455 (31.8%) in 2 
rounds, and 48 (3.3%) in 3 rounds. We collected >1 
stool sample from 1,231/1,475 (83.5%) participants; 
51 (4.1%) persons tested positive. We screened 37.0% 
(1,231/3,328) of the overall age-eligible population 
and treated 1.4% (46) with niclosamide.

The primary reasons eligible persons did not re-
ceive niclosamide in all study arms included not be-
ing in the village at the time of intervention and par-
ticipant refusal. The main reasons eligible pigs did 
not receive oxfendazole were pregnancy and inability 
to capture the animal.
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Table 1. Village and household characteristics at baseline in each arm of a study on control of Taenia solium cysticercosis, Peru* 

Characteristics 

Ring screening 

 

Ring treatment 

 

Mass treatment 
Pig 

treatment 
No pig 

treatment 
Pig 

treatment 
No pig 

treatment 
Pig 

treatment 
No pig 

treatment 
No. villages 4 4  4 4  3 4 
Human residents 1,736	(16.5) 1,741	(16.5)  1,796	(17.0) 1,885	(17.9)  1,665	(15.8) 1,728	(16.4) 
 Residents >2 y of age 1,662	(16.5) 1,666	(16.5)  1,736	(17.2) 1,789	(17.7)  1,594	(15.8) 1,647	(16.3) 
No. pigs at baseline 457 556  349 395  369 305 
 Seropositive pigs 194	(42.5) 224	(40.3)  148	(42.4) 190	(48.1)  141	(38.2) 96	(31.5) 
Households 444	(16.9) 466	(17.7)  416	(15.8) 454	(17.3)  403	(15.3) 444	(16.9) 
 Latrine 249	(58.1) 346	(74.3)  249	(59.9) 311	(68.5)  330	(81.9) 341	(76.8) 
 Treated water source 394	(88.7) 427	(91.6)  291 (70.0) 352	(77.5)  357	(88.6) 350	(78.8) 
 Raise pigs 230	(51.8) 251	(53.9)  217 (52.2) 241	(53.1)  178	(44.2) 253	(57.0) 

 Corral for pigs 146	(63.5) 132	(52.6)  82	(37.8) 118	(49.0)  114	(64.0) 107	(42.3) 
*Values	are	no.	(%),	except	as indicated. 

 



RESEARCH

Porcine Seroincidence
We captured 10,969 distinct pigs over the 24-month 
study, of which 6,322 (57.6%) were eligible for se-
roincidence monitoring; 2,825 (44.7%) in RS, 1,888 
(29.9%) in RT, and 1,609 (25.5%) in MT. We collected 
11,165 blood samples from the eligible cohort. Some 
pigs were sampled during >1 round; 3,132 (49.5%) 
had 1 sample, 1,938 (30.7%) had 2 samples, and 1,252 
(19.8%) had >3 samples.

The 4-month cumulative seroincidence at base-
line was 42.1% (95% CI 36.6%–47.6%) in RS, 45.8% 
(95% CI 37.1%−54.4%) in RT, and 36.2% (95% CI 
30.3%–42.1%) in MT. We saw a strong control ef-
fect in all 3 approaches with statistically significant 
(p<0.001) reduction in seroincidence from baseline to 
study end. In RS, the relative decrease was 66.4% and 
the absolute decrease was 28.0 (95% CI 22.5–33.4) per-
centage points. In RT, the relative decrease was 69.4% 
and the absolute decrease was 31.8 (95% CI 20.1–43.4) 
percentage points. In MT, the relative decrease was 
64.9% and the absolute decrease was 23.5 (95% CI 
15.2–31.7) percentage points (Figure 4). The most 
rapid decrease occurred with RS, in which maximum 
effect was reached after 8 months, and remained sta-
ble thereafter. We did not see a significant difference 
in reduction of seroincidence between any 2 pairs of 
study approaches during the 24 month-study (RT vs. 
MT, p = 0.27; RT vs. RS, p = 0.55; RS vs. MT, p = 0.40).

Prevalence of Taeniasis
At study end, 81.7% (7,248/8,873) of age-eligible per-
sons accepted treatment for taeniasis; 6,537 (73.6%) 
provided a posttreatment stool sample. The unad-
justed prevalence of taeniasis was 0.72% (17/2,349) 
in RS, 1.31% (29/2,206) in RT, and 0.40% (8/1,977) 

in MT. After adjusting for number of pigs in the vil-
lage, baseline village seroprevalence, participant age, 
and the clustered study design, the model-estimated 
prevalence of taeniasis was 0.74% (95% CI 0.14%–
3.81%) in RS, 1.09% (95% CI 0.21%–5.61%) in RT, and 
0.62% (95% CI 0.11%–3.46%) in MT (Table 5). In vil-
lages that received a targeted strategy, most (78.2%; 
36/46) persons who had taeniasis at study end lived 
in households that were not identified for interven-
tion by using the ring approach.

Antiparasitic Treatment for Pigs
Adding oxfendazole treatment for pigs did not pro-
vide additional benefit and did not decrease overall 
pig seroincidence in any of the 3 approaches (Figure 
5). We saw no statistically significant interaction be-
tween study arm and oxfendazole treatment; treat-
ment was not a statistically significant covariate in 
the full model. The model-estimated seroincidence 
was 20.9% (95% CI 19.0%– 22.8%) in nontreated pigs 
compared with 21.9% (95% CI 20.2%–23.7%) in treat-
ed pigs.

Discussion
We found that targeted delivery of niclosamide to treat 
and prevent human taeniasis in a ring strategy and 
uniform delivery in MDA both effectively reduced 
T. solium transmission. All 3 tested intervention ap-
proaches achieved >65% reduction in porcine T. solium 
seroincidence during the 2-year study, and all 3 were 
accepted broadly within study communities. 

Ideal control approaches for taeniasis and cys-
ticercosis might vary across regions, and such ap-
proaches should consider which resources and in-
frastructure are available locally. Niclosamide MDA 
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Table 2. Summary of participation in mass treatment intervention in a study on control of Taenia solium cysticercosis, Peru* 

Characteristics Study month 
Total 0 6 12 18 24 

No. eligible households 799 794 816 804 815 4,028 
No. eligible participants 2,994 2,973 3,021 2,956 2,998 14,942 
 Not treated,	no.	(%) 709 (23.7) 743 (25.0) 819 (27.1) 755 (25.5) 730 (24.4) 3,756 (25.1) 
 Took >1 dose of NSM,	no.	(%) 2,285 (76.3) 2,230 (75.0) 2,202 (72.9) 2,201 (74.5) 2,268 (75.7) 11,186 (74.9) 
*Distinct households and participants might be counted more than once in the totals column. NSM, niclosamide. 

 

 
Table 3. Summary of surveillance and participation in ring treatment intervention in a study of Taenia solium cysticercosis, Peru* 

Characteristics 
Study month 

Total 0 4 8 12 16 20 24 
No. pigs examined 748 625 783 751 937 931 989 5,764 
 Tongue-positive pigs, no. (%) 7 (0.9) 6 (1.0) 6 (0.8) 4 (0.5) 2 (0.2) 9 (1.0) 4 (0.4) 38 (0.7) 
No. screening rings 7 6 7 3 2 9 3 37 
No. eligible households 43 39 58 15 13 71 10 249 
No. eligible participants 193 187 261 72 66 338 36 1,153 
 Not treated,	no.	(%) 14 (7.3) 35 (18.7) 32 (12.3) 10 (13.9) 14 (21.1) 56 (16.6) 13 (36.1) 174 (15.1) 
 Took 1 dose of NSM,	no.	(%) 23 (11.9) 36 (19.3) 31 (11.9) 4 (5.6) 4 (6.1) 67 (19.8) 2 (5.6) 167 (14.5) 
 Took 2 doses of NSM,	no.	(%) 156 (80.8) 116 (62.0) 198 (75.9) 58 (80.6) 48 (72.7) 215 (63.6) 21 (58.3) 812 (70.4) 
*Distinct households, participants, and pigs might be counted more than once in the totals column. NSM, niclosamide. 
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might be the easiest strategy to implement because 
of the extensive worldwide experience with this ap-
proach for other neglected tropical diseases. Primary 
benefits of MDA include operational simplicity and 
familiarity. In our study, T. solium transmission de-
creased steadily over time during repeated rounds 
of niclosamide at 6-month intervals. Niclosamide is 
safe for the general population (8) because it does 
not provoke brain inflammation in persons with 
neurocysticercosis, which is a concern in using the 
alternative drug, praziquantel (26). On the other 
hand, MDA is particularly inefficient for treating 
taeniasis. Unlike other neglected tropical diseases 
for which MDA is used, endemic T. solium transmis-
sion is sustained by a low prevalence of taeniasis, 
typically 1%–3%. Therefore, MDA for taeniasis ap-
plies most drugs to persons who are not infected 
and who might have limited risk for disease. Other 
drawbacks of MDA include more of the population 
exposed to possible adverse events, declining partic-
ipation over time, and mixed evidence of sustained 
effect of MDA on transmission (27).

Ring strategy is applied on the premise that tar-
geting high-risk subpopulations with niclosamide 
can achieve taeniasis control by treating fewer per-
sons than in MDA, which ignores known spatial 
risk heterogeneity (17). Although only 19.3% of our 
study population received niclosamide through RT 
whereas 88.5% of persons received it through MDA, 
we saw no difference in reduction of transmission 
between the 2 approaches. The main disadvantage 

of ring strategy is operational complexity; this strat-
egy requires surveillance to detect heavily infected 
pigs and identify focal areas for intervention. We 
used centralized active surveillance in which dedi-
cated veterinary teams screened the pig population 
every 4 months. This approach might be difficult to 
implement on a large scale, particularly in impov-
erished rural regions isolated from government re-
sources and attention.

For programmatic application of ring strategy, 
passive community surveillance with incentives for 
reporting could be more pragmatic. In this strategy, 
residents would report meat visibly contaminated 
with cysts at time of slaughter or animals found to be 
tongue-positive during sale, thus prompting RT with 
niclosamide by community health workers. We pilot 
tested this approach in Peru and found that passive 
surveillance without incentives did not achieve suf-
ficient reports and drug delivery to reduce parasite 
transmission (28). Pigs provide cash income to villag-
ers who sell their animals to offset unanticipated eco-
nomic needs. Loss of income at these crucial moments 
was a strong disincentive to report and often resulted 
in consuming or selling contaminated meat. However, 
in another pilot study in the same region, strong com-
munity engagement with incentives resulted in suf-
ficient reporting to control transmission (S. O’Neal, 
unpub. data). We are conducting implementation re-
search for programmatic application of RT in Peru.

Screening for taeniasis followed by treatment 
for diagnosed cases is an alternative to presumptive 
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Table 4. Summary of surveillance and participation in ring screening intervention in a study of Taenia solium cysticercosis, Peru* 

Characteristics 
Study month 

Total* 0 4 8 12 16 20 24 
No. pigs examined 1,015 875 1,010 1,075 1,174 1,424 1,312 7,885 
 Tongue-positive pigs, no. (%) 23 (2.3) 3 (0.3) 0 (0) 12 (1.1) 17 (1.5) 5 (0.4) 14 (1.1) 74 (1.0) 
No. screening rings 21 3 0 9 15 5 12 65 
No. eligible households 170 24 0 53 150 25 124 546 
No. eligible participants 625 90 0 220 532 107 452 2026 
 Provided	stool	(%) 548 (87.7) 73 (81.1) 0 185 (84.1) 422 (79.3) 83 (77.6) 352 (77.9) 1,663 (82.1) 
 Suspect	taeniasis	(%) 24 (4.4) 2 (2.7) NA 5 (2.7) 18 (4.3) 0 (0) 12 (3.4) 61 (3.7) 
 Accepted	NSM	(%) 22 (91.7) 2 (100) NA 5 (100) 15 (83.3) NA 12 (100) 56 (91.8) 
*Distinct households, participants, and pigs might be counted more than once in the totals column. NA, not applicable; NSM, niclosamide. 

 

 
Table 5. Taeniasis	frequency	and	prevalence	by	study	arm	after	24	months of Taenia solium intervention, Peru 

Study arm No. taeniasis cases No. stool samples tested 
Prevalence,	% 

Crude Adjusted*	(95%	CI) 
Ring screening      
 Pig treatment 3 1,155 0.26 0.32	(0.07–1.45) 
 No pig treatment 14 1,194 1.17 0.89	(0.22–3.56) 
Ring treatment     
 Pig treatment 14 1,107 1.26 0.55 (0.09–3.23) 
 No pig treatment 15 1,099 1.36 1.54	(0.37–6.51) 
Mass treatment     
 Pig treatment 4 992 0.40 0.69	(0.16–2.86) 
 No pig treatment 4 985 0.41 0.46	(0.09–2.33) 
*Adjusted for number of pigs in the village, baseline village seroprevalence, participant age, and the clustered study design. 
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treatment. Mass stool screening is infeasible on a 
large scale because of cost and operational com-
plexity, but ring strategy enables targeted applica-
tion of screening resources. In our study, screening 
reduced the proportion of the population receiving 
niclosamide to 1.4% in RS versus 19.3% in RT while 
maintaining control effectiveness but did so at ad-
ditional cost and complexity due to collection and 
processing of stool samples. A screening approach 
for taeniasis using the most sensitive test, coproan-
tigen ELISA, might not be possible in regions with-
out laboratory infrastructure or access to reagents, 
which remains a barrier to screening in most en-
demic areas (29).

In regions with robust veterinary infrastruc-
ture, control interventions in the pig population, 
such as treatment with oxfendazole or immuniza-
tion with highly effective vaccines (13), could be 
applied as a standalone program or in combination 
with treatment for taeniasis. All the strategies we 
tested had treatment for taeniasis as the core inter-
vention because taeniasis is the most prolific T. so-
lium life stage and direct cause of cysticercosis in 
humans and pigs. Of note, we saw no additional 
reduction in transmission in any study approach 
when we added oxfendazole treatment for pigs. 
This finding suggests that when sustained control 
pressure is applied to humans as the definitive 
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Figure 4. Cumulative Taenia solium seroincidence	among	pigs	by	study	approach	over	time,	Peru.	A)	Ring	screening;	B)	ring	treatment;	
C) mass treatment. In ring screening, human participants living near pigs with cysticercosis were screened for taeniasis using stool 
coproantigen;	identified	cases	were	treated	with	niclosamide.	In	ring	treatment,	human	participants	living	near	pigs	with	cysticercosis	
received	presumptive	treatment	with	niclosamide.	In	mass	treatment,	human	participants	received	treatment	with	niclosamide	every	6	
months	regardless	of	location.	Diamonds	indicate	point	estimates;	vertical	bars	indicate	95%	CIs.	

Figure 5. Comparison of cumulative Taenia solium seroincidence	among	pigs	by	study	arm	over	time,	Peru.	A)	Ring	screening;	B)	
ring treatment; C) mass treatment. Each intervention approach used niclosamide for human taeniasis in villages. Each approach 
included	2	arms:	1	with	oxfendazole	treatment	of	pigs	for	cysticercosis	and	1	without	pig	treatment.	In	ring	screening,	participants	living	
near	pigs	with	cysticercosis	were	screened	for	taeniasis	using	stool	coproantigen;	identified	cases	were	treated	with	niclosamide.	In	
ring treatment, participants living near pigs with cysticercosis received presumptive treatment with niclosamide. In mass treatment, 
participants	received	treatment	with	niclosamide	every	6	months	regardless	of	location.	Diamonds	indicate	point	estimates;	vertical	bars	
indicate	95%	CIs.
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host, additional interventions in the intermediate 
pig host might not be necessary. We did not test 
oxfendazole in the absence of treatment for taenia-
sis; therefore, we cannot draw conclusions on the 
effectiveness of treatment interventions exclusively 
in pig versus human populations. We also did not 
apply vaccines against porcine cysticercosis, but 
this option could be considered in both mass and 
targeted approaches (30).

The strengths of our study were cluster-random-
ized design, head-to-head evaluation of interventions, 
and 2-year duration of the intervention. Limitations in-
clude that the small number of clusters in each study 
arm limited precision of outcome estimates, which 
could have affected our ability to distinguish true dif-
ferences between arms. However, results and interpre-
tations were consistent using multiple methods for de-
termining SEs with small numbers of clusters, and we 
reported results using the most conservative method. 
The factorial design and large number of pigs in each 
cluster also benefited study efficiency. We randomly 
assigned villages to interventions, but the groups dif-
fered with respect to the proportion of households 
with pig corrals and latrines and the baseline serop-
revalence of porcine cysticercosis. We controlled for 
these factors in the analysis, but residual confounding 
or differences in other unmeasured risk factors might 
have contributed to observed differences in outcomes. 
Participation in the studied interventions likely would 
differ across regions and cultures. In addition, ring 
interventions likely are dependent on geographic fea-
tures, such as terrain and housing density. Thus, the 
results of this study might not be the same in regions 
where these factors differ. Finally, the secondary out-
come measure of taeniasis prevalence at study end 
should be interpreted with caution because a baseline 
measurement was not taken. Diagnosis of taeniasis ob-
ligates treatment, so baseline measurement of taeniasis 
was not done because it would have confounded the 
interventions under evaluation.

In conclusion, our findings clearly demonstrate 
that substantial and rapid T. solium control can be 
achieved by using existing technology. Government 
control programs for taeniasis and cysticercosis can 
be initiated and scaled in accordance with the World 
Health Organization roadmap for overcoming ne-
glected tropical diseases (7).
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Live bird markets (LBMs) have long been identifi ed 
as major sites for the maintenance, transmission, 

amplifi cation, and dissemination of  infl uenza A(H5) 
virus (1,2). Studies in the United States, China, Indo-
nesia, and Vietnam have shown that LBMs can pose 
a public health risk for zoonotic spill-over to humans 
through environmental contamination (2–8). In Ban-
gladesh, the fi rst evidence of zoonotic transmission of 
infl uenza A(H5) virus emerged in 2012; LBMs in Dha-
ka were considered the main source of exposure for 
all 3 human cases reported (9,10). The relatively low 
level of infl uenza A(H5) endemicity found in studies 

conducted in LBMs in Bangladesh since 2012 (e.g., 
<10% prevalence at live bird sampling level) (11–13) 
have contributed to a false sense of security regarding 
contamination risk. Indeed, since 2013, several infl u-
enza A(H5) outbreaks in poultry (9 outbreaks), wild 
birds (5 outbreaks), and humans (2 outbreaks) have 
occurred in Bangladesh (14,15). During March 2007–
December 2020, Bangladesh reported 556 outbreaks 
of infl uenza A(H5) virus in poultry (14) and 8 cases 
in humans (15).

Environmental sampling in LBMs for the pur-
poses of avian infl uenza virus surveillance was fi rst 
introduced in the United States in 1986 (16). A re-
cent study evaluated the effectiveness of environ-
mental sampling for infl uenza A surveillance and 
described multiple sampling sites in an LBM (17). 
Earlier studies from Bangladesh primarily focused 
on collecting samples from market environment 
sites (such as market fl oor, stall fl oor, slaughter 
area, waste bin, poultry cage, water, fecal mate-
rial on or underneath the poultry cage, blood, and 
poultry offal) to understand the LBM environment 
status for infl uenza A (11,12,18–25).

Few studies to date—1 in Indonesia and 3 in 
Guangdong, China—have performed simultaneous 
sampling in different LBM work zones, such as the 
poultry delivery, poultry holding, poultry slaughter, 
poultry sale, and waste disposal zones (26–29). These 
studies indicated that the poultry slaughter and sale 
zones were the 2 most contaminated LBM work zones 
for infl uenza A(H5N1) in Indonesia (27) and infl uen-
za A(H7N9), (H5), and (H9) in China (26,28,29). To 
date, no studies have been performed in Bangladesh 
on infl uenza A environmental contamination within 
different LBM work zones. The results from China 
and Indonesia have provided additional justifi cation 
to evaluate the infl uenza A surveillance program of 
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We	evaluated	the	presence	of	infl	uenza	A(H5)	virus	en-
vironmental	contamination	in	live	bird	markets	(LBMs)	in	
Dhaka,	Bangladesh.	By	using	Bernoulli	generalized	lin-
ear models and multinomial logistic regression models, 
we	quantifi	ed	LBM-level	factors	associated	with	market	
work	zone–specifi	c	infl	uenza	A(H5)	virus	contamination	
patterns. Results showed higher environmental contami-
nation	in	LBMs	that	have	wholesale	and	retail	operations	
compared	 with	 retail-only	 markets	 (relative	 risk	 0.69,	
95%	0.51–0.93;	p	=	0.012)	and	in	March	compared	with	
January	(relative	risk	2.07,	95%	CI	1.44–2.96;	p<0.001).	
Infl	uenza	A(H5)	environmental	contamination	remains	a	
public	health	problem	in	most	LBMs	in	Dhaka,	which	un-
derscores the need to implement enhanced biosecurity 
interventions	in	LBMs	in	Bangladesh.
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the Food and Agriculture Organization of the Unit-
ed Nations (FAO) in Bangladesh. Given the costs of 
maintaining influenza surveillance programs, epi-
demiologic evidence on within-market risk areas for 
contamination would help fine-tune current surveil-
lance approaches in Bangladesh.

Implementing biosecurity practices in LBMs re-
duces environmental contamination with influenza A 
(30). For example, weekly market closures (>1 day) 
and everyday cleaning and disinfecting interventions 
were reported to reduce market contamination with 
avian influenza virus (H7N2) in the United States 
and influenza (H7N9) and (H9N2) in China (5,31,32). 
In Bangladesh, improved biosecurity practices at 
the market level have not effectively reduced envi-
ronmental contamination for influenza A(H5) virus 
in Dhaka and Chittagong LBMs during 2012–2014 
(22,25). Since 2014, no study has comprehensively re-
ported the effect of market-level biosecurity practices 
on the probability of influenza A(H5) environmental 
contamination in Dhaka. Although the 2 administra-
tive areas of the Dhaka metropolitan area (Dhaka 
North City Corporation [DNCC] and Dhaka South 
City Corporation [DSCC]) are known for their dis-
tinct demographic and urban features (33), no studies 
to date have investigated how biosecurity practices 
and influenza A(H5) contamination rates differ in re-
lation to market-level characteristics of LBMs located 
in different parts of Dhaka. To inform the develop-
ment of effective environmental sampling strategies 
for influenza surveillance in LBMs, our study sought 
to characterize the differences in the proportion of 
influenza A(H5) environmental contamination in 
markets in DNCC and DSCC, to identify and quan-
tify market-level factors associated with the prob-
ability of influenza A(H5) contamination in specific 
work zones (i.e., arrival, slaughtering and processing, 
and consumer exposure or sales), and to identify and 
quantify market-level factors associated with work 
zone–specific contamination patterns within LBMs.

Materials and Methods

Study Design for Influenza A(H5) Virus Surveillance  
in LBMs in Dhaka Metropolitan
We focused our investigation on the Dhaka metropolitan 
area, which has the highest population density (30,551 
residents/km2) of all metropolitan areas in Bangladesh 
(34). We selected 104 LBMs within metropolitan Dhaka 
(Figure 1), which were part of the influenza surveillance 
initiative of the FAO and Department of Livestock Ser-
vices (DLS) (Appendix, https://wwwnc.cdc.gov/EID/
article/27/9/20-4447-App1.pdf) (35). Sampling targeted 

the months of January–March, which are known for a 
higher level of circulation of influenza A(H5) virus in 
poultry in Bangladesh (36).

We used data on market-level characteristics col-
lected during the Dhaka LBM census to quantify the 
association between influenza A(H5) environmental 
contamination in LBMs and within specific market 
work zones adjusted for market-level characteristics 
(Appendix). Three market work zones (poultry ar-
rival [A], poultry slaughtering and processing [S], 
and consumer exposure or sales [E]) and environ-
mental sites in each work zone were selected for 
sampling on the basis of the findings from Indrani et 
al. (Appendix) (27).

Collection, Preservation, and Transportation  
of Environmental Samples
Sample collectors from DLS, DNCC, and DSCC per-
formed monthly collection of environmental samples 
from the selected LBMs. In a given visit, a pool of 6 
samples were collected from each work zone using 
standard polyester-tipped swabs and stored sepa-
rately in a 3 mL viral transport medium (Becton Dick-
inson, https://www.bd.com). Pooled samples were 
kept in ice boxes and transported to the DLS Central 
Disease Investigation Laboratory and Livestock Re-
search Institute laboratory for temporary storage at 
4°C. All samples were then transported in ice boxes to 
the National Reference Laboratory for Avian Influen-
za at Bangladesh Livestock Research Institute (Savar, 
Dhaka) and stored at −80°C before testing.

Laboratory Testing
We tested for influenza A(H5) virus 18-swab pools 
from each selected market (i.e., 6 swabs/3 work 
zones) using real-time reverse transcription PCR 
(rRT-PCR). When an 18-swab pool of a market tested 
positive, further testing was carried out using rRT-
PCR to confirm influenza A(H5) virus in the 6-swab 
pool of a specific work zone (Figure 2). We used Mag-
MAX viral RNA isolation kit and KingFisher mL Pu-
rification System extractor (ThermoFisher Scientific, 
https://www.thermofisher.com) for RNA extraction. 
The rRT-PCR testing protocols followed the proce-
dures recommended by the Australian Centre for 
Disease Preparedness quality assurance manual with 
influenza A(H5) primers (IVA D148 H5, IVA D149 
H5, IVA D204f, and IVA D205r) and probes (IVA 
H5a and IVA D215P) produced at Australian Animal 
Health Laboratory and AgPath-ID One-Step RT-PCR 
Reagents (ThermoFisher Scientific). A pool sample 
was considered positive for influenza A(H5) if the 
cycle threshold value was <40 (37).
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Data Analyses
Our study included markets with information on 
both infection status and market-level characteristics 
(n = 97) and those with information on market-level 
infection status only (n = 7). In our analyses, we con-
sidered 2 outcomes of interest: presence or absence of 
influenza A(H5) virus environmental contamination 
in specific work zones and LBM–level zone-specific 
influenza A(H5) environmental contamination pat-
terns. Work zone–specific environmental contamina-
tion patterns were classified as negative if all 3 work 
zones tested negative; ASE–positive when all 3 work 
zones tested positive; S only–positive when only the 
slaughtering and processing zone tested positive; SE– 
or AS–positive when the slaughtering and processing 
zone and 1 other work zone (E or A) tested positive; 
and other when the market tested positive for A only, 
E only, or both A and E.

We summarized DNCC and DSCC market-level 
biosecurity characteristics by using descriptive statis-
tical analyses. Market-level biosecurity characteristics 
considered in the investigation included market loca-
tion, market type, species sold, number of vendors, 

number of poultry species sold, dominant species (by 
comparing the poultry headcount), poultry headcount, 
electricity in the facility, presence of roof, running 
water in the facility, sale of poultry to other vendors, 
weekly market closure (>1 day), direct sale of poul-
try to consumers, sale of products other than poultry 
(i.e., fish, red meat, vegetables, groceries), daily clean-
ing protocol (at minimum with detergent), poultry 
slaughtering locations, and number of slaughtering 
facilities. We used a univariable Fisher exact test with a 
significance level of p<0.05 to identify differences in in-
fluenza A(H5) recovery by the geographic location of 
Dhaka markets. We then ran Bernoulli generalized lin-
ear models and multinomial logistic regression models 
to quantify risk factors associated with the probability 
of influenza A(H5) environmental contamination and 
work zone–specific contamination patterns (Appen-
dix). The goodness-of-fit of the final multivariable 
model was assessed by Akaike information criterion 
(AIC), and the lowest AIC among all competing mod-
els was identified as the best fitting model in the study 
(38). We used Stata 15 (StataCorp LLC, https://www.
stata.com) for statistical analyses.
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Figure 1.	Locations	of	LBMs	in	
the Dhaka metropolitan area, 
Bangladesh,	January–March	2016.	
Inset map shows location of Dhaka 
in	Bangladesh.	DNCC,	Dhaka	
North City Corporation; DSCC, 
Dhaka South City Corporation; 
LBM,	live	bird	market.	
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Results

Characteristics of LBMs
Of 104 enrolled LBMs, a total of 97 markets (52 from 
DSCC and 45 from DNCC) had complete question-
naire information on their biosecurity characteris-
tics (Appendix Table 1). The retail type of LBM was 
predominant in DSCC (84.62%, 45/52) and DNCC 
(64.44%, 29/45) of Dhaka. Most markets in DSCC 
(88.46%, 46/52) and DNCC (97.78%, 44/45) sold mul-
tiple species of poultry. The broiler chicken was the 
main species at LBMs in DSCC (69.23%, 36/52) and 
DNCC (80.00%, 36/45).

Market-level daily cleaning (at minimum with 
detergent) and weekly market closure (>1 day) 

practices varied among DNCC and DSCC markets. 
These 2 practices were reported to be more common 
in DSCC markets (75.00% [39/52] for daily cleaning 
and 45.15% [24/52] for weekly closure) compared 
with DNCC markets (31.11% [23/45] and 17.78% 
[8/45]). Most markets reported slaughtering poultry 
at vendor stalls (78.85% [41/52] in DSCC and 93.33% 
[42/45] in DNCC) (Appendix Table 1).

Differences in the Proportion of Influenza A(H5)  
Virus Environmental Contamination and  
Market Characteristics
Our analysis indicates that the proportion of influen-
za A(H5) virus environmental contamination was sig-
nificantly higher in March than the previous 2 months 
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Figure 2.	Sampling	and	laboratory	testing	protocol	for	influenza	A(H5)	in	live	bird	markets,	Dhaka,	Bangladesh,	January–March	2016.	
VTM, viral transport medium. 
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(p≤0.001) (Appendix Table 2). The trend of LBM work 
zone–specific influenza A(H5) environmental con-
tamination was similar in March in DSCC and DNCC 
markets, and the highest level of environmental con-
tamination was in the slaughtering and processing 
zone (Figure 3). Of all market-level characteristics, 
only 3 characteristics were found to be significantly 
associated with proportions of influenza A(H5) en-
vironmental contamination: market type (p = 0.036) 
and location of poultry slaughtering (p = 0.014) in 
DNCC markets and weekly market closure of >1 day 
(p = 0.006) in DSCC markets (Appendix Table 2).

Factors Associated with Influenza A(H5) Virus  
Environmental Contamination within LBMs

Factors Associated with the Probability of LBM Influenza 
A(H5) Environmental Contamination Risk
We demonstrated by univariable analysis that the 
probability of influenza A(H5) environmental con-
tamination was significantly higher in slaughtering 
and processing zones (relative risk [RR] 1.22, 95% CI 
1.01–1.49; p = 0.041) than in market arrival zones. The 
probability of contamination was significantly higher 
in March (RR 1.90, 95% CI 1.36–2.65; p≤0.001) than 
January (Table 1).

In the final multivariable analysis (model 2), af-
ter adjusting for market-level biosecurity factors, we 
demonstrated that the probability of influenza A(H5) 
environmental contamination remained 2-fold signif-
icantly higher in March than January (RR 2.07, 95% CI 
1.44–2.96; p<0.001). Our findings also demonstrated 
that slaughtering and processing zones had an in-
creased risk for influenza A(H5) recovery compared 
to the arrival zone, but this effect was not statistically 
significant (RR 1.21, 95% CI 0.99–1.49; p = 0.067). In 
addition, the probability of influenza A(H5) environ-
mental contamination was significantly associated 
with market type: retail markets were at lower risk 
than dual-purpose markets (RR 0.69, 95% CI 0.51–
0.93; p = 0.012) (Table 1). Model 2 presented a better 
fit to the data than model 1 (i.e., without adjusting for 
market-level biosecurity factors). The AIC of model 1 
was 1020.6 and in model 2 was 932.9. Effect modifica-
tion and confounding were not found among pairs of 
biologically plausible LBM predictor variables.

Factors Associated with Work Zone–Specific Influenza A(H5) 
Virus Environmental Contamination Patterns
Our univariable and multivariable model of the multi-
nomial analysis showed a significant increased risk in 
all LBM work zone–specific influenza A(H5) environ-
mental contamination patterns except “slaughtering 

and processing zone area only” in March (relative 
risk ratio [RRR] >1; null value not contained within 
95% CI) compared with January (Table 2, https://
wwwnc.cdc.gov/EID/article/27/9/20-4447-T2.
htm). After multivariable adjustment, no market-
level factors were significantly associated with work 
zone–specific influenza A(H5) virus environmental 
contamination patterns.

Discussion
Our analyses provide the most comprehensive ac-
count of the recovery of influenza A(H5) virus in spe-
cific LBM work zones over 3 months across a large 
sample of LBMs (n = 104) within the Dhaka metropol-
itan area of Bangladesh. This study overcomes many 
of the limitations seen in previous studies of LBMs in 
Dhaka in the context of within-market measurement 
of environmental contamination (11,12,19,20,22,25).

Our descriptive results indicated vulnerabilities 
in LBMs in Dhaka associated with increased propor-
tions of influenza A(H5) virus environmental contam-
ination. Previous studies have shown that dual-pur-
pose LBMs (i.e., markets conducting both wholesale 
and retail operations) in Dhaka were at higher risk for 
influenza A contamination (11). This previous finding 
suggests that markets in DNCC would be at greater 
risk for influenza A(H5) contamination. Our analyses 
confirmed this suggestion, demonstrating a larger 
proportion of influenza A(H5) recovery in dual-
purpose DNCC markets than in retail-only markets. 
Poultry slaughtering has been consistently found 
to be a significant risk factor for LBM environmen-
tal contamination with influenza A(H5), and stud-
ies in Indonesia (2,27) and Bangladesh (19) support 
this observation. Environmental contamination with 
influenza A(H5) was significantly higher in DNCC 
markets without slaughtering facilities than in those 
reporting poultry slaughtering. Market environmen-
tal contamination in the absence of slaughtering fa-
cilities could be linked to the sampling procedure, in 
which sample collectors were instructed to use their 
sense of perceived risk if suggested sampling sites 
were not present in the market and other sites had to 
be chosen. This limitation in the sampling procedure 
should be corrected in future studies. Biosecurity 
practices such as cleaning and market closures have 
been reported to reduce environmental contamina-
tion in LBMs and eliminate risk for human infection 
with influenza A (39). Our results indicate that DSCC 
markets would benefit from higher rates of closures; 
a higher proportion of influenza A(H5) contamina-
tion was found in DSCC markets that did not per-
form market closures. In 2017, China established the 
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1110 policy, which involves daily cleaning, weekly 
disinfection, monthly closure, and no overnight stay 
of poultry (40). This approach has been successful at 
reducing the level of contamination within LBMs. 
This suggests that the implementation of a 1110-type 
policy in Dhaka’s LBMs would strengthen LBM bios-
ecurity, thereby reducing the level of influenza A(H5) 
contamination. Taken together, the observed differ-
ences in environmental contamination between mar-
kets in DSCC and DNCC can partly be explained by 
poultry slaughter and market management activities 
and less so by trader and poultry demographics.

Risk for influenza A(H5) infection in humans 
and poultry has been shown to be associated with 
movement of live poultry during national festive 
periods (41–43). In Bangladesh, demand for poul-
try products is influenced by traditional customs 
and rituals, including religious and cultural festi-
vals (44–46). Our analysis found a 2-fold increase 
in the probability of environmental contamination 
in March compared with January, and market-level 
covariates did not modify this effect. Our analy-
sis indicates the increased probability of influenza 
A(H5) environmental contamination in March in 
urban LBMs of Dhaka is likely related to the Ban-
gla new year festival, which occurs in April and is 

linked to increased demand for poultry products in 
urban Dhaka LBMs.

We demonstrated that influenza A(H5) environ-
mental contamination was positively associated with 
2 market-level covariates: work zone (slaughtering 
and processing zone compared with arrival zone) 
and type of market (dual-purpose markets compared 
with retail-only markets). The higher probability of 
influenza A(H5) environmental contamination in 
the slaughtering and processing zone and in dual-
purpose markets could be related to the challenge of 
maintaining adequate sanitation in LBMs with these 
characteristics. The risk for environmental contami-
nation is known to be increased when slaughtering 
equipment is not frequently cleaned throughout the 
day using adequate disinfection protocols (47). Mar-
ket attributes such as the presence of wholesalers in 
the market (11) and within-market trade of asymp-
tomatic poultry between wholesalers and retailers 
(44) explain the higher levels of influenza A(H5) en-
vironmental contamination in dual-purpose markets 
compared with retail markets. Our analysis uncov-
ered biosecurity characteristics that could partially 
explain these higher levels of influenza A(H5) envi-
ronmental contamination. For example, dual-purpose 
markets have greater heterogeneity in poultry species 
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Table 1. Risk factors associated with the probability of influenza A(H5) environmental contamination at specific live bird market work 
zones,	Dhaka,	Bangladesh,	January–March	2016 

Risk factor 

Univariable	analysis 

 

Multivariable model 1 

 

Multivariable model 2 
RR  

(95%	CI) p value 
Overall  
p value 

RR  
(95%	CI) p value 

Overall  
p value 

RR  
(95%	CI) p value 

Overall  
p value 

Market	work	zones	of	sample	collection;	reference:	arrival   
 Slaughtering and  
 processing 

1.22 
(1.01–1.49) 

0.041 0.110  1.23 
(1.01–1.50) 

0.040 0.103  1.21 
(0.99–1.49) 

0.067 0.180 

 Consumer exposure  
 or sales 

1.05 
(0.84–1.31) 

0.647 1.05 
(0.84–1.32) 

0.655 1.09 
(0.86–1.37) 

0.487 

Month	of	sample	collection;	reference:	January   
 February 1.24 

(0.87–1.77) 
0.233 <0.001  1.24 

(0.87–1.76) 
0.239 <0.001  1.33 

(0.91–1.94) 
0.138 <0.001 

 March 1.90 
(1.36–2.65) 

<0.001 1.90 
(1.36–2.65) 

<0.001 2.07 
(1.44–2.96) 

<0.001 

Market	type;	reference:	dual-purpose†   
 Wholesale 0.79 

(0.57–1.10) 
0.161 0.042      0.79 

(0.571.10) 
0.161 0.042 

 Retail 0.69 
(0.51–0.92) 

0.012     0.69 
(0.510.93) 

0.012 

Species being sold 
(reference: multiple 
species)† 

0.57 
(0.30–1.08) 

0.084          

Electricity in facility† 1.50 
(0.87–2.60) 

0.148          

Market sells poultry to 
other vendors† 

1.21 
(0.92–1.58) 

0.176          

Weekly	market	closure	
(>1 day)† 

0.79 
(0.55–1.14) 

0.207          

Akaike information 
criterion 

 1,020.588  932.9017 

*Blank	cells	indicate	variables	not	included	in	model.	RR,	relative	risk. 
†Univariable results adjusted for month of sample collection and market work zones of sample collection. 
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than retail-only markets (Appendix Table 3), which 
could promote virus introduction. Furthermore, our 
data suggest that the Sonali chicken crossbreed was 
dominant in dual-purpose markets compared with 
other markets (Appendix Table 3); this crossbreed has 
previously been shown to have a higher bird-level in-
fluenza A(H5) prevalence (11).

Our study revealed a significantly increased 
probability of influenza A(H5) environmental con-
tamination in March in 3 of the 4 site-specific influ-
enza A(H5) environmental contamination patterns. 
Our results also extend those from a recent study 
by demonstrating that, outside the month of March, 
the slaughter area was the environmental site most 
contaminated with influenza A(H5) in LBMs (25). 
Our findings suggest that to increase the probability 
of detection of influenza A(H5) environmental con-
tamination, those conducting surveillance should 
consider the slaughtering and processing zone as 
the candidate sampling site within LBMs during 
the months leading up to the increased demand for 
poultry in April. Furthermore, our results suggest 
that market-level biosecurity characteristics did not 
influence the temporal variation in work zone–spe-
cific influenza A(H5) environmental contamination 
patterns (Appendix Figure 1).

Of note, only 1 market-level characteristic (mar-
ket sells poultry to other traders) was reported to be 
marginally associated with the probability of S-only 
environmental contamination pattern. This relation-
ship could be partly explained by the fact that LBM 
contamination level is not simply the result of con-
tinuous introductions of infected birds, but a con-
sequence of virus recirculation and amplification 
within them (1). To further elucidate the market work 
zone–specific influenza A(H5) environmental con-
tamination patterns identified in this study, follow-

up studies into the social network of poultry trade in 
LBMs are needed to clarify the effect.

The first limitation of our study is that, although 
we triangulated information on Dhaka LBM charac-
teristics from data collectors with that from market 
managers through telephone call data validation, the 
use of secondary data might have introduced undue 
reporting bias. Second, we focused our analyses on 
the 3-month period of the winter season (January–
March); further analyses should consider expanding 
the temporal scope of the investigation to better un-
derstand the seasonal trends identified in this study. 
Third, we used a sample pooling strategy (i.e., 18-
swab pools collected in 5 mL of viral transport me-
dium), which has not been validated for the presence 
of serial dilution effect and should be evaluated in 
future studies. However, despite the 18-swab pool-
ing, we found a significant positivity rate in pooled 
samples. Fourth, because of budgetary limitations, 
our study was only conducted in LBMs in the Dhaka 
metropolitan area without consideration of other cit-
ies in Bangladesh. Thus, caution should be taken in 
interpretation, because the environmental contami-
nation of LBMs in Dhaka might not reflect the local 
idiosyncrasies of LBMs in other cities in Bangladesh. 
Finally, despite our efforts to address confounding ef-
fects, we could not consider other factors that could 
be associated with contamination levels, including 
the poultry trade network between LBMs and source 
farms and the presence of other infection reservoirs 
in LBMs.

In conclusion, this study demonstrates that LBMs 
located in DNCC of Dhaka are qualitatively more 
vulnerable to influenza A(H5) virus environmental 
contamination. The probability of influenza A(H5) 
environmental contamination is equally likely across 
all within-LBM sites investigated and particularly 
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Figure 3. Distribution 
of	influenza	A(H5)	virus	
environmental contamination 
in	specific	work	zones	in	LBMs	
of DNCC and DSCC, Dhaka, 
Bangladesh,	January–March	
2016.	A)	January;	B)	February;	
C) March. DNCC, Dhaka North 
City Corporation; DSCC, Dhaka 
South	City	Corporation;	LBM,	
live bird market.
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higher in the month of March. The slaughtering and 
processing zones of LBMs could serve as candidate 
zones for active surveillance programs. Future work 
also should evaluate the effects of poultry movement 
and LBM biosecurity in the epidemiology of influen-
za A (H5) virus. Sanitation practices, market closures, 
and slaughtering and processing practice interven-
tions within LBMs would help to reduce market-level 
influenza A contamination.
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Respiratory infections are a leading cause of 
disease and death worldwide (1,2), especially 

among young children and older adults. How-
ever, the adverse effects of respiratory infections 
on pregnant women and fetal development are 
understudied, particularly in low- and middle-in-
come countries. Respiratory infections in pregnant 

women can negatively affect birth outcomes, early 
childhood growth, and neurodevelopment (3).

Infl uenza epidemics are associated with excess 
rates of pneumonia, related hospitalizations, and 
death (4). Pregnant women and their infants are at 
heightened risk for severe infl uenza (5,6). In 2020, 
Regan et al. (7) conducted a retrospective cohort 
study of pregnant women from Australia, Canada, 
Israel, and the United States; results showed hos-
pitalizations for acute respiratory or febrile ill-
nesses were associated with low birthweight but 
not small-for-gestational-age births. A prospective 
cohort study of pregnant women in India, Peru, 
and Thailand showed infl uenza during pregnan-
cy is associated with late pregnancy loss and re-
duced mean birthweight (8). A meta-analysis (9) 
found that during the 2009 pandemic of infl uenza 
A(H1N1)pdm09, the risk for infl uenza hospitaliza-
tion was 2-fold higher for women who were preg-
nant than those who were not. Children born to 
mothers infected during pregnancy face potential 
adverse consequences for physical and neurocog-
nitive development. These consequences resemble 
the growth and developmental challenges de-
scribed in children born to undernourished moth-
ers in global settings with high rates of pneumonia 
and diarrhea (10–14).

In 2018, Almeida et al. (15) revealed that 12 of 
27 states in Brazil demonstrate annual seasonal in-
fl uenza activity. States along the coast generally 
have seasonal infl uenza patterns, whereas states 
in the North and Central West regions exhibit no 
readily identifi able seasonality, probably because 
landlocked states might have more complex and 
diffi cult to detect transmission patterns. In the 
semiarid state of Ceará, which has a population 
of ≈8.8 million persons, peak seasonal infl uenza 
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Asynchronous Infl uenza Vaccination, 

Ceará, Brazil, 2013–2018
José	Q.	Filho,	Francisco	S.	Junior,	Thaisy	B.R.	Lima,	Vânia	A.F.	Viana,	Jaqueline	S.V.	Burgoa,	

Alberto M. Soares, Álvaro M. Leite, Simone A. Herron, Hunter L. Newland, 
Kunaal S. Sarnaik, Gabriel F. Hanson, Jason A. Papin, Sean R. Moore, Aldo A.M. Lima

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	27,	No.	9,	September	2021	 2409

Author	affi		liations:	Federal	University	of	Ceará,	Fortaleza,	Brazil	
(J.Q. Filho, F.S. Junior, A.M. Soares, Á.M. Leite, A.A.M. Lima); 
Ceará	State	Health	Secretariat,	Fortaleza	(T.B.R.	Lima);	Central	
Public Health Laboratory of Ceará, Fortaleza (V.A.F. Viana, 
J.S.V.	Burgoa);	University	of	Virginia	School	of	Medicine,	
Charlottesville,	Virginia,	USA	(S.A.	Herron,	H.L	Newland,	
K.S. Sarnaik, G.F. Hanson, J.A. Papin, S.R. Moore)

DOI:	https://doi.org/10.3201/eid2709.203791

In	 Ceará,	 Brazil,	 seasonal	 infl	uenza	 transmission	 be-
gins before national annual vaccination campaigns 
commence. To assess the perinatal consequences of 
this misalignment, we tracked severe acute respiratory 
infection	 (SARI),	 infl	uenza,	 and	 infl	uenza	 immuniza-
tions	during	2013–2018.	Among	3,297	SARI	cases,	145	
(4.4%)	occurred	in	pregnant	women.	Statewide	vaccina-
tion	coverage	was	>80%;	however,	national	vaccination	
campaigns	began	during	or	after	peak	infl	uenza	season.	
Thirty	to	forty	weeks	after	peak	infl	uenza	season,	birth-
weights	 decreased	 by	 40	 g,	 and	 rates	 of	 prematurity	
increased	 from	10.7%	 to	15.5%.	We	 identifi	ed	61	chil-
dren born to mothers with SARI during pregnancy; they 
weighed	10%	 less	at	 birth	 and	were	more	 likely	 to	 be	
premature	than	122	newborn	controls.	Mistiming	of	infl	u-
enza	vaccination	campaigns	adversely	eff	ects	perinatal	
outcomes	 in	 Ceará.	 Because	 Ceará	 is	 the	 presump-
tive	starting	point	 for	north-to-south	seasonal	 infl	uenza	
transmission	 in	 Brazil,	 earlier	 national	 immunization	
campaigns would provide greater protection for preg-
nant women and their fetuses in Ceará and beyond.
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activity usually begins in mid-May, before the vi-
rus spreads southward (5). However, influenza 
circulation begins as early as mid-March. Fortale-
za, the state capital, which has a population of 2.7 
million, has seasonal influenza peaks 2–3 months 
earlier than in South and Southeast Brazil (16,17). 
Despite these well-described epidemiologic differ-
ences, the entire country uses the same vaccination 
schedule, which is usually concurrent with or after 
peak influenza activity in the semiarid region (Fig-
ure 1). Because vaccine-acquired immunity against 
influenza usually develops 2 weeks after immuni-
zation, we hypothesized that pregnant women and 
their fetuses in the semiarid region might not be 
adequately protected against influenza.

We analyzed whether severe acute respiratory in-
fection (SARI) during pregnancy correlated with low 
birthweight and premature birth in Ceará. We also 
evaluated the timing of national influenza vaccine 

campaigns relative to statewide patterns of SARI  
and influenza. Finally, we analyzed whether SARI 
during pregnancy was correlated with low birth-
weight and prematurity, after adjusting for known 
confounding variables.

Methods

Ethics Approval
We conducted this study with approval from the 
ethics review committees of the Federal University 
of Ceará (Fortaleza, Brazil) and the State Health Sec-
retariat (Fortaleza) (registered at Coordenadoria de 
Gestão do Trabalho e Educação em Saúde (CTGTES)/ 
Nucleo de Negociação, Valorização e Educação em 
Saúde NUVEN). We used guaranteed public access 
information according to the terms of Law No. 12,527 
of November 18, 2011. We also used aggregated in-
formation from deidentified databases in a manner 
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Figure 1. Seasonal	patterns	in	rainfall	and	influenza	and	timing	of	influenza	vaccination	campaign,	Ceará,	Brazil,	2018.	A)	Location	of	
Ceará	state	in	the	semiarid	region	of	Brazil.	B)	Monthly	rainfall	in	Ceará.	Numbers	indicate	total	influenza	cases	each	month.	C)	Weekly	
influenza	cases	before,	during,	and	after	the	annual	vaccination	campaign	in	Ceará.
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consistent with the provisions of Conselho Nacional 
de Saúde Resolution No. 510 of April 7, 2016 (http://
www.conselho.saude.gov.br/resolucoes/2016/
Reso510.pdf).

Study Design and Population
Public and private hospitals are required to report 
SARI cases to the Ministry of Health to inform epi-
demic prevention, vaccine development, and vac-
cination campaigns (18). We identified SARI cases 
registered with the Notifiable Diseases Information 
System (SINAN–Influenza) in Ceará during 2013–
2018 (19). We defined SARI as onset of fever (even if 
subjective) accompanied by cough, sore throat, dys-
pnea, oxygen saturation <95%, or respiratory dis-
comfort within the preceding 7 days (20). Previous 
studies using multivariate regression analysis have 
shown that cough and fever are the best predictors 
of laboratory-confirmed influenza (21,22). We col-
lected data on patient demographics, education, clini-
cal signs and symptoms, epidemiologic risk factors, 
vaccination status, treatments received, samples col-
lected (i.e., nasopharyngeal secretions, bronchial as-
pirations, tissue, or others), and reverse transcription 
PCR (RT-PCR) results from SINAN–Influenza case 
report forms.

Molecular Detection of Influenza
RT-PCR detection of influenza viruses was based on 
a protocol published by the World Health Organi-
zation Global Influenza Surveillance Network (23). 
The RT-PCR was specific for the matrix and hem-
agglutinin genes of seasonal influenza A; B; H1, in-
cluding A(H1N1)pdm09 and A(H1N1); H3, includ-
ing A(H3N2); and avian H5 serotypes. Healthcare 

workers collected patient nasal, oropharyngeal, 
and nasopharyngeal swab samples and extracted 
nucleic acid using the QIAamp Viral Mini Kit (QIA-
GEN, https://www.qiagen.com) according to the 
manufacturer’s recommended protocols. Labora-
tory technicians conducted RT-PCR of the extracted 
viral RNA, enabling production, amplification, and 
detection of cDNA (23).

Detection of SARI during Pregnancy and  
Linkage to Birth Data
We constructed a database by linking information 
from the SINAN–Influenza database with data from 
the Sistema de Informações Sobre Nascidos Vivos 
(SINASC) database (24). We used MySQL version 
5.0.11 (Oracle Corporation, https://www.mysql.
com), R version 3.6.2 with the genderBR package 1.1.0 
(The R Project for Statistical Computing, https://
www.r-project.org), and Stata version 11 (StataCorp 
LLC, https://www.stata.com) to construct and man-
age the combined database. We compared SARI case 
report forms and birth records of pregnant women 
with documented SARI. Separately, we linked dei-
dentified data from individual pregnant women to 
birth certificate data for a case–control study. When 
possible, we also linked influenza test results to these 
records. We collected each child’s birthweight and 
Apgar score, as well as information concerning de-
mographics, maternal education, previous and cur-
rent pregnancies, and mode of delivery from birth 
certificate data.

Maternal and Fetal Effects of SARI
To evaluate the effects of maternal SARI on birth-
weight and gestational length, we designed an 
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Figure 2. Design of study 
of SARI during pregnancy, 
Ceará,	Brazil,	2013–2018.	
SARI, severe acute respiratory 
infection; SINASC, the 
Sistema de Informações 
Sobre Nascidos Vivos (24); 
SINAN,	Notifiable	Diseases	
Information System (19).
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observational descriptive study of children born 
to mothers who did and did not have SARI dur-
ing pregnancy. The control group was composed 
of randomly selected children born to moth-
ers matched by age (<3 months) to mothers who 
had SARI during pregnancy. We collected birth-
weights from SINAN data recorded during routine  
clinical practice.

Annual Periodicity in Birthweight and  
Gestational Length
To evaluate the effects of seasonal influenza on 
birth outcomes, we investigated the periodicity 
associated with birthweight and gestation length 
in Ceará. We obtained birth outcomes from the 
SINASC database. SINASC classifies gestational 
length using a scale of 1–6 in which 1 indicates <22 
weeks, 2 indicates 22–27 weeks, 3 indicates 28–31 
weeks, 4 indicates 32–36 weeks, 5 indicates 37–41 
weeks, and 6 indicates >42 weeks of gestation. We 
defined preterm birth as <37 weeks’ gestation. We 
calculated the average birthweights and gestations 
by epidemiologic week.

Sample Size and Statistical Analysis
We estimated the sample size needed to detect an ef-
fect of SARI on birthweight would be 183 children: 
61 born to mothers who did and 122 born to mothers 
who did not have SARI during pregnancy (Figure 2). 
This sample size provided a statistical power of 80% at 
p<0.05 for children who were 10% underweight com-
pared with controls (21,23). We compared mean birth-
weight using the formula n1 = (u + v)2(σ1

2 + σ2
2/K)/(µ1 

– µ2)2, where µ1 – µ2 represents the difference between 
means, σ1 and σ2 represent SDs, u represents the 
1-sided percentage point of the normal distribution 
corresponding to 100% (e.g., if power = 80%, then 
u = 0.84), v represents the percentage point of the 
normal distribution corresponding to the 2-sided 
significance level (e.g., if significance level = 5%, 
then v = 1.96), and K = n2/n1. We used ClinCalc.com 
(https://clincalc.com/Stats/SampleSize.aspx) for 
sample size calculations.

Data were entered into spreadsheets and 
checked by 2 independent researchers to ensure ac-
curacy. All data were deidentified. We conducted 
statistical analysis using SPSS Statistics 20.0 (IBM 
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Table 1. Prevalence	of	severe	acute	respiratory	infection,	Ceará,	Brazil,	2013–2018* 

Variable 
Year 

2013 2014 2015 2016 2017 2018 
Sex†       
 M 141	(43) 68	(39) 115	(40) 272 (50) 150	(53) 854	(51) 
 F 189	(57) 105	(61) 174	(60) 274	(50) 135	(47) 820	(49) 
Age, y (range)‡ 26.02	(0–

96) 
26.54	(0–

97) 
23.11	(0–

94) 
16.85	(0–

100) 
1.58	(0–
94) 

5.26	(0–102) 

Age groups at high risk†       
 <6	mo 47	(14) 46	(27) 76	(26) 52 (10) 88	(31) 235	(14) 
 6	mo	to	5	y 43	(13) 16	(9) 23	(8) 174	(32) 84	(29) 594	(35) 
 >60	y 53	(16) 27	(16) 30	(10) 102 (19) 21 (7) 247	(15) 
Pregnant women† 38	(12) 13	(8) 32	(11) 17	(3) 10	(4) 35	(2) 
SARI cases, total† 330	(100) 173	(100) 289	(100) 546	(100) 285	(100) 1,674	(100) 
 Influenza 56	(17) 24	(14) 58 (20) 107 (20) 36	(13) 451	(27) 
 Noninfluenza 61	(18) 22	(13) 36	(12) 64	(12) 101	(35) 21 (1) 
 Unspecified	or	unknown 213	(65) 127	(73) 198	(69) 375	(69) 148	(52) 1,202 (72) 
Influenza subtypes§ 56	(100) 24	(100) 58	(100) 107 (100) 35	(100) 450	(100) 
 Seasonal A(H1N1) 30	(54) 18	(75) 1 (2) 89	(83) 2	(6) 309	(69) 
 Other seasonal A(H1) 0 0 45	(78) 0 1	(3) 0 
 Seasonal	A(H3) 2	(4) 0 0 0 25 (71) 23	(5) 
 A, unknown subtype 22	(39) 1	(4) 4	(7) 16	(15) 0 14	(3) 
 B 2	(4) 5 (21) 8	(14) 2 (2) 7 (20) 104	(23) 
SARI deaths¶ 13	(100) 2 (100) 1 (100) 40	(100) 24	(100) 159 (100) 
 Influenza 9	(69) 1 (50) 0 17	(43) 5 (21) 75	(47) 
  Death rate of laboratory-certified	influenza#	 16.1 4.2 0 15.9 20.8 16.6 
 Other viruses/etiologic agents or unspecified 4	(31) 1 (50) 1(100) 23	(58) 19 (79) 84	(53) 
Influenza vaccination coverage** 88 84 83 91 90 NA 
*Data from Notifiable Diseases Information System (19).	Values	are	no.	(%),	except	as	indicated.	NA,	not	available;	SARI,	severe	acute	respiratory	
infection. 
†Of total SARI patients. 
‡Values are median age (range). 
§Of total persons with identified influenza subtype. 
¶Of total SARI deaths. 
#Of	total	laboratory-certified influenza deaths. 
**Among persons at risk (estimated at 2.6	million).	Population	at	risk	comprises	children <6	mo of	age;	children	6	mo to <5 y of age; persons >60	years	
of age; pregnant women; postpartum women (<45	d	after	delivery);	healthcare	workers;	teachers;	indigenous	persons;	persons	who	have	chronic	
noncommunicable diseases and other immunocompromising conditions; persons 12–21 y of age experiencing poverty; prisoners; prison system officials; 
and military police, civilians, firefighters, and armed forces. 
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Corporation, https://www.ibm.com). We used the 
Shapiro-Wilk test to evaluate normality of quanti-
tative data and the Levene test to evaluate equal-
ity of variances. For nonparametric variables, we 
used the Mann-Whitney test. We analyzed qualita-
tive variables using the χ2 test or Fisher exact test. 
We used GraphPad Prism version 3.0 for Windows 
(GraphPad Software, https://www.graphpad.
com) for complementary statistical analysis, table 
formatting, and figure creation. We used adjusted 
and nonadjusted multivariate logistic regression 
models to assess underweight and preterm birth 
associations. To reduce possible influence from 
confounding variables, we coadjusted variables 
measuring sex, maternal education, information 

from previous and current pregnancies, and deliv-
ery data. We used odds ratios or relative risk ratios 
with 95% CIs to assess the relationship between a 
variable and its outcome. All statistical tests were 
2-sided with a significance level of p<0.05.

Results
Using the SINAN database, we identified 3,298 SARI 
cases in Ceará during 2013–2018, including 145 cas-
es among pregnant women (Table 1). We linked the 
SINAN and SINASC databases to identify 61 children 
born to mothers who had >1 SARI during pregnancy. 
We used the same databases to identify 122 children 
born to age-matched pregnant women who did not 
have recorded SARI during pregnancy. 
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Figure 3. Patterns of 
influenza	and	severe	
acute respiratory infections 
and	timing	of	influenza	
vaccination campaigns, 
Ceará,	Brazil,	2013–2018.	
A) Dominance of various 
influenza	subtypes	over	
time. Years indicate date 
each	strain	was	first	
identified.	B)	Weekly	cases	
of	influenza	and	severe	
acute respiratory infections.
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We observed equal proportions of SARI cases 
among male and female patients registered in the 
SINAN database of 3,298 overall SARI cases in Ceará. 
Children <5 years of age comprised 27%–61% of pa-
tients; children <6 months of age comprised 10%–31% 
of patients. Older adults (7%–32%) and pregnant 
women (2%–38%) also comprised large proportions 
of patients. We observed cases of seasonal H1N1 
throughout the study period, notably in 2013 (54%), 
2014 (75%), 2016 (83%), and 2018 (69%). The highest 
number of SARI cases occurred in 2018, mostly caused 
by seasonal H1N1 and influenza B viruses (23%). We 
observed sporadic cases of seasonal influenza caused 
by other H1 subtypes in 2015 and 2017 and seasonal 
H3 subtypes in 2013 and 2017–2018 (Table 1; Figure 3, 
panels A, B). Influenza death rates varied from 0%–
21%; the peak death rate occurred during a season 
predominated by H3 subtypes.

The median age of pregnant women who had 
SARI was 26 years (range 15–44 years). Among 145 
pregnant women who had SARI, 43 (32%) had labo-
ratory-confirmed influenza. Among those 43 women, 
42% had illnesses caused by H1N1, 33% by H3 sub-
types, 7% by influenza A viruses without an identi-
fied subtype, and 19% by influenza B subtypes (19%). 
We identified no deaths caused by SARI in pregnant 
women (Table 2).

To better visualize the relationship between 
birth outcomes, SARI, and influenza, we overlaid 
sets of data for 2018 on the same plot (Figure 4, pan-
el A). We found that average birthweight decreased 
shortly before influenza season. During 2018, birth-

weight peaked in the first week of the year. By week 
15, average birthweight had fallen by ≈40 g (Figure 
4, panel A). After the influenza vaccination cam-
paign ended, SARI cases declined and birthweights 
returned to their yearly averages. For all years of the 
study, we found lower average gestational scores, 
which indicates a higher proportion of preterm 
births, before and during influenza season (Figure 
4, panel B).

Each year, average birthweights oscillated by up 
to 40 g, or 1%–2% of total birthweight (Figure 5). In 
February, a month associated with worse birth out-
comes, 15.5% (8,399/54,311) of children were born 
prematurely (<37 weeks), whereas in October, a 
month associated with better birth outcomes, 10.7% 
(6,552/61,067) of children were born prematurely. 
These data indicate that circannual oscillations in 
birth outcomes might be associated with SARI and 
seasonal influenza in Ceará.

Children born to mothers who had SARI during 
pregnancy had significantly lower birthweights (p = 
0.02), higher risk for prematurity (p = 0.03), shorter 
gestation times (p<0.01), and lower Apgar scores at 5 
minutes after birth than children in the control group 
(p<0.01). Mothers who had SARI during pregnancy 
had significantly less formal education than mothers 
who did not have SARI (p<0.01). Mothers with SARI 
had a significantly lower number of previous preg-
nancies (p = 0.01), previous vaginal births (p<0.01), 
and previous live births (p = 0.01). Mothers with SARI 
had a higher number of previous cesarean sections 
(p<0.01). Cesarean deliveries and medical assistance 
were more frequent in cases versus controls (86.7% 
vs. 0.8%; p<0.01) (Table 3).

We used multiple logistic regression to identify 
predictor variables independently associated with 
SARI during pregnancy. First, we examined 11 signif-
icant variables identified by univariate analysis (Ta-
ble 3), of which 5 showed >40% collinearity. We had 
an adequate sample size (123 cases) to run a logistic 
regression for these 5 variables (23,25). The overall 
model fit showed a χ2 value of 23.135 (df = 6; p<0.01). 
The Cox and Snell test and Nagelkerke test indicated 
variances between 17.1% and 23.2%. Including pre-
dictor variables increased model accuracy from 61% 
to 68%. We found that birthweight (p = 0.03) and at-
tendance of birth by a physician (p = 0.04) were sig-
nificantly associated with SARI during pregnancy 
(Table 4; Figure 6).

Discussion
We documented 3,298 SARI cases in Ceará, Brazil, 
during 2013–2018. Cases occurred predominantly 
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Table 2. Characteristics of pregnant women with SARI, Ceará, 
Brazil,	2013–2018* 
Characteristic Value 
Total SARI cases 3,297	(100) 
 Among pregnant women 145	(4) 
Median age, y (range) 25.95  

(15–44) 
SARI cases with etiologic testing 134	(100) 
 Influenza 43	(32) 
 Noninfluenza 11	(8) 
 Unspecified	or	unknown 80	(60) 
 %	Laboratory-confirmed influenza 32.1 
Influenza subtypes† 43	(100) 
 Seasonal A(H1N1) 18	(42) 
 Other seasonal A(H1) 0 
 Seasonal	A(H3) 14	(33) 
 A (unknown subtype) 3	(7) 
 B 8	(19) 
SARI deaths‡ 3	(100) 
 Influenza 0 
  Death rate of laboratory-certified influenza 0 
 Other viruses/etiologic agents or unspecified 3	(100) 
*Data from Notifiable Diseases Information System (19). Values are no. 
(%),	except	as	indicated.	SARI,	severe	acute	respiratory	infection. 
†Of total persons with identified influenza subtype. 
‡Of total SARI deaths. 
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in younger children, especially children <6 months 
of age, as well as older adults and pregnant wom-
en. These data are consistent with previous studies 
showing higher rates of infection among young-
er populations but increased death rates among  
older adults (26).

H1N1 was the dominant influenza subtype dur-
ing seasonal epidemic outbreaks, illustrating the 
capacity of this strain to recirculate and co-circulate 
with other seasonal influenza strains (Table 1; Figure 

3, panel A). H1N1 caused a high death rate through-
out the study. However, in 2015, when seasonal H1 
strains predominated in Ceará, we observed a lower 
overall death rate among influenza patients. These 
data are consistent with prior literature showing 
more deaths associated with H1N1 (27). The mor-
tality rate in our study might be attributable to the 
mistiming of vaccination campaigns, which occurred 
during and after peak influenza activity in Ceará. The 
state has high vaccination coverage, suggesting that 
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Figure 4. Associations between 
SARI among pregnant women 
and birth outcomes, Ceará, 
Brazil,	2018.	A)	By	birthweight;	
B)	by	gestational	score.	
Gestational length scored using 
a	1–6	scale	in	which	1	indicates	
<22 weeks, 2 indicates 22–27 
weeks,	3	indicates	28–31	weeks,	
4	indicates	32–36	weeks,	5	
indicates	37–41	weeks,	and	
6	indicates	>42	weeks	of	
gestation. SARI, severe acute 
respiratory infection.
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earlier administration of influenza vaccines might re-
duce death and disease. Mistiming of immunization 
schedules also might explain the unusually high dis-
ease incidence among infants <6 months of age. The 
World Health Organization does not recommend im-
munization in this age group. Consequently, immu-
nization of pregnant mothers is especially crucial for 

passive immunity against influenza during the first 6 
months of life.

In this study, we assessed whether SARI during 
pregnancy was associated with a higher risk for low 
birthweight or prematurity. We found statewide cor-
relations between peak influenza activity and nadirs 
in birthweight and gestational length. Furthermore, 
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Figure 5. Seasonal periodicity 
of gestational score (A) and 
birthweight (B), Ceará, Brazil, 
2013–2018. Gestational 
length scored using a scale of 
1–6: 1 indicates <22 weeks, 
2 indicates 22–27 weeks, 
3 indicates 28–31 weeks, 4 
indicates 32–36 weeks, 5 
indicates 37–41 weeks, and 
6 indicates >42 weeks of 
gestation.
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we confirmed associations of maternal SARI with low 
birthweight and preterm birth in matched mother–
infant pairs. These associations remained significant 
when adjusted for confounders by multiple logistic 
regression. Our findings agree with 2 recently pub-
lished studies (7,8) showing an association of SARI, 

including influenza, among pregnant women with 
low birthweights. Pregnant mothers who had SARI 
were more likely to require medical assistance during 
labor than those who did not have SARI.

Our study aligns with earlier reports showing 
the importance of prevention and adjustment of  
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Table 3. Characteristics of children born to women who did and did not have severe acute respiratory infections during pregnancy, 
Ceará,	Brazil,	2013–2018* 

Variables Total 

Born	to	mothers	who	had	severe acute 
respiratory infections during pregnancy 

p value† Yes No 
Total 183 61 122  
Sex     
 M 81	(44) 24	(39) 57	(47) 0.20 
 F 102	(56) 378	(61) 65	(53)  
Mean birthweight, g (SD) 3,090.1	(665.42) 2,879.1	(783.57) 3,195.6	(572.61) 0.02 
Preterm	birth	(i.e.,	gestation	<37	wks) 26	(14) 16	(27) 10	(13) 0.03 
Mean Apgar index (SD)     
 At 1 min 8.0	(1.45) 7.9	(1.66) 8.0	(1.32) 0.83 
 At 5 min 9.0	(0.98) 8.9	(0.75) 9.1	(1.08) <0.01 
Mean maternal age, y (SD) 28.3	(6.65) 28.3	(6.69) 28.3	(6.66) 0.98 
Education    <0.01 
 None 0 0 0  
 Elementary I: <4th	grade 8	(4.6) 1 (1.7) 7	(6.0)  
 Elementary II: <8th	grade 19 (10.9) 1 (1.7) 18	(15.5)  
 Secondary: <12th grade 60	(34.5) 14	(24.1) 46	(39.7)  
 Partial college 73	(42.0) 34	(58.6) 39	(33.6)  
 College 14	(8.0) 8	(13.8) 6	(5.2)  
Previous pregnancies     
 Median no. previous pregnancies (range) 2 (0–16) 1 (0–7) 2 (0–16) 0.01 
 Median no. vaginal deliveries (range) 2 (0–12) 0 (0–4) 2 (0–12) <0.01 
 Median no. cesarean sections (range) 0 (0–4) 0 (0–4) 0 (0–2) <0.01 
 Median no. live births (range) 2 (0–12) 1 (0–7) 2 (0–12) 0.01 
 Median no. fetal losses or abortions (range) 0 (0–4) 0 (0–2) 0 (0–4) 0.16 
Current pregnancy     
 Mean gestation length, wks (SD) 37.8	(3.15) 36.9	(3.72) 38.4	(2.50) <0.01 
 Mean no. prenatal consultations (SD) 6.9	(3.15) 7.0 (2.55) 6.7	(2.16) 0.56 
 Mean start of prenatal care started, mo (SD) 2.9	(1.38) 2.8	(1.22) 3.1	(1.48) 0.14 
Type of pregnancy    0.11 
 Single 181	(98.9) 59	(96.7) 122 (100)  
 Twins 2 (1.1) 2	(3.3) 0  
 Triplets or more 0 0 0  
Fetal presentation at delivery‡    0.09 
 Cephalic 138	(96.5) 54	(93.1) 84	(98.8)  
 Pelvic or podalic 5	(3.5) 4	(6.9) 1 (1.2)  
 Transversal 0 0 0  
Induced labor    0.10 
 Y 5	(3.6) 4	(6.9) 1 (1.2)  
 N 134	(96.4) 54	(93.1) 80	(98.8)  
Type of delivery§    <0.01 
 Vaginal 128	(70.7) 8	(13.3) 120 (99.2)  
 Cesarean 53	(29.3) 52	(86.7) 1	(0.8)  
Cesarean section without labor¶    NS 
 Y 29	(76.3) 29	(76.3) 0  
 N 9	(23.7) 9	(23.7) 0  
Birth	attendant#    0.01 
 Doctor 122	(84.1) 59	(98.3) 63	(74.1)  
 Obstetric nurse 6	(4.1) 1 (1.7) 5 (5.9)  
 Midwife 9	(6.2) 0 9	(10.6)  
 Others 8	(5.5) 0 8	(9.4)  
*Data from Sistema de Informações Sobre Nascidos Vivos (24). Values	are	no.	(%),	except as indicated. NS, not significant. 
†Mann-Whitney	test	was	used	for	variables	whose	distribution	was	not	normal	and	χ2 analysis was used for normally distributed data. 
‡Of	143	cases	with	available	data. 
§Of	181	cases	with	available	data. 
¶Of	38	cases with available data. 
#Of	135	cases	with	available	data. 
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influenza vaccine campaign schedules to avoid com-
plications of influenza (6,28–31). Previous studies 
show the importance of the first 1,000 days of life in 
reducing undernutrition, enteric infections, and risk 
for metabolic syndrome and cardiovascular diseases 
(32,33). Neurocognitive, physical, and educational 
deficits have been well-documented among children 
exposed in utero or during the first months of life to 
influenza and other diseases such as enteric infec-
tions (10–12,34).

The first limitation of our study is that we ana-
lyzed only cases of influenza associated with SARI 
and did not include cases of mild-to-moderate in-
fluenza. However, our analyses of statewide birth 
outcomes detected substantial periodicity in birth-
weights and gestational length; poorer outcomes 
coincided with influenza season. Maternal influenza 
also might affect other perinatal outcomes, such as 
medical necessity for caesarean birth. Second, our 
nested observational descriptive study cannot infer 
a causal relationship between maternal SARI and 

adverse birth outcomes. However, the associations 
were robust to logistic regression adjusted for sev-
eral potential confounders. In addition, because hos-
pitalization is part of the case definition for SARI, 
public and private hospitals (but not private clin-
ics) are required to report SARI cases to SINAN. 
Although many private clinics do report, most re-
ported cases come from public institutions. Thus, 
we might not have analyzed all SARI cases in Ceará. 
Finally, our results suggest that asynchronous vac-
cination schedules might be associated with adverse 
influenza outcomes in Ceará, but we did not model 
the extent to which earlier immunization or the use 
of vaccine strains from the Northern or Southern 
Hemispheres might mitigate these outcomes. Recent 
epidemiologic models suggest Ceará is the starting 
point for influenza transmission from the semiarid 
region in southern Brazil, hence earlier immuniza-
tion in Ceará might have substantial benefits for the 
region and country (5). We did not account for in-
fections with Zika virus as a potential confounder 
of our findings because the reported Zika incidence 
was 0 during 2013–2016; however, testing for Zika 
was not routinely performed during this time pe-
riod. The state had low Zika incidence during the 
study: 5.6 cases/100,000 persons in 2017 and 0.2 cas-
es/100,000 persons in 2018 (35).

In conclusion, our results show that late tim-
ing of influenza vaccination in Ceará, a populous 
semiarid state in Brazil with high vaccination cov-
erage, correlates with adverse perinatal outcomes. 
In addition, we found that mean birthweight and 
rates of prematurity followed an annual periodicity, 
suggesting additional associations with seasonal in-
fluenza. Finally, we confirmed a robust association 
of maternal SARI with poor birth outcomes using 
an observational descriptive study design. Further 
work is urgently needed to model and study the  
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Table 4. Odds	ratios	for	characteristics	of	61	children	born	to	women	who	had	SARI	during	pregnancy	compared	with	122	children	
born	to	women	who	did	not	have	SARI,	Ceará,	Brazil,	2013–2018* 
Variables Odds	ratio	(95%	CI) Adjusted	odds	ratio	(95%	CI)* 
Birthweight,	g† 0.999 (0.999–1.000) 0.999	(0.998–1.000) 
Preterm birth (i.e., gestation <37 wks)‡ 2.944	(1.100–7.879) 0.849	(0.151–4.771) 
Mother education 4.320	(1.095–17.051) 1.156	(0.198–6.746) 
No. previous pregnancies¶ 0.795	(0.659–0.960) 0.894	(0.727–1.099) 
No. wks gestation† 0.852	(0.756–0.961) 1.025	(0.794–1.325) 
Birth	attended 20.603	(2.692–157.697) 9.327	(1.144–76.060) 
*Data from Sistema de Informações Sobre Nascidos Vivos (24). SARI, severe acute respiratory infection. 
*Determined by multivariate logistic regression analysis of variables associated with births requiring the presence of a skilled attendant. 
†Analysis of means and SDs. 
‡Categories comprise children born at <37 and >37	wks	gestation. 
§Categories comprise mothers who had attended no schooling, elementary I (1st–4th	grade),	elementary	II	(5th–8th	grade),	secondary	school	(9th–12th 
grade), incomplete college, and complete college. Analysis grouped no schooling, elementary I (1st–4th	grade),	elementary	II	(5th–8th	grade),	and	
secondary school (9th–12th grade), as well as incomplete and complete higher education categories. 
¶Analysis of medians and variations. 
#Categories	comprise births attended by a physician, obstetric nurse, midwife, or other. Analysis grouped obstetric nurse, midwife, and other categories. 

 

Figure 6. Comparison of birthweights of children born to mothers 
who did (cases) and did not (controls) have severe acute 
respiratory	infections	during	pregnancy,	Ceará,	Brazil,	2013–
2018.	Horizontal	lines	within	boxes	indicate	means;	box	tops	and	
bottoms	indicate	25th	and	75th	percentiles;	whiskers	indicate	95%	
CIs.	p	=	0.02	by	Mann-Whitney	test.
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optimal timing, potential impact, logistics, econom-
ics, and implementation of such a diversified nation-
al influenza vaccine strategy. Because Ceará is the 
presumptive starting point for an annual north-to-
south pattern of seasonal influenza transmission in 
Brazil (15), our data indicate earlier timing of nation-
al immunization campaigns, ideally before seasonal 
influenza circulation in Ceará, might provide sub-
stantial benefits not only for women and children in 
the semiarid region but also for Brazil as a country. 

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2020.08.24.20180455v2.
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Over the previous decade, the Republic of Ireland 
has frequently reported the highest incidence 

rates of symptomatic Shiga toxin–producing Esche-
richia coli (STEC) infection in the European Union (EU) 
(1). The reported national crude incidence rate (CIR) 
of confi rmed STEC infections in Ireland during 2017 
was 923 cases (16.6 cases/100,000 population), equat-
ing to ≈10 times the EU average (1.66 cases/100,000 
population) (1,2).

Shiga toxin–producing E. coli bacteria, of which 
there are >100 serotypes, were fi rst discovered in 1977; 
the most well-known STEC strain, E. coli O157:H7, 

was fi rst recognized as a pathogen in 1982. The Shiga 
toxin–producing group of E. coli includes serotypes 
O157, O26, and other enterohemorrhagic E. coli bac-
teria; serotypes are typically categorized by the pres-
ence of stx1 or stx2 genes (3). STEC is associated with a 
wide range of sequelae, from mild diarrhea to hemor-
rhagic colitis, hematochezia (bloody diarrhea), throm-
botic thrombocytopenic purpura, and hemolytic ure-
mic syndrome (HUS) causing intravascular lysis of 
red blood cells (2,4). Infection is characterized by sev-
eral transmission routes, including consumption of 
contaminated food and water, person-to-person con-
tact, or direct contact with infected animals (4,5). A re-
cent study found the incidence of confi rmed sporadic 
(i.e., nonoutbreak) STEC O157 infection in Ireland in 
2008–2013 signifi cantly elevated in regions character-
ized by high reliance on private groundwater (odds 
ratio [OR] 18.727; p<0.001) and high livestock densi-
ties (OR 1.001; p = 0.007) (6).

Transmission sources, pathways, and source–
pathway interactions associated with STEC infection 
in Ireland are multifaceted, resulting in a complex 
exposure profi le (7,8). Sporadic cases of infection are 
inherently diffi cult to attribute to specifi c risk factors 
for reasons that include the absence of accurate date-
of-onset data, underreporting, misdiagnosis, myriad 
potential exposures, and surveillance limitations 
(5,6,7). Of 2,210 confi rmed STEC cases reported in Ire-
land during 2008–2013, a total of 1,264 (57.2%) were 
defi ned as sporadic (6).

The high proportion of sporadic STEC infections 
relative to total annual cases in Ireland, and their as-
sociation with environmental exposures, has made 
the spatiotemporal occurrence of STEC particu-
larly important in public health. We used a suite of 
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The Republic of Ireland regularly reports the highest 
annual crude incidence rates of Shiga toxin–producing 
Escherichia coli	(STEC)	enteritis	in	the	European	Union,	
≈10	 times	 the	 average.	We	 investigated	 spatiotempo-
ral patterns of STEC enteritis in Ireland using multiple 
statistical tools. Overall, we georeferenced 2,755 cas-
es	 of	 infection	 during	 January	 2013–December	 2017;	
we found >1	case	notifi	ed	 in	2,340	 (12.6%)	of	18,641	
Census	Small	Areas.	We	encountered	the	highest	case	
numbers	in	children	0–5	years	of	age	(n	=	1,101,	39.6%)	
and	 associated	 with	 serogroups	 O26	 (n	 =	 800,	 29%)	
and	O157	 (n	=	638,	 23.2%).	Overall,	we	 identifi	ed	17	
space-time	clusters,	ranging	from	2	(2014)	to	5	(2017)	
clusters of sporadic infection per year; we detected re-
current	clustering	in	3	distinct	geographic	regions	in	the	
west and mid-west, all of which are primarily rural. Our 
fi	ndings	can	be	used	to	enable	targeted	epidemiologic	
intervention and surveillance.
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geostatistical approaches to explore spatiotempo-
ral analyses of sporadic STEC infection in Ireland, a 
country characterized by the highest infection CIRs 
in Europe.

Methods

Data Collection and Processing
Because the primary study objective was to investi-
gate patterns of domestic transmission, we excluded 

from analyses cases attributed to secondary infection 
(i.e., person-to-person transmission), and cases origi-
nating outside Ireland. We defined primary sporadic 
infection as a laboratory-confirmed case notified to a 
Department of Public Health during January 1, 2013–
December 31, 2017, that had no reported epidemio-
logical link to another notified case, or as an outbreak 
index case (i.e., the first documented case within a 
recognized cluster or outbreak). We obtained irre-
versibly anonymized case data from the Computer-
ised Infectious Disease Reporting (CIDR) database 
(http://www.hpsc.ie/CIDR), a national database of 
notifiable infectious disease events reported by re-
gional departments of public health in accordance 
with the Infectious Diseases (Amendment) Regula-
tions 2011 (S.I. No. 452 of 2011).

Case confirmations were determined by both 
clinical and laboratory criteria; clinical criteria are 
primarily based on symptoms (diarrhea, abdominal 
pain, and HUS), and laboratory criteria require >1 
of the following: isolation of strains positive for stx1, 
stx2, or both; direct detection of stx1 or stx2 nucleic 
acids (in the absence of strain isolation); or direct de-
tection of Shiga toxin in fecal sample. We geographi-
cally referenced all confirmed cases to 1 of 18,641 
Census Small Areas from the 2011 Central Statistics 
Office (CSO) census using the Health Atlas Ireland 
georeferencing tool. Small areas (SAs) are currently 
the smallest spatially defined area for census report-
ing in the state and exist as subdivisions within elec-
toral districts (ED) of Ireland; each covers an area of 
0.001–163 km2 and holds 80–120 dwellings. SAs are 
thus developed on the basis of household numbers 
and residential population (i.e., not spatial extent or 
population density) to report population-based statis-
tics while ensuring personal and household anonym-
ity. We delineated 3 infection subsets for additional 
analyses based upon epidemiologic and clinical sig-
nificance: urban/rural classification; STEC serogroup 
(O157, O26, other); and case-patient age (<5 years, 
6–65 years, >65 years)

We extracted SA-specific human population 
counts from the 2011 and 2016 (CSO) census datasets 
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Figure 1. Geographic zones of Ireland. Sections of the grid 
represent	the	8	distinct	zones;	zone	NE,	Northern	Ireland,	was	not	
included in study of primary Shiga toxin–producing Escherichia 
coli	enteritis	cases.	NW,	northwest;	N,	north;	W,	west;	M,	
midlands;	E,	east;	SW,	southwest;	S,	south;	SE,	southeast.	

 
Table 1. Confirmed sporadic verocytotoxin-producing Escherichia coli infections	in	Ireland,	2013–2017* 
Characteristic VTEC O157 VTEC	026 Other serogroups Not serotyped/ungroupable 
Total 668 714 724 649 
Age     
 <5 y 231	(34.6) 431	(60.4) 255 (35.2) 184	(28.4) 
 6–64	y 373	(55.8) 232	(32.5) 314	(43.4) 273	(42.1) 
 >65	y 64	(9.6) 51 (7.1) 155	(21.4) 192	(29.6) 
Setting      
 Urban 288	(43.1) 278	(38.9) 329	(45.4) 309	(47.6) 
 Rural 380	(56.9) 436	(61.1) 395	(54.6) 340	(52.4) 
*Values	are	no.	(%)	except	as	indicated.	Percentages refer to VTEC serotype column totals vs case age range and Central Statistics Office Urban/Rural	
classification. VTEC, verocytotoxin-producing Escherichia coli. 
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and used those counts to calculate SA-specific STEC 
incidence rates. We merged the CSO’s 14 urban/ru-
ral categories to classify each spatial unit as rural or 
urban, using population density and settlement size 
used to verify classification. For reporting purposes, 
we have defined 8 distinct geographic zones in Ire-
land (Figure 1). Zone NE (Northern Ireland) is located 
outside CIDR surveillance boundaries and was not 
included for analyses. The Royal College of Physi-
cians of Ireland Research Ethics Committee granted 
ethics approval for acquisition and analyses of hu-
man infection data (RCPI RECSAF_84).

Seasonal Decomposition
We analyzed seasonal decomposition for monthly 
incidence rates using the seasonal-trend decom-
position by LOESS (locally estimated scatterplot 
smoothing) (STL) method, which combines multiple 
regression with k–nearest neighbor meta-modeling 
(9). The STL method decomposes a time series into 
trend, seasonal, and residual components; we used 
an additive model for our study because peak val-
ues of the seasonal time-series exhibit a relatively 

constant trend (10). The monthly incidence rate (Yv) 
is equal to the sum of the trend (Tv) , the seasonal 
variation (Sv), and the residuals (Rv). For the sea-
sonal decompositions, we used the STL() function in 
R version 3.6.0 (R Foundation for Statistical Comput-
ing, https://www.r-project.org).

Spatial Autocorrelation (Anselin Local Moran’s I)
We used Anselin Local Moran’s I to examine indi-
vidual features, specifically disease incidence within 
individual SAs, and their relationship to nearby fea-
tures, returning localized clusters that may be corre-
lated based on variance assigned to all individual spa-
tial units (11). We calculated Local Moran’s I statistics 
using the cluster/outlier tool in ArcGIS software ver-
sion 10.6 (ESRI, https://www.esri.com) and maps of 
resultant high and low spatial clusters generated. We 
used cluster/outlier analysis to classify statistically 
significant clusters of high values surrounded by high 
values; low values surrounded by low values; outli-
ers of high values surrounded by low values; and low 
values surrounded by high values. We conceptual-
ized spatial relationships using the inverse distance 
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Figure 2. Temporal distribution 
of primary Shiga toxin–producing 
Escherichia coli (STEC) enteritis 
cases	in	Ireland,	2013–2017.

Figure 3.	Distributions	of	primary	STEC	enteritis	cases	by	age	and	sex,	Ireland,	2013–2017.	Dotted	vertical	lines	show	the	main	age-
group divisions. STEC, Shiga toxin–producing Escherichia coli.
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and Euclidean distance methods; we set significance 
at 95% based on pseudo p-values.

Space-Time Scanning
We used SaTScan version 9.6 space-time cluster de-
tection software (https://www.satscan.org) to iden-
tify temporally-specific high- and low-risk regions. 
We defined the space-time scan statistic by a cylin-
drical window with a circular (or elliptic) geographic 
base (e.g., radius unit) of which height corresponded 
to the time-period of potential clusters (12). The null 
test hypothesis presumes that geographic regions  

inside and outside the scanning area are character-
ized by an equal relative risk (RR) of infection during 
the analyzed time period. We compared RR differ-
ences using the log likelihood ratio (i.e., RR within an 
area is expected to be proportional to population size 
or population-years) (13). We used a discrete Poisson 
model due to the high level of geographic resolution 
(SA, n = 18,641) in our study (i.e., high number of 
SAs with 0 or 1 case over the modeled period). We 
used the total population of each SA from 2011 na-
tional census as a control parameter; we performed 
multiple scans to optimize parameter selection and 
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Figure 4. Trends and 
variations	in	confirmed	
primary Shiga toxin–
producing Escherichia coli 
enteritis cases, Ireland, 
2013–2017.	A)	all	confirmed	
cases;	B)	decomposed	
5-year	trend	of	confirmed	
cases; C) seasonal variation 
in	confirmed	cases;	D)	
calculated residual trend in 
confirmed	cases.
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outcome stability. We chose a maximum geographic 
cluster size of 10% of the population at risk to account 
for the low number of reported cases in many areas, 
in concurrence with a maximum cluster radius of 50 
km. We aggregated data monthly; maximum tempo-
ral cluster duration was 3 months based on known 
seasonal effects. Cluster size was >10 reported cases 
to ensure that identified clusters contained enough 
observed cases.

We used findings from annual space-time scan-
ning to acquire a spatiotemporal picture of recurrent 
cluster locations by a cluster recurrence index. We 
mapped each significant space-time cluster (p<0.05) 
from annual scans in ArcGIS software and attribut-
ed a binary cluster location (i.e., cluster membership 
(0/1) to each spatial unit (SA); the resulting cluster 
recurrence index value ranged from 0 (no clusters 
over study period) to 5 (>1 cluster per year over the 
study period).

Several tools have been developed to detect 
space-time anomalies, including the spatial varying 
temporal trend scan, implemented in SaTScan, which 
is used to identify unusual spatial cluster locations 
that contribute to substantial increase or decrease in 
general trends (14). The cluster recurrence index we 
describe aims to shed light on spatially specific, recur-
rent space-time hot spots of infection by providing an 
ordinal classification for all spatial units that may be 
amended over time and used for prospective surveil-
lance purposes.

Results

Occurrence of Sporadic STEC Infection
Of 2,783 confirmed sporadic cases included in the 
CIDR system during 2013–2017, we successfully ge-
olinked 2,755 (98.9%) to a distinct spatial area. The 
most frequently confirmed serogroups associated 
with notified human infection were STEC O26 (n = 
800, 29%) and O157 (n = 638, 23.2%) (Table 1; Ap-
pendix Table 1). We classified an additional 23.5% 
of confirmed infections as ungroupable (n = 391) or 
not serogrouped (n = 255). Of the remaining con-
firmed infection serogroups, STEC O145 (n = 126), 
O103 (n = 79), and O146 (n = 59) were the only se-
rogroups associated with >50 confirmed infections. 
Temporal cumulative incidence rates exhibited an 
annual peak during late summer and early autumn; 
maximum peaks typically occurred during July (n 
= 366) (Figure 2). We observed yearly increase in 
case numbers between 2013 (463 cases) and 2017 
(674 cases).

We observed markedly higher case numbers 
among children <5 years of age (Figure 3); 1,101 
confirmed cases (39.6%) occurred within this sub-
population. Older persons (>65 years) were also 
disproportionately affected, accounting for 462 
cases (16.6%, compared with 11.7% for the national 
population). A slightly higher rate of occurrence 
was associated with female patients (52.5%) than 
male (47.2%). We observed >1 cases more frequently 
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Figure 5.	Trends	and	variations	in	confirmed	cases	of	primary	Shiga	toxin–producing	Escherichia coli	enteritis	in	Ireland,	2013–2017,	
delineated	for	serogroup	O157	(A),	serogroup	O26	(B),	and	other	serogroups	(C).	Shown,	top	to	bottom,	are	the	trend	for	all	confirmed	
cases, decomposed 5-year trend, seasonal variation, and calculated residual trend..
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in SAs classified as rural (1,252/6,242 SAs, 20.1%) 
than urban (n = 1,086/12,246 SAs, 8.9%) (Table 1). 
Pearson χ2 tests with Yates’ continuity corrections 
indicate a significant association between cases of 
STEC O26 infection and the <5 year age category 
(χ2 = 17.055; p<0.0001); STEC O26 cases were more 
than twice as likely to occur among this subpopula-
tion than among those >5 years (OR 2.338). No sta-
tistical association was found between STEC sero-
group and urban/rural classification (p = 0.6005) or 
the incidence of age-specific cases and urban/rural 
classification (p = 0.7803).

Seasonal Decomposition
The decomposed 5-year trend indicates a monotonic 
increase in the occurrence of sporadic infection, with 
a clear annual peak occurring during late summer 
(July–August) (Figure 4). Calculated residuals point 
to a relatively consistent annual and longer-term 
trend, ranging from a maximum of +24 cases during 
April 2016 to −26 cases during December 2018. De-
composed trends associated with <5 year and 6–64 
year subcategories both exhibited an overall (non-
monotonic) increase; higher levels of variability were 
associated with the >65 year subcategory (Appendix 
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Figure 6. Spatial autocorrelation 
clusters of Shiga toxin–producing 
Escherichia coli (STEC) enteritis, 
Ireland,	2013–2017.	A)	All	
confirmed	STEC	infections;	B)	
STEC O157 infections; C) STEC 
O26	infections;	D)	STEC	infections	
in children <5 years.
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Figure 1). We found substantial variation in seasonal 
infection peaks (all STEC serogroups) among delin-
eated age categories; infections among the <5 year 
subpopulation peaked from May to July, whereas in-
fections among the older subpopulation occurred in 
July–August, followed by a smaller secondary peak 
in October.

The general decomposed trend for STEC O157 
infection indicates a relatively modest overall in-
crease over the study period, with a marked decrease 
during 2015 (Figure 5). Conversely, the incidence of 
STEC O26 exhibited a greater increase from January 
2013–April 2016, followed by a consistent decrease 
to the end of the study period. Other (non-O157 
and non-O26) STEC serogroups exhibited a gradual 
monotonic increase over the study period. Seasonal 
signals indicate a notable difference between the 2 
main serogroups; STEC O157 infections exhibit high-
est rates of occurrence during September–October, 
whereas STEC O26 notifications peak in July. Urban 
cases exhibited an annual peak from July–September, 
whereas categorically rural case notifications display 
a longer but decreasing peak from May–October (Ap-
pendix Figure 2).

Spatial Autocorrelation (Local Anselin Moran’s I)
The spatial distribution of high-high STEC incidence 
clusters were predominantly situated in zones S 
(south) and SE (southeast) around counties Clare, 
Limerick, and Tipperary (Figure 6), interspersed 
with smaller low-high outlier clusters. We observed 

infection cold spots (low-low clusters) around the 
greater Dublin area (zone E) and Cork city (zone 
S), in addition to counties Sligo (zone N) and Kerry 
(zone SW). The occurrence of STEC O157 infection 
clusters were geographically sparse with small dis-
tinct HH clusters (hotspots) observed in zones M, E, 
and S. We again observed large infection cold spots 
among the STEC O26 serogroup and the <5-year age 
group for all STEC in the urban centers of Dublin 
and Cork cities (zones E and S) in addition to coun-
ties Kerry, Waterford, and Sligo (zones SW, SE, and 
N). The spatial distribution of STEC O26 and <5-year 
age group hot spots of infection followed a similar 
trend to overall STEC clustering patterns: H-H clus-
ters were identified in zones S, M, and E, in addition 
to 1 unique H-H cluster in zone NW, that we did not 
observe for STEC O157.

Space-Time Scanning
Overall, we identified 17 distinct space-time clus-
ters, ranging from 2 clusters during 2014 to 5 clusters 
during 2017 (Table 2; Figure 7). To acquire a clearer 
picture of hot- and cold spots relative to space-time 
cluster occurrence, we developed a space-time clus-
ter recurrence index of 0 (SA never located within 
a space-time cluster) to 5 (SA situated within >1 
space-time cluster during all study years) and gen-
erated maps of clusters (Figure 8). We identified 2 
distinct areas situated southeast and southwest of 
Limerick City (Figure 1, zones M and S), and 1 area 
northeast of Galway city (zone M) as STEC infection 
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Table 2. Results of year on year space-time	scanning	among	all	confirmed	sporadic	VTEC	cases	in	Ireland,	2013–2017 

Cluster no. Population No. cases Expected 
Observed/ 
expected RR Start date End date p value 

2013 
 1 268,082 32 4.62 6.93 7.37 2013	Jul 1 2013	Aug	31 0.00000000016 
 2 140,784 27 3.60 7.50 7.90 2013	May	1 2013	Jul	31 0.0000000041 
 3 147,000 25 3.76 6.65 6.97 2013	May	1 2013	Jul	31 0.00000030 
 4 154,425 18 3.91 4.61 4.75 2013	Apr	1 2013	Jun	30 0.022 
2014 
 1 370,743 40 9.72 4.11 4.40 2014	Jul	1 2014	Sep	30 0.00000022 
 2 75,467 14 1.96 7.15 7.34 2014	Apr	1 2014	Jun	30 0.0041 
2015 
 1 165,552 14 1.50 9.36 9.60 2015 Sep 1 2015	Sep	30 0.00018 
 2 245,189 27 6.79 3.97 4.14 2015 May 1 2015	Jul	31 0.00067 
 3 59,890 13 1.66 7.83 8.02 2015 May 1 2015	Jul	31 0.0037 
2016 
 1 299,166 42 10.59 3.97 4.18 2016	May	31 2016	Aug	30 0.00000033 
 2 119,941 21 4.20 5.00 5.14 2016	May	1 2016	Jul	30 0.0017 
 3 261,375 31 9.25 3.35 3.47 2016	Mar	31 2016	Jun	30 0.0044 
2017 
 1 345,279 54 12.93 4.18 4.45 2017	Jun	30 2017 Sep 29 0.00000000006 
 2 190,947 27 7.15 3.78 3.89 2017	Jul	30 2017 Oct 29 0.0042 
 3 232,749 29 8.71 3.33 3.43 2017	Jun	30 2017 Sep 29 0.015 
 4 66,817 15 2.47 6.06 6.18 2017	Apr	30 2017 Jul 29 0.017 
 5 81,564 10 1.00 10.04 10.18 2017	Sep	30 2017 Oct 29 0.027 
*RR, relative risk; VTEC, verocytotoxin-producing Escherichia coli. 
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hotspots during the study period. Of note, no major 
population centers other than Limerick were located 
within an identified hot spot; the entire eastern sea-
board classified as an infection cold spot on the basis 
of population-adjusted incidence rates. Space-time 
clusters occurred from April–September and peaked 
during July (n = 11) (Figure 8).

We observed much less space-time clustering 
(i.e., occurrence more geographically distributed) 
for STEC O157 infection than STEC O26 infection; 
Most STEC O157 clustering was low (1–2 clusters 
over the study period) in the south, south-west, and 
midlands zones (Figure 9). The spatial distribution 
and recurrence index of STEC O26 clusters mirrored 
those found for all confirmed STEC infections (Fig-
ure 10). The temporal window of serogroup-specific  
space-time clusters reflected the decomposed sea-
sonal peak for both serogroups; STEC O157 clusters 

occurred more frequently in September–December, 
whereas STEC O26 clusters typically occurred in 
June–November.

We identified much of the western seaboard as 
a particularly high incidence region for the <5 year 
subpopulation (zones W, SW, S) (Figure 11), with a 
notable temporal clustering peak (April–May) and 
relatively broad temporal baseline (March–Sep-
tember). In contrast, we noted 3 space-time clus-
ters within the >65 year subpopulation (Figure 12); 
all occurred in the south of the country (zone S), 
with no specific temporal period associated with  
these clusters.

Discussion
The power of understanding spatial and temporal 
patterns of infection has long been recognized (15); 
identifying infection hot and cold spots and their 
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Figure 7. Annual space-time scanning of all 
confirmed	primary	Shiga	toxin–producing	
Escherichia coli (STEC) enteritis cases in 
Ireland.	A)	2013;	B)	2014;	C)	2015;	D)	2016;	
E) 2017. Circles indicate clusters and numbers 
indicate	the	order	in	which	they	were	identified	
during the study period. Clusters shown on the 
map have >10	confirmed	cases,	relative	risk	>1,	
p<0.05. 
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time periods informs targeted surveillance and con-
trol interventions and is a precursor to increasingly 
complex epidemiologic analyses and risk factor at-
tribution (16–18). Since approximately 2000, space-
time scanning and geostatistical approaches have 
been increasingly recognized as powerful tools for 
endemic disease surveillance and early outbreak 
detection (19).

Overall, we identified 17 space-time clusters 
during the 5-year study period, ranging from 2 clus-
ters during 2014 to 5 clusters during 2017. All analy-
ses were of categorically sporadic infections; thus, 
the identification of distinct space-time clusters is 
noteworthy and underlines the potential utility of 
real-time or prospective space-time scanning as part 
of ongoing surveillance procedures. For example, 

Green et al. reported on the efficacy of using daily 
space-time statistics for 35 reportable communicable 
diseases in New York, New York, during 2014–2015 
(20). The distribution of identified space-time clus-
ters of sporadic STEC enteritis reveals high annual 
levels of persistence and variation in sporadic STEC 
infection in Ireland. We identified 3 distinct regions 
as exhibiting particularly high space-time cluster  
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Figure 8. Monthly distribution of space-time clusters (A) and 
cluster	recurrence	index	(0–5)	within	census	small	areas	(B)	for	all	
confirmed	primary	Shiga	toxin–producing	Escherichia coli (STEC) 
enteritis	cases	in	Ireland,	2013–2017.

Figure 9. Monthly distribution of space-time clusters (A) and 
cluster	recurrence	index	(0–5)	within	census	small	areas	(B)	
for	confirmed	primary	Shiga	toxin–producing	Escherichia coli 
(STEC) enteritis cases caused by STEC serogroup O157, Ireland, 
2013–2017.
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recurrence rates (Figure 6), namely southwest and 
east of Limerick city (zones SW, S, and SE), and 
northeast of Galway city (zone M), indicating the 
presence of persistent STEC reservoirs in these areas 
that cause regular exposure and transmission. 

Spatial autocorrelation of STEC clusters further 
highlights the disparity between rural and urban 

living. Sporadic cases were more frequently iden-
tified in rural areas where ≈37.3% of the populace 
reside (20.1% of rural SAs vs. 8.9% of urban) (21). 
We identified low-incidence clusters in major cities, 
including Cork and the greater Dublin area. These 
findings emphasize the association of rurality 
with STEC transmission; increased environmental  
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Figure 10. Monthly distribution of space-time clusters (A) and 
cluster	recurrence	index	(0–5)	within	census	small	areas	(B)	
for	confirmed	primary	Shiga	toxin–producing	Escherichia coli 
(STEC)	enteritis	cases	caused	by	STEC	serogroup	O26,	Ireland,	
2013–2017.

Figure 11. Monthly distribution of space-time clusters (A) and 
cluster	recurrence	index	(0–5)	within	census	small	areas	(B)	
for	confirmed	primary	Shiga	toxin–producing	Escherichia coli 
(STEC) enteritis cases among patients <5 years of age, Ireland, 
2013–2017.
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exposure to pathogen sources coupled with en-
hanced transport of pathogens through untreated 
drinking water supplies, extreme weather events, 
and so on are likely to increase risk for exposure 
and subsequent infection (22). 

The relative proximity of large urban centers to 
the 3 identified high-recurrence regions may also 
point to narrow transitional zones between urban and 
populated-rural regions. Rural commuter belts that 
have inadequate municipal wastewater treatment or 
drinking supplies, in addition to relatively low lev-
els of acquired immunity among children of young 
families residing within commuter belt regions, may 
contribute to this high spatial risk for transmission 
(6). National census statistics predict strongest popu-
lation growth in peri-urban/commuter belt areas in 
Ireland (21), which are potentially at high risk for 
STEC infection incidence.

All 3 high-recurrence regions are predominantly 
underlain by karstified carboniferous limestone aqui-
fers (23), which have previously been associated with 
the presence of STEC in private and small public 
drinking water supplies (7). The lack of space-time 
clustering found within the Greater Dublin area, 
which houses ≈39% of the national population (1.9 
million persons) and is characterized by a spatially 
extensive urban commuter belt, consolidated bed-
rock, and a high level of water and wastewater infra-
structure, seems to validate our hypotheses. Boudou 
et al. (2021) report that rates of space-time cluster re-
currence of cryptosporidiosis from 2008 to 2017 fol-
lowed similar patterns in the same 3 geographically 
distinct regions we identified; co-occurrence of STEC 
enteritis and cryptosporidiosis in Ireland requires 
further study (24).

Cumulative incidence rates of STEC infection 
exhibit a marked seasonal distribution; we identi-
fied peaks during late summer and early autumn, re-
flecting previously noted patterns of STEC shedding 
from zoonotic reservoirs and subsequent influx to the 
environment (25). Our findings, however, indicate 
a geographic and temporal disparity between the 2 
primary serogroups, STEC O157 and STEC O26, with 
high-incidence geographic clusters of STEC O157 oc-
curring more frequently in zones E and S. Previous 
work has identified associations between STEC O157 
infection and persons residing in areas characterized 
by a higher density of cattle, private well usage, and 
domestic wastewater treatment systems (6), all of 
which are very common within spatial locations iden-
tified as HH clusters (26).

The <5 year age category has been associated 
with cases of STEC O26 infection, which has been  

characterized by an earlier annual infection peak in 
Ireland (5), implying age-specific peaks of infection. 
Garvey et al. (2016) reported a 2-month phase dif-
ference between STEC O26 (July) and STEC O157 
(September) infections in Ireland; the difference was 
reported as significant in all (outbreak and sporadic) 
confirmed STEC infections (p<0.0001) and in sporadic 
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Figure 12. Monthly distribution of space-time clusters (A) and 
cluster	recurrence	index	(0–5)	within	census	small	areas	(B)	
for	confirmed	primary	Shiga	toxin–producing	Escherichia coli 
(STEC) enteritis cases among patients >65	years	of	age,	Ireland,	
2013–2017.
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cases only (p<0.0001) and possibly attributed to sea-
sonal variation in infection exposure such as contact 
with primary animal reservoirs of infection (5). Sig-
nificantly higher incidence rates were noted in chil-
dren <5 years of age; previous studies attributed this 
pattern to an increased risk for direct contact with 
environmental sources of fecal matter (27) and lower 
standards of hygiene (28) within this subpopulation.

Cumulatively, young children (<5 years) and 
the older subpopulation (>65 years) accounted for 
56.7% (n = 1,563) of confirmed sporadic infections. 
Both of these subpopulations are known to be im-
munologically vulnerable and exhibit higher inci-
dence rates of infection and severe sequelae (29,30). 
Younger cohorts especially are at increased risk 
of infection caused by frequent contact with other 
children of a similar age, and also pose a risk as a 
source of infection associated with increased con-
tact with adults, particularly among the 30–39 year 
age group (31,32). Prominent clustering of infection 
identified among the <5 and >65 year age groups, 
and the relative spatial heterogeneity of infection 
clusters, underscore the need for enhanced tar-
geted surveillance measures, particularly in geo-
graphic areas characterized by a higher proportion 
of younger and older populations (33).
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Dr. Danielle Greenberg, founder of a veterinary clinic 
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In Canada, foodborne pathogens cause an estimat-
ed 4 million cases of human illness, 11,600 hospi-

talizations, and 238 deaths each year (1). Escherichia 
coli, Campylobacter, and Salmonella are the foodborne 
zoonotic pathogens most frequently associated with 
infections from poultry products (2). Antimicrobial 
drugs have been used in ovo, feed, or water to pre-

vent or treat commonly occurring diseases of poul-
try and to enable gains in productivity on farms (3,4). 
However, use of antimicrobial drugs contributes to 
the development of antimicrobial resistance (AMR). 
In humans, treatment of salmonellosis with antimi-
crobial drugs is often unnecessary but may be life-
saving in the case of invasive infections (5). The rise 
of AMR progressively reduces the number of anti-
microbial drug options available to treat infections, 
which has important consequences for human health 
but also for the long-term viability of the production 
of animals (6–8).

In 2005, the Canadian Integrated Program for An-
timicrobial Resistance Surveillance (CIPARS) reported 
an increasing frequency of resistance to ceftiofur, a 
veterinary third-generation cephalosporin (9), in Sal-
monella enterica serovar Heidelberg isolates from retail 
chicken and humans (10). In response, broiler chicken 
producers in Québec Province voluntarily eliminated 
the extra-label use of ceftiofur through injection (in 
ovo or subcutaneously) in hatcheries (11). By 2006, this 
measure led to a reduction in prevalence of ceftiofur-
resistant Salmonella Heidelberg in retail chicken and 
humans (8). In a concerted effort to mitigate AMR and 
to reduce overall antimicrobial use (AMU), a steward-
ship program called the Antimicrobial Use Reduction 
Strategy was initiated in 2014 by the poultry industry. 
The fi rst objective of this program was the elimination 
of the preventive use of Health Canada’s Veterinary 
Drugs Directorate’ category I antimicrobials (12), in-
cluding third-generation cephalosporins (e.g., ceftio-
fur) and fl uoroquinolones, which was accomplished 
in 2014 (13). Subsequently, the goal was to elimi-
nate the preventive use of category II antimicrobials 
(e.g., aminoglycosides, lincosamides-aminocyclitols, 
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Antimicrobial use contributes to the global rise of anti-
microbial	resistance	(AMR).	In	2014,	the	poultry	industry	
in	Canada	initiated	its	Antimicrobial	Use	Reduction	Strat-
egy	to	mitigate	AMR	in	the	poultry	sector.	We	monitored	
trends in antimicrobial use and AMR of foodborne bac-
teria (Salmonella, Escherichia coli, and Campylobacter) 
in	broiler	chickens	during	2013	and	2019.	We	quantifi	ed	
the	eff	ect	of	antimicrobial	use	and	management	 factors	
on AMR by using LASSO regression and generalized 
mixed-eff	ect	models.	AMR	in	broiler	chickens	declined	by	
6%–38%	after	the	decrease	in	prophylactic	antimicrobial	
use. However, the withdrawal of individual compounds, 
such	as	cephalosporins	and	fl	uoroquinolones,	prompted	
an increase in use of and resistance levels for other drug 
classes, such as aminoglycosides. Canada’s experience 
with antimicrobial use reduction illustrates the potential 
for progressive transitions from conventional antimicrobi-
al-dependent broiler production to more sustainable pro-
duction with respect to antimicrobial use.
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macrolides, penicillin, and trimethoprim/sulfonamide 
combinations), which was accomplished in the end of 
2018. The third phase was to include the elimination of 
the preventive use of category III antimicrobials (e.g., 
bacitracins and tetracyclines) by the end of 2020 (13). 
This third step has been postponed pending further 
consultation with producers, an assessment of overall 
bird health and welfare from implementation of the 
first 2 phases, and a more fulsome evaluation of the 
production outcomes.

In our study, we used farm-level AMU and AMR 
time series data from CIPARS (2013–2019) to identify 
how changes in AMU have affected AMR in E. coli, 
Campylobacter, and Salmonella isolates from broiler 
chicken farms in Canada. The specific goals were to 
assess trends in AMR by province during 2013–2019, 
identify farm-management factors affecting AMU 
and AMR, and examine the association between route 
of antimicrobial administration (injections, water, or 
feed) and the frequency of multidrug resistance (de-
fined as resistance to >2 antimicrobial classes).

Material and Methods

Study Design and Data Collection
We collected AMU and AMR information at the 
farm level through a network of poultry veterinari-
ans (n = 17) who were assigned to producers (n = 97–
147, depending on the year) in the 5 major poultry-
producing provinces of Canada: British Columbia, 
Alberta, Saskatchewan, Ontario, and Québec (14). 
Participating producers signed an informed consent 
form, which was administered by the veterinarian. 
We obtained information on farm-level AMU and 
farm demographics by using a questionnaire and 
collected fecal samples for bacterial recovery and an-
timicrobial-susceptibility testing. We collected sam-
ples according to the formula for detection of AMR 
in a population of >1,000 individuals (n = ln α / ln 
[1 – minimum expected prevalence]; α = 0.05) (15), 
according to the routine CIPARS/FoodNet Cana-
da farm sampling strategy. We divided each barn 
from each farm in 4 quadrants, and we collected 
10–15 fresh fecal droppings from each quadrant. We 
pooled the samples from each quadrant and selected 
randomly 1 isolate per pooled sample for all E. coli, 
Salmonella, and Campylobacter for further analysis. 
Each year, we sampled 1 flock of preharvest broil-
ers (>30 days old) that had been randomly selected 
from each production unit. We administered ques-
tionnaires to record flock characteristics, including 
hatchery or province and country of origin of the 
hatching eggs or chicks, breed, production system 

(conventional or antimicrobial-free), age, and esti-
mated weight of birds at preharvest sampling. We 
collected detailed AMU information, including the 
quantity of antimicrobial active ingredients admin-
istered, routes of administration (in ovo or subcu-
taneous injections at the hatchery, feed, and water) 
and primary reasons for use of antimicrobial (pro-
phylaxis, growth promotion, or disease treatment). 
We also collected information on biosecurity, health 
status, and vaccination history (questionnaires were 
published elsewhere [16] as supplemental material).

Bacteria Isolation and Susceptibility Testing
When an isolate of each bacterial species of interest 
(Salmonella, E. coli and Campylobacter) was identified, 
we saved that isolate and tested it for susceptibil-
ity. We conducted antimicrobial-susceptibility test-
ing by using routine CIPARS methodology (14). We 
performed automated broth microdilution by using 
Sensititre (ThermoFisher Scientific, https://www.
thermofisher.com) using the CMV4AGNF panel 
for Salmonella and E. coli and the CAMPY plates for 
Campylobacter. Plate configurations were designed 
by the US National Antimicrobial Resistance Moni-
toring System. We applied Clinical and Laboratory 
Standards Institute breakpoint guidelines (17,18) 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/9/20-4395-App1.pdf). According to rou-
tine CIPARS/National Antimicrobial Resistance 
Monitoring System methods, we classified isolates 
with intermediate susceptibility patterns as suscepti-
ble. According to CIPARS AMR testing methods, we 
sued no selective media in this study.

Statistical Analysis
The number of antimicrobial classes each isolate was 
resistant to (nC) was the main outcome in the regres-
sion models. We evaluated the effect of covariates on 
the nC by using a 2-step procedure. First, we used 
a LASSO regression to select a subset of risk factors 
to be included in the generalized models (Appendix 
Table 2). Second, we ran a mixed-effect model with 
veterinarian and flock identification as random ef-
fects in all models. We cross-validated the models by 
dividing the dataset into 3 validation sets.

The term “ideal method for cleaning and disin-
fection” refers to the method recommended by the 
World Organisation for Animal Health (OIE) (19) 
aimed at reducing infectious pathogens in animal 
premises. This method consists of dry cleaning (i.e., 
removing all equipment and brushing and scraping 
of all surfaces), followed by a warm water (60°C) 
wash and application of a disinfectant to reduce 
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microbial populations and carry over of pathogens 
to the next production cycle. For production sys-
tem categories, the term “antimicrobial-free”(in 
contrast with “conventional”) refers to farms that 
were not exposed to nationally defined medically 
important antimicrobials (20) or farms that have a 
reduced AMU program (i.e., one that may allow use 
of chemical coccidiostats, according to guidelines 

[21], or ionophores). We estimated AMU at the flock 
level in milligrams of antimicrobial active ingredi-
ent per kilogram broiler chicken biomass (mg/kg) 
by summing of all antimicrobials reportedly used 
in the flock from all routes of administration and 
dividing by the live animal biomass (e.g., birds at 
risk multiplied by the average preslaughter live 
weight) (22).
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Table 1. Incidence rate ratio of Salmonella nC from LASSO-penalized generalized mixed-effects Poisson model in a study of 
antimicrobial	use	and	in	broiler	chickens,	Canada,	2013–2019* 
Variable Incidence rate ratio 2.5% CI 97.5%	CI p value 
Intercept 0.224851 0.1326975 −0.3810016 2.92 × 10-8† 
Production	system	(referent	comparison	factor:	conventional) 
 Antimicrobial-free‡ 1.456588 0.9917592 2.1392781 0.05514 
Disinfection	system	(referent	comparison	factor:	no	use	of	the	ideal	method	of	disinfection) 
 Use	of	ideal	disinfection 0.8947851 0.6969602 1.1487606 0.38316 
Continuous variables of antimicrobial use (mg/kg) 
 Injections (in ovo or subcutaneous§) 3.3926736 1.1860941 9.704318 0.02271† 
  Through feed 1.0030552 1.0004128 1.0057047 0.02341† 
  Through water 1.0005486 0.9947253 1.006406 0.85389 
Sample	collection	year	(referent	comparison	year:	2013) 
 2014 0.9904373 0.6355585 1.5434709 0.96614 
 2015 1.0475486 0.6851365 1.6016635 0.83021 
 2016 1.0912259 0.7028907 1.6941097 0.69726 
 2017 0.9097193 0.5821923 1.4215049 0.67777 
 2018 0.9869455 0.6351112 1.5336864 9.53 ×	10-1† 
 2019 1.548854 1.0091025 2.3773092 0.04534† 
Province	(referent	comparison	province:	Alberta) 
 British	Columbia 1.6846635 1.1510546 2.465644 0.00728† 
 Ontario 1.8199429 1.2502213 2.6492848 0.00177† 
 Québec 3.7534112 2.4943597 5.6479808 2.24 ×	10-1† 
 Saskatchewan 1.9772529 1.1775379 3.3200878 0.00994† 
*nC, number of antimicrobial classes to which each isolate was resistant. 
†Statistically significant (p<0.05).  
‡Antimicrobial-free flocks were not exposed to medically important antimicrobials through any route of administration. 
§Subcutaneous route in young chicks at the hatchery. 

 

 
Table 2. Incidence rate ratio of Escherichia coli nC from LASSO-penalized generalized mixed-effects Poisson model in a study of 
antimicrobial	use	and	in	broiler	chickens,	Canada,	2013–2019* 
Variable Incidence rate ratio 2.50% CI 97.50% CI p value 
Intercept 1.5740809 1.3050913 1.8985113 2.09 ×	10-6† 
Production system	(referent	comparison	factor:	conventional) 
 Antimicrobial-free‡ 1.0275338 0.9170807 1.1512897 0.63969 
Ideal	disinfection	method	(referent	comparison	factor:	no	use	of	ideal	method) 
 Use	of	ideal	disinfection 1.0133377 0.9418401 1.0902627 0.722652 
Continuous variables of antimicrobial use (mg/kg) 
 Injections (in ovo or subcutaneous§) 1.3588476 0.9911794 1.8628985 0.056785 
 Through feed 1.0015582 1.0008262 1.0022907 2.99 ×	10-5† 
 Through water 1.0032516 1.0019576 1.0045473 8.23 ×	10-7† 
Sample	collection	year	(referent	comparison	year:	2013) 
 2014 0.8881768 0.7850343 1.0048707 0.05972 
 2015 0.9555537 0.8431346 1.0829621 0.476499 
 2016 0.9458207 0.8349598 1.071401 0.381178 
 2017 0.9144284 0.8066086 1.0366604 0.162256 
 2018 0.8545609 0.7523902 0.9706058 0.015553† 
 2019 0.7705043 0.6770116 0.8769079 7.81 ×	10-5† 
Province	(referent	comparison	province:	Alberta) 
 British	Columbia 1.2229891 1.0173109 1.4702509 0.032138† 
 Ontario 0.9922909 0.8315428 1.1841136 0.931604 
 Québec 1.3924895 1.1564315 1.6767333 0.000477† 
 Saskatchewan 0.4997466 0.3844197 0.649672 2.20 ×	10-7† 
*nC, number of antimicrobial classes to which each isolate was resistant. 
†Statistically significant (p<0.05).  
‡Antimicrobial-free flocks were not exposed to medically important antimicrobials through any route of administration. 
§Subcutaneous route in young chicks at the hatchery. 
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We compared the model fit between models by 
using the Akaike information criteria and the likeli-
hood ratio test. We performed post hoc pairwise test-
ing of mean flock differences in nC among groups 
of disinfection method, use of antimicrobials at the 
hatcheries, year, and province by using Tukey’s mul-
tiple comparison test.

We quantified the trends of antimicrobial use 
(Appendix Figures 2–4 for Salmonella, 8–10 for E. coli, 
and 14–16 for Campylobacter), and the association be-
tween resistance for individual antimicrobial classes 
(Appendix Figures 5–7 for Salmonella, 11–13 for E. coli, 
and 17–19 for Campylobacter) by using mixed-effect lo-
gistic regression models for each bacterial species. We 
conducted all statistical analysis in RStudio 1.2.5033 
(https://www.rstudio.com) and defined statistical 
significance as p<0.05.

Results

Temporal Differences, Regional Differences,  
and Factors Associated with AMR
For Salmonella, the nC an isolate was resistant to in 
2018 was 0.9 times lower than the nC an isolate was 
resistant to in 2013 (p<0.001); however, the nC an iso-
late was resistant to in 2019 was 1.6 times higher than 
in 2013 (p = 0.045), given that other variables were 
held constant in the model. In individual provinces, 
compared with the value for Alberta, the nC an iso-
late was resistant to was 1.7 times higher in British 

Columbia (p = 0.007), 1.8 times higher in Ontario (p = 
0.002), 3.8 times higher in Québec (p<0.001), and 1.9 
times higher in Saskatchewan (p = 0.009). For every 
1-unit increase in antimicrobial injected in ovo (mg/
kg) in the hatcheries, the national nC an isolate was 
resistant to increased by 3.4 (p = 0.02). Posthoc (Tukey 
test) showed that Ontario (p = 0.015) and Québec 
(p<0.001) had a significantly higher mean nC that an 
isolate was resistant to compared with Alberta; Qué-
bec also had a significantly higher mean nC that an 
isolate was resistant to than British Columbia and 
Ontario across all years (p<0.001 for both provinces) 
(Table 1). The antibiotic-free flocks (n = 286) were not 
different from conventional flocks (n = 1,612) in the 
nC an isolate was resistant to (Table 1). However, 
prevalence of Salmonella Heidelberg was statistically 
significantly higher at conventional farms (Appen-
dix Figure 1). Using the ideal method of disinfection, 
which that entails dry and wet cleaning followed by 
the application of a disinfectant, was not a significant 
factor in the nC a Salmonella isolate was resistant to. 
However, significantly higher prevalence of Salmo-
nella Heidelberg and Kentucky (Appendix Figure 1) 
was found in flocks that did not use the ideal method 
of disinfection.

For E. coli, nationally, during 2018 and 2019, the 
nC an isolate was resistant to was 0.9 (in 2018, p = 
0.015) and 0.8 (in 2019, p<0.001) times lower than the 
nC an isolate was resistant to in 2013 after controlling 
for other variables (Table 2). The nC an isolate was 
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Table 3. Incidence rate ratio of Campylobacter nC from LASSO-penalized generalized mixed-effects Poisson model in a study of 
antimicrobial	use	and	in	broiler	chickens,	Canada,	2013–2019* 
Variable Incidence rate ratio 2.50% CI 97.50% CI p value 
Intercept 0.277081 0.1054967 0.7277371 0.00919† 
Production system	(referent	comparison	factor:	conventional) 
 Antimicrobial-free‡ 0.60892 0.2994255 1.2383169 0.17076 
Ideal	disinfection	method	(referent	comparison	factor:	no	use	of	ideal	method) 
 Use	of	ideal	disinfection 1.3043882 0.7766548 2.190714 0.31513 
Continuous variable of antimicrobial use (mg/kg) 
 Injections (in ovo or subcutaneous§) 1.7448076 0.1650191 18.4484971 0.64363 
 Through feed 0.9979396 0.9923108 1.0036003 0.4748 
 Through water 0.996652 0.9806929 1.0128707 0.68386 
Sample	collection	year	(referent	comparison	year:	2013) 
 2014 0.7218903 0.3138241 1.6605658 0.44323 
 2015 1.7590844 0.8024374 3.8562237 0.15843 
 2016 0.3714697 0.1493034 0.9242233 0.03322† 
 2017 0.8334422 0.3732234 1.8611531 0.65669 
 2018 0.5029853 0.2104181 1.2023406 0.12221 
 2019 0.6468213 0.2868202 1.4586765 0.29368 
Province	(referent	comparison	province:	Alberta) 
 British	Columbia 1.6638783 0.9144055 3.0276404 0.09551 
 Ontario 1.5284206 0.7983312 2.9261911 0.20045 
 Québec 2.0744067 0.9336274 4.6090798 0.07323 
 Saskatchewan 1.8708334 0.5308387 6.5933731 0.32975 
*nC, number of antimicrobial classes to which each isolate was resistant. 
†Statistically significant (p<0.05).  
‡Antimicrobial-free flocks were not exposed to medically important antimicrobials through any route of administration. 
§Subcutaneous route in young chicks at the hatchery. 
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resistant to was 1.2 times higher in British Columbia 
(p = 0.032) and 1.4 times higher in Québec (p<0.001) 
than the nC an isolate was resistant to in Alberta; in 
Saskatchewan, the nC an isolate was resistant to was 
0.5 times lower than in Alberta (p<0.001). Posthoc 
(Tukey test) examination demonstrated that the 
provinces of British Columbia, Ontario, Québec, and 
Saskatchewan had a significantly higher mean nC 
an isolate was resistant to compared with Alberta; 
Québec also had a significantly higher mean nC an 
isolate was resistant to than the means for British 
Columbia and Ontario. In 2019, we observed a sig-
nificantly lower nC an isolate was resistant to than 
in 2013 (p = 0.002), 2014 (p = 0.002), 2015 (p = 0.012), 
and 2016 (p = 0.014) (Table 2). The antibiotic-free 
status of the flock and ideal method of disinfection 
were not significant factors in the nC to which an E. 
coli isolate was resistant.

For Campylobacter, in 2016, the nC to which an 
isolate was resistant was 0.4 times lower than the 
nC for 2013, given that other variables were held 
constant in the model (p = 0.03). Posthoc (Tukey 
test) comparison shows that 2016 (p = 0.008) and 
2018 (p = 0.037) had a significantly lower mean nC 

to which an isolate was resistant than the value for 
2015 (Table 3). The antibiotic-free status of the flock 
and ideal method of disinfection were not signifi-
cant factors in the nC to which a Campylobacter iso-
late was resistant.

Prevalence of Resistance by Antimicrobial Drug
Prevalence of resistance remained <15% (Appendix 
Table 1) for 10 of 13 tested antimicrobials for Salmo-
nella isolates (n = 1,898), 7 of 13 tested antimicrobials 
for E. coli isolates (n = 3,671), and 5 of 8 tested antimi-
crobials for Campylobacter isolates (n = 769). The prev-
alence of Salmonella isolates resistant to tetracycline 
was 44.7% (95% CI 42.5%–46.9%) and to streptomycin 
was 43.6% (95% CI 41.3%–45.8%) (Appendix Table 1). 
Moreover, prevalence of E.coli isolates resistant to tet-
racycline was 46.8% (95% CI 45.2%–48.4%), to strepto-
mycin was 46.3% (95% CI 44.7%–47.9%), to sulfisoxa-
zole was 39.4% (95% CI 37.8%–41.0%), to ampicillin 
was 40.5% (95% CI 38.9%–42.1%), to gentamicin was 
18.4% (95% CI 17.2%–19.7%), and to trimethoprim/
sulfamethoxazole was 16.1% (95% CI 14.9%–17.3%) 
(Appendix Table 1). The prevalence of Campylobacter 
isolates resistant to tetracycline was 38.8% (95% CI 
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Figure 1. Change in mean proportion of antimicrobial resistance in Salmonella (A), Escherichia coli (B),	and	Campylobacter (C) in 
broiler	chickens,	overall	and	by	drug	class,	Canada,	2013–2019.	Arrows	represent	directionality	of	proportion	change	in	resistance	from	
2013	(gray)	to	2019	(red)	for	each	of	the	antimicrobial	classes.	Differences	in	proportion	resistance	from	2013	to	2019	are	presented	
on	the	right	side	of	each	graph.	Asterisks	indicate	p<0.05	as	determined	by	mixed-effects	logistic	regression,	including	year	and	
antimicrobial	use	(in	ovo	or	through	subcutaneous	injection,	water,	and	feed)	as	fixed	effects	and	flock	and	veterinarian	identification	
as	random	effects.	AMC,	amoxicillin/clavulanic	acid;	AMP,	ampicillin;	AZM,	azithromycin;	CHL,	chloramphenicol;	CIP,	ciprofloxacin;	
CLI,	clindamycin;	CRO,	ceftriaxone;	ERY,	erythromycin;	FLR,	florfenicol;	FOX,	cefoxitin;	GEN,	gentamycin;	NAL,	nalidixic	acid;	SSS,	
sulfisoxazole;	STR,	streptomycin;	TET,	tetracycline;	TMS,	trimethropim/sulfonamides.
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35.3%–42.2%), to ciprofloxacin was 16.5% (95% CI 
13.9%–19.1%), and to nalidixic acid was 16.4% (95% 
CI 13.8%–19.0%) (Appendix Table 1).

Temporal Trend of AMR by Antimicrobial Class
For Salmonella, we observed a significant decrease 
in the mean resistance rates across all antimicrobial 
drugs included in the panel (1.8%), as well as indi-
vidually to to cefoxitin (11.8%), amoxicillin/clavu-
lanic acid (15.3%), ceftriaxone (15.3%), and ampicil-
lin (15.9%) during 2013–2019. However, AMR rose 
significantly in streptomycin (18.8%) and tetracycline 
(19.7%) during the same period (Figures 1, 2). For E. 
coli, we observed a significant decrease in resistance 
overall (11.7%), as well as individually to tetracycline 
(11.4%), cefoxitin (25.4%), amoxicillin/clavulanic acid 
(25.7%), ceftriaxone (24.5%), and ampicillin (29.9%), 
whereas resistance to gentamicin (3.8%) and nalidix-
ic acid (3.6%) increased (Figures 1, 2). For Campylo-
bacter, we observed a significant decrease in overall 
(3.7%) resistance and to tetracycline (37.6%), but we 
observed a significant increase in nalidixic acid resis-
tance (2.8%) (Figures 1, 2).

Temporal Trend of Antimicrobial Use by Class
In flocks where Salmonella was isolated, we observed 
a significant decrease in overall AMU, use of lincos-
amide-aminocyclitol combinations, and use of third-
generation cephalosporins through injection (in ovo 
or subcutaneous routes) during 2013–2019 (Figures 

3, 4; Appendix Figures 3, 4). For feed, we observed a 
statistically significant decrease in the use of macro-
lides, penicillins, streptogramins, but we observed a 
significant increase in the use of orthosomycins (Fig-
ures 3, 4; Appendix Figure 4). In flocks where E. coli 
was isolated, we observed a significant decrease in 
injectable antimicrobials during 2013–2019 (Figures 
3, 4; Appendix Figure 8). We observed a decrease in 
the use of penicillins and streptogramins and an in-
crease in the use of bacitracins and orthosomycins 
through feed over time (Figures 3, 4; Appendix Fig-
ure 10). In flocks where Campylobacter was isolated, 
we observed a significant decrease in overall inject-
able antimicrobials during 2013–2019 (Figures 3, 4;, 
Appendix Figure 14). For feed, we observed a de-
crease in the use of macrolides, penicillins, strepto-
gramins, and a significant increase in the use of baci-
tracins and orthosomycins (Figures 3, 4; Appendix 
Figure 16).

Antimicrobial Use and AMR Analysis by  
Antimicrobial Class
Flocks from which multidrug-resistant (MDR) Sal-
monella was isolated (n = 79 of 604 total flocks) had 
significantly higher median overall AMU compared 
with flocks where no MDR Salmonella was identified. 
Specifically, MDR flocks had significantly higher 
use of injectable lincosamide-aminocyclitol combi-
nations (Figure 5; Appendix Figure 5), penicillins 
through water (Figure 5; Appendix Figure 6), and 
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Figure 2.	Significant	changes	(p<0.05)	in	mean	proportion	of	antimicrobial	resistance	in Salmonella (A), Escherichia coli (B),	and	
Campylobacter	(C)	in	in	broiler	chickens,	by	antimicrobial	class,	Canada,	2013–2019.	Step	1	is	the	elimination	of	the	preventive	
use	of	category	I	antimicrobials	in	May	2014	(third-generation	cephalosporins	and	fluoroquinolones)	as	part	of	Antimicrobial	Use	
Reduction	Strategy	stewardship	program.	Step	2	is	the	elimination	of	the	preventive	use	of	category	II	antimicrobials	in	the	end	of	2018	
(aminoglycosides, lincosamides, macrolides, penicillin, quinolones, streptomycin, and trimethoprim/sulfonamide combinations). Step 
3,	which	was	the	elimination	of	the	preventive	use	of	category	III	antimicrobials	(e.g.,	bacitracins	and	tetracyclines)	by	the	end	of	2020,	
is	not	represented	in	the	figure.	AMC,	amoxicillin/clavulanic	acid;	AMP,	ampicillin;	CRO,	ceftriaxone;	FOX,	cefoxitin;	GEN,	gentamycin;	
NAL, nalidixic acid; STR, streptomycin; TET, tetracycline.
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penicillins and tetracyclines through feed (Figure 
5; Appendix Figure 7). Flocks from which MDR E. 
coli was isolated (n = 444/928) also had significantly 
higher median overall AMU. Most important, these 
flocks had significantly higher use of lincosamide-
aminocyclitol combinations in ovo or subcutane-
ously at the hatcheries (Figure 5; Appendix Figure 
11); tetracyclines, aminoglycosides, and penicillins 
through water (Figure 5; Appendix Figure 12); and 
penicillins, trimethoprim/sulfonamide combina-
tions, bacitracins, and tetracyclines through feed 
(Figure 5; Appendix Figure 13). Flocks from which 
MDR Campylobacter was isolated (n = 30/218) also 
had significantly higher median overall AMU. Spe-
cifically, these flocks had significantly higher use of 
injectable lincosamides (Figure 5; Appendix Figure 
17); used significantly more aminoglycosides and 
penicillins through water (Figure 5; Appendix Fig-
ure 18); and used significantly more macrolides, 
penicillins, streptogramins, trimethoprim/sulfon-
amide combinations, and bacitracins through feed 
(Figure 5; Appendix Figure 19).

Discussion
Our study examined AMU trends in broiler chicken 
production in Canada along with AMR trends in 
important foodborne bacteria. A reduction in both 
AMR and AMU was observed across most antimi-
crobials and classes during 2013–2019. The temporal 
reduction in AMU reflected the implementation of 
the Chicken Farmers of Canada’s AMU Reduction 
Initiative. This AMU stewardship program involved 
the elimination of the preventive use of certain anti-
microbial classes in a stepwise manner (13). Results 
from this work indicate that a decrease in AMU con-
tributed to a decrease in AMR over time for some 
antimicrobial drugs; however, increased AMR to 
streptomycin and tetracycline in Salmonella isolates, 
an increase in AMR to gentamicin and nalidixic acid 
in E. coli isolates, and an increase in AMR to nalidixic 
acid in Campylobacter were observed. We detected an 
increase in the use of aminoglycosides through wa-
ter over time, which possibly contributed to the rise 
in Salmonella and E. coli aminoglycoside resistance. 
Historically, the administration of antimicrobials 
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Figure 3.	Mean	antimicrobial	use	among	broiler	chicken	flocks	by	bacterial	species	and	route	of	administration,	Canada,	2013–2019.	
A) Salmonella;	B)	Escherichia coli; C) Campylobacter.	Route	of	administration	in	each	panel:	top,	in	ovo	or	subcutaneous	injections;	
middle,	water;	bottom,	feed.	Arrows	represent	directionality	of	the	antimicrobial	use	change	from	2013	(gray)	to	2019	(blue)	of	each	
antimicrobial	class.	Asterisks	indicate	p<0.05	as	determined	by	a	generalized	mixed-effects	model,	including	year	as	fixed	effects	
and	flock	and	veterinarian	identification	as	random	effects.	AGL,	aminoglycoside;	BAC,	bacitracin;	CC,	chemical	coccidiostats;	FFL,	
flavophospholipid;	FQ,	fluoroquinolone;	LINC,	lincomycin;	LNCACL,	lincosamides;	MACR,	macrolide;	ORTH,	orthomycin;	PEN,	
penicillin;	STRGR,	streptogramin;	TET,	tetracycline;	TMS,	trimethropim/sulfonamides;	3GC,	third-generation	cephalosporin.	
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through water was largely for treatment of diseases 
such as those associated with avian pathogenic E. 
coli (14). Thus, this finding suggests that in addition 
to the elimination of hatchery-level use, reduced 
preventive AMU through feed potentially resulted 
in increased frequency of infectious diseases, there-
by increasing the need for AMU through water for 
disease treatment. 

The overall rise the number of classes Salmo-
nella isolates were resistant to in 2019 should also 
be put in perspective with the serotypes identified 
on farms. The mean proportion of Salmonella Ken-
tucky relative to total Salmonella isolates increased 
in 2019 (Appendix Figure 20). Previous work has 
shown that Salmonella Kentucky frequently carries 
genes conferring resistance to tetracyclines and ami-
noglycosides (23). Therefore, the temporal trends in 
resistance to these antimicrobial classes could reflect 
the shift in S. enterica serotypes (24). Trends in Sal-
monella serotypes and AMR prevalence in poultry in 
Canada were studied recently (25), showing, simi-
lar to our results, that different Salmonella serotypes 
carry different resistance profiles that influence the 
overall prevalence of resistance. In Canada, passive 
surveillance in poultry frequently detects Salmonel-
la Kentucky (14). This serotype is 1 of the etiologic 

agents of enteric disease and high rates of illness in 
broiler chickens in Egypt (26); however, in Canada, 
although this serovar was the second-most fre-
quently isolated serovar from passive surveillance, 
its clinical importance has not yet been determined 
(14). Further studies should estimate whether re-
duced prophylactic AMU affects serotype diversity 
and assess whether the Salmonella Kentucky lineages 
circulating in poultry in Canada have clinical impact 
in broilers. In Salmonella-positive flocks, >1 serovar 
was isolated from a single flock. The serovar isolated 
from a single sample is generally supposed to repre-
sent the most predominant serovar. To reduce po-
tential underestimation of serovar diversity within a 
flock, CIPARS/FoodNet Canada routinely cultures 
each sample (4 total).

The study shows that the injection of antimicrobi-
als in ovo or subcutaneously at hatcheries is signifi-
cantly associated with resistance in foodborne bacte-
ria on the farm. The progressive elimination of AMU 
administered through injection (ceftiofur in 2014 then 
gentamicin and lincomycin/spectinomycin at the 
end of 2018) might have largely contributed to the ob-
served decrease in AMR. In Canada, the injection in 
ovo or subcutaneously at the hatcheries with ceftio-
fur was aimed at the prevention of omphalitis caused 
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Figure 4. Mean antimicrobial use administered in ovo or subcutaneously at broiler chicken hatcheries or through feed, by isolation of 
bacterial	species,	Canada,	2013–2019.	A)	Salmonella;	B)	Escherichia coli; C) Campylobacter.	Route	of	administration	in	each	panel:	
top,	in	ovo	or	subcutaneous	injections;	bottom,	feed.	Mean	antimicrobial	use	is	color	coded:	lincosamides,	in	light	blue;	overall,	in	black;	
third-generation cephalosporins, in yellow; orthosomycins, in brown; penicillins, in purple; streptomycin, in cyan; and macrolides, in 
green.	Antimicrobials	are	represented	only	if	significantly	(p<0.05)	changing	over	time.	The	antimicrobial	use	trend	through	water	is	not	
represented	because	no	statistically	significant	differences	were	found.	
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by E. coli. Since 2005, and after the partial voluntary 
restriction of its use, a decline in the prevalence of 
third-generation cephalosporin-resistant Salmonella 
Heidelberg isolates in retail chicken was observed (8). 
Moreover, a reduction of AmpC-associated resistance 
genes was observed in E. coli after the elimination of 
preventive use in 2014, the second cessation of use 
nationally (27,28). We found a decrease not only of 
cephalosporin resistance (ceftriaxone and cefoxitin) 
but also ampicillin resistance in Salmonella and E. coli 
during 2013–2019. Therefore, decreased use of ceftio-
fur may have led to a concomitant decrease in resis-
tance to ampicillin.

We did not identify resistance rate differences 
between antimicrobial-free and conventional farms. 
Some studies have shown that antimicrobial-free 
farms have significantly lower resistance rates for 

Salmonella (29) and Campylobacter (30) compared 
with conventional farms, whereas other studies do 
not report such differences (7,31). In our study, al-
though AMR did not differ according to production 
system, we observed a significantly higher preva-
lence of Salmonella Heidelberg on conventional 
farms (Appendix Figure 1). Similarly, we observed 
a small to no effect of using the ideal method for 
cleaning and disinfection (19) on AMR. However, 
significantly higher prevalence of Salmonella Hei-
delberg and Kentucky (Appendix Figure 1) were 
found in flocks that did not use the ideal method 
of disinfection. This finding raises awareness of the 
larger impact of AMU even when hygiene methods 
are ideal, but more important, the shift in serotype 
composition might have affected AMR rate. For ex-
ample, Salmonella Kentucky and Heidelberg have 
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Figure 5.	Mean	antimicrobial	use	through	injection,	water,	and	feed	in	broiler	chicken	flocks	where	Salmonella, Escherichia coli, and 
Campylobacter	were	isolated,	Canada,	2013–2019.	A)	Salmonella;	B)	Escherichia coli; C) Campylobacter. Route of administration 
in	each	panel:	top,	in	ovo	or	subcutaneous	injections;	middle,	water;	bottom,	feed.	Arrows	represent	directionality	from	no	multidrug	
resistance	(MDR;	gray)	to	MDR	(red).	Asterisks	(*)	indicates	p<0.05,	obtained	from	mixed	effects	logistic	regression	including	
antimicrobial	use	as	fixed	effect	and	flock	and	veterinarian	identification	as	random	effects.	AGL,	aminoglycoside;	BAC,	bacitracin;	CC,	
chemical	coccidiostats;	FFL,	flavophospholipid;	FQ,	fluoroquinolone;	LINC,	lincomycin;	LNCACL,	lincosamides;	MACR,	macrolide;	
ORTH,	orthomycin;	PEN,	penicillin;	STRGR,	streptogramin;	TET,	tetracycline;	TMS,	trimethropim-sulfonamides;	3GC,	third-generation	
cephalosporin. 
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the highest frequencies of resistance to ciprofloxacin 
(32) and to cephalosporins (33). The differences in 
the number of antimicrobial-free (n = 286) and con-
ventional (n = 1,612) farms included in this study 
may have affected the ability to detect significant 
differences in AMR levels between farm categories. 
As more producers transition to alternate produc-
tion systems, drivers for AMR other than AMU 
could be further investigated.

In our study, an overall reduction in resistance 
levels in indicator and zoonotic foodborne bacteria 
of broiler chicken origin was successfully achieved 
in response to changes in AMU practices in broiler 
chickens in Canada during 2013–2019. Resistance 
to certain antimicrobial classes have emerged or in-
creased; the increases may be associated with use 
of aminoglycosides through water for disease treat-
ment, the shift in prevalence of different Salmonella 
serotypes over time, or both. Farms that use the ideal 
method of disinfection and farms classified as anti-
microbial free had lower prevalence of Salmonella 
serotypes of higher public health importance, indi-
cating that implementation of sanitation best prac-
tices and reduced AMU programs are beneficial. As 
evidenced by the AMR results, the removal of AMU 
exposures during the early stages of an animal’s life 
could further reduce AMR. Additional work should 
address the effect of reduction of AMU on produc-
tion costs; relevant production indicators including 
bird morbidity, mortality, and feed-conversion rates; 
and bird welfare in broiler chicken farms in Canada. 
The emerging practices on the use of alternatives to 
antimicrobials (e.g., vaccines against E. coli, Salmo-
nella, and gut health enhancers) also warrant fur-
ther investigation. This additional information will 
provide future guidance for the progressive transi-
tion from the current AMU-dependent production 
systems to alternative and sustainable measures to 
promote animal health and productivity.
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As of May 2021, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) had infected >154 

million globally and caused >3.2 million deaths (1). 
The United States accounts for ≈21% of coronavirus 
disease (COVID-19) cases and related deaths world-
wide (1). Vaccines are a highly effective transmis-
sion prevention tool. However, SARS-CoV-2 testing, 
contact tracing, and quarantining are among the few 
effective prevention measures available to the public 
that are proven to reduce transmission in the setting 
of variable vaccine availability and uptake (2). The 
COVID-19 disease burden has disproportionately 
affected Black and Latinx populations in the United 
States (3,4). These health disparities in racial and eth-
nic minority populations are driven by complex so-
cial and structural factors, such as a paucity of health 
services, absence of culturally tailored services, and 
economic barriers that affect adherence to quarantine 
guidelines (5,6). These disparities have been further 
compounded by fragmented SARS-CoV-2 testing 

policies in the United States, which have not priori-
tized testing for medically underserved racial and 
ethnic minority communities (2).

Rhode Island experienced high rates of SARS-
CoV-2 infection early in the pandemic and has been 
recognized for expanding testing early across the state 
(5). Policies in Rhode Island evolved in tandem with 
the pandemic and availability of testing supplies. In 
April 2020, faced with limited testing supplies and 
healthcare personnel, offi cials in Rhode Island restrict-
ed SARS-CoV-2 testing to prescheduled appointments 
for symptomatic persons with recent travel histories 
(7,8). By June, testing recommendations in Rhode Is-
land had evolved to include populations considered at 
high risk for COVID-19, and the state has since main-
tained one of the highest per capita testing rates in the 
United States (7,8). However, most testing locations re-
quired appointments and were limited to symptomatic 
patients, and services were not offered in most urban 
communities, where infection rates were highest. 

As seen elsewhere in the United States, the Latinx 
community in Rhode Island has been disproportion-
ately affected by COVID-19 (9). The Latinx commu-
nity constitutes just 14% of the population in Rhode 
Island; the most represented countries and territo-
ries are Mexico (35%), Cuba (29%), Spain (11.7%), 
and Puerto Rico (8.9%). However, the Latinx com-
munity accounts for 38% of positive SARS-CoV-2 
tests and 33% of COVID-19–related hospitalizations 
in the state (1,8).

The Study
In June 2020, to respond to the unmet need for cultur-
ally tailored SARS-CoV-2 testing services, we opened 
a multilingual, community-based site for testing by 
PCR in Providence, Rhode Island (7). This program 
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DISPATCHES

We	developed	a	testing	program	for	severe	acute	respira-
tory	syndrome	coronavirus	2	in	an	urban	Latinx	neighbor-
hood	 in	Providence,	Rhode	 Island,	USA.	Approximately	
11%	of	Latinx	participants	(n	=	180)	tested	positive.	Cul-
turally	 tailored,	community-based	programs	 that	 reduce	
barriers	to	testing	help	identify	persons	at	highest	risk	for	
coronavirus	disease.



DISPATCHES

was supported by the Rhode Island Department of 
Health. We partnered with a local community cul-
tural center to develop a culturally tailored model 
for SARS-CoV-2 testing in urban neighborhoods 
with large numbers of Latinx residents and high 
rates of COVID-19 infection. The cultural center was 
a well-known space for community gatherings, art-
ist performances, and religious services. The testing 
site was staffed by trained medical personnel includ-
ing clinical providers and volunteers. We designed 
the testing model to accept all walk-ins; offer drive-

through and walk-up testing; provide onsite access 
to bilingual testing services in English, Spanish, and 
Portuguese (with additional language services pro-
vided by tele-interpretation); offer patients multiple 
modalities for accessing test results (in person, by 
telephone, postal mail, or online portal for patients 
with email addresses); provide testing regardless 
of insurance status, provider referral, in-state resi-
dency, or clinical manifestation; and forego out-of-
pocket costs. We also worked with Latinx communi-
ty leaders to promote our testing program on Latinx 
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Table 1. Demographic	information	for patients	undergoing	testing	for	severe	acute	respiratory	syndrome	coronavirus	2	at	Rhode	
Island	Public	Health	Institute	testing	site,	Rhode	Island,	USA,	June	8–August	8,	2020* 

Characteristic Total,	n	=	498 
SARS-CoV-2–positive	
patients,	n	=	26	(5%) 

SARS-CoV-2–negative	
patients,	n	=	472	(95%) 

Median	age	(range),	y 36.9	(7–91) 40.1	(7–91) 36.7	(11–77) 
Age	group,	y 

   

 0–14 13	(3) 1	(4) 12	(3) 
 15–34 262	(53) 11	(42) 251	(53) 
 35–64 184	(37) 11	(42) 173	(37) 
 >65 39	(8) 3	(12) 36	(8) 
Race 

   

 White 230	(49) 2	(9) 228	(51) 
 Other	race 123	(26) 14	(61) 109	(24) 
 Black	or	African	American 86	(18) 4	(17) 82	(18) 
 Asian 26	(6) 2	(9) 24	(5) 
 American	Indian	or	Alaskan	Native 4	(1) 1	(4) 3	(1) 
 Unknown	or	not	reported 29	(6) 3	(12) 26	(6) 
Ethnicity    
 Not	Hispanic	or	Latinx 303	(63) 5	(21) 298	(65) 
 Hispanic	or	Latinx 180	(37) 19	(79) 161	(35) 
 Unknown	or	not	reported 15	(3) 2	(8) 13	(3) 
Preferred	language 

      

 English 392	(79) 12	(48) 380	(81) 
 Spanish 102	(21) 12	(48) 90	(19) 
 Other	language 2	(0) 1	(4) 1	(0) 
 Unknown	or	not	reported 2	(0) 1	(4) 1	(0) 
Sex	assigned	at	birth 

      

 F 304	(61) 9	(36) 295	(63) 
 M 193	(39) 16	(64) 177	(38) 
 Unknown	or	not	reported 1	(0) 1	(4) 0 
Gender	identity	(grouped) 

      

 Woman 225	(52) 9	(41) 216	(53) 
 Man 155	(36) 13	(59) 142	(35) 
 Nonbinary,	genderqueer,	nonconforming,	or	agender 46	(11) 0 46	(11) 
 Not	listed	or	other 5	(1) 0 5	(1) 
 Unknown	or	not	reported 67	(13) 4	(15) 63	(13) 
Sexual	orientation 

      

 Straight	or	heterosexual 260	(60) 20	(91) 240	(59) 
 Pansexual,	queer,	asexual,	or	bisexual 100	(23) 0 100	(24) 
 Lesbian,	gay,	or	homosexual 57	(13) 1	(5) 56	(14) 
 Not	listed	or	other 15	(3) 1	(5) 14	(3) 
 Unknown	or	not	reported 66	(13) 4	(15) 62	(13) 
Clinical	manifestation 

      

 Asymptomatic 369	(90) 14	(78) 355	(91) 
 Symptomatic 39	(10) 4	(22) 35	(9) 
 Unknown	or	not	reported 90	(18) 8	(31) 82	(17) 
Insurance	package 

      

 Commercial	or	group	policy, e.g.,	HMO,	PPO 307	(62) 10	(40) 297	(63) 
 No	insurance 116	(23) 10	(40) 106	(23) 
 Medicaid	or	Medicare	Part	B 73	(15) 5	(20) 68	(14) 
 Unknown	or	not	reported 2	(0) 1	(4) 1	(0) 
*Values	are	no.	(%)	except	as	indicated.	SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2. 
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radio, Facebook, and other social media; conducted 
outreach to sexual and gender minority communi-
ties on social media platforms; and partnered with 
established community resources (e.g., cultural cen-
ters, churches) to promote testing by word of mouth. 
All persons who underwent testing were required to 
provide their legal name and date of birth, proof of 
identity and address (e.g., state identification card, 
utility bill, bank statement, etc.), contact information 
(i.e., address, phone number), and insurance infor-
mation if applicable. We did not collect information 
related to immigration or in-state residency status 
to avoid introducing perceived barriers to testing. A 
healthcare provider at our facility contacted every 
person who tested positive for SARS-CoV-2 as soon 
as results were available. Patients were then con-
nected with available support services, such as food 
and housing resources. The Department of Health 
also contacted patients to support additional trans-
mission prevention activities.

During June 8–August 8, 2020, a total of 498 
persons in the community underwent testing at 
this site; 40% of the sample identified as Latinx. 
Approximately 5% of all persons (Table 1) and 11% 
of Latinx participants were SARS-CoV-2–positive, 
compared with a statewide positive rate of 2%–3% 
(10). Furthermore, although 40% of the sample self-
identified as Latinx, Latinx persons constituted 
80% of positive case-patients. Latinx persons had 
7 times higher odds of testing positive (crude odds 

ratio [OR] 7.03, 95% CI 2.58–19.19) than did non-
Latinx persons (Table 2). 

Although we designed our program to respond 
to unmet needs for urban SARS-CoV-2 testing, it at-
tracted persons from throughout the city of Provi-
dence and the state of Rhode Island (Figure 1). How-
ever, the greatest number of positive SARS-CoV-2 
tests were from persons who lived in the surrounding 
ZIP codes (Figure 2), a geographic area experiencing 
high rates of community transmission.

Only 39% of all patients in this sample were men, 
but they represented 59% of all COVID-19 cases. Be-
ing male was associated with 2.96 times higher odds 
of testing positive (crude OR 2.96, 95% CI 1.28–6.84). 
Sexual minorities accounted for ≈40% of the sample, 
and gender minorities accounted for 12% of the sam-
ple. However, sexual and gender minorities had far 
lower rates of COVID-19 infection; 90% of persons 
who tested positive for SARS-CoV-2 were cisgender 
and heterosexual.

Conclusions
Our experience suggests that SARS-CoV-2 testing 
models that reduce barriers to care can successful-
ly reach medically underserved communities that 
have high rates of COVID-19 infection. Culturally 
tailored approaches might be critical for identify-
ing Latinx populations unaware of their SARS-
CoV-2 infection (10). Not requiring health insur-
ance or physician orders for testing, not charging 
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Table 2. Association	between	specific	sociodemographic	characteristics	and	a	positive	PCR	test	result	for	severe	acute	respiratory	
syndrome	coronavirus	2,	Rhode	Island,	USA,	June	8–August	8,	2020* 
Variables Crude	odds	ratio	(95%	CI) Adjusted	odds	ratio	(95%	CI) 
Age,	y 1.01	(0.99–1.03) NC 
Race 

  

 White Referent 
 

 Asian 9.5	(1.28–70.52) NC 
 Black/African	American 5.56	(1.00–30.93) NC 
 Other	Race 15.27	(3.43–67.92) NC 
Ethnicity 

  

 Non-Hispanic Referent 
 

 Hispanic 7.03	(2.58–19.19) NC 
Gender 

  

 Female Referent 
 

 Male 2.96	(1.28–6.84) NC 
Insurance	status 

  

 Insured 
 

Referent 
 Uninsured NC 1.46	(0.50–4.21) 
 Medicaid/Medicare	Part	B NC 2.57	(0.75–8.75) 
Sexual	orientation 

  

 Heterosexual 
 

Referent 
 Same-sex NC 0.61	(0.07–5.47) 
 Bisexual NC NC 
 Queer,	asexual,	or	pansexual NC NC 
 Other NC 0.69	(0.08–5.97) 
*In	an	exploratory	analysis,	we	treated	demographics,	insurance,	and	sexual	orientations	as	exposures	and	identified	models	for	each	variable.	Because	
no	factors	could	affect	the	status	of	age,	race,	or	ethnicity,	we	present	crude	odds	ratios	for	these	variables.	For	insurance	and	sexual	orientation,	we	
identified	age,	race,	and	ethnicity	as	confounding	variables	on	the	basis	of	a	priori	knowledge	and	present	adjusted	odds	ratios. NC,	not	calculable. 
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payment, and offering walk-up and drive-through 
testing enabled widespread participation in our 
testing program. Offering multiple means of bilin-
gual communication, including text, phone, email, 
traditional mail, and an online portal, also enabled 
communication with otherwise hard-to-reach pa-
tients. Although our findings are notable, they 
would be strengthened by an increased sample size 
to better characterize differences observed in the 
study population. Our outreach strategies were ef-
fective, but additional efforts in future initiatives 
could further improve testing outreach.

Our program provides a useful framework for 
reducing barriers to SARS-CoV-2 testing services in 
underserved communities, including sexual and gen-
der minorities and Latinx populations who otherwise 
might not be tested for SARS-CoV-2. Perhaps the great-
est challenge to replicating and sustaining this model 
is developing a viable funding model. Despite our 
program’s success in enabling testing for persons at 
elevated risk for COVID-19, the human and financial 
resources needed to maintain this testing site design 
might limit its ability to be implemented in resource-

limited environments. The need for culturally tailored 
testing programs will continue even as vaccination 
programs are enacted across the country. Currently, 
reimbursement-based and traditional medical service 
delivery models often operate at a financial loss; great-
er public funding support is needed to sustain cultur-
ally tailored, low-barrier testing models that address 
ethnic and racial disparities in SARS-CoV-2 infection.

This research was supported in part by National Institutes 
of Health/National Institute of Allergy and Infectious 
Diseases grant R25AI140490 and National Institutes of 
Health/National Institute of General Medical Sciences 
grant U54GM115677.
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Figure 1. Geographic	distribution	of	498	persons	tested	for	severe	
acute	respiratory	syndrome	coronavirus	2	by	Rhode	Island	Public	
Health	Institute	staff,	Rhode	Island,	USA,	June	8–August	8,	2020.	
Color	scale	indicates	number	of	persons	tested	by	ZIP	code.	Five	
patients	had	unknown	ZIP	codes	and	16	were	from	out	of	state.

Figure 2.	Geographic	distribution	of	28	persons	receiving	a	positive	
test	result	for	severe	acute	respiratory	syndrome	coronavirus	2	from	
testing	performed	by	Rhode	Island	Public	Health	Institute	staff	during	
June	8–August	8,	2020.	Color	scale	indicates	number	of	persons	
testing	positive	by	ZIP	code.	One	patient	had	an	unknown	ZIP	code.
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Natural infections with severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) in do-

mestic animals living in infected households have 
been reported (1). Because of their increased popular-
ity as a pet (2), domestic ferrets (Mustela putorius furo) 
pose a high risk for transmitting anthropozoonotic 
infections. A recent study in Spain showed that natu-
ral SARS-CoV-2 infections can occur in ferrets kept 
as working animals for rabbit hunting, especially if a 
high viral circulation is present in the human popula-
tion (3). Further, ferrets are common laboratory ani-
mal models and, at least in experimental conditions, 
have been shown to be highly susceptible to SARS-
CoV-2 infection and likely to transmit the virus to 
other ferrets without apparent clinical signs (4).

The Study
On November 20, 2020, a 5-year-old neutered male 
domestic ferret had signs of acute gastroenteritis, in-
cluding apathy, anorexia, vomiting, and profuse mu-
cous diarrhea. Another ferret in the same household 
appeared healthy. Because the ferret’s condition did 
not improve, the owner took it to a veterinary hospi-
tal for clinical examination on November 23. The fer-
ret was lethargic and, on the basis of skin turgor, was 

>5% dehydrated with low body temperature (36.4°C, 
reference range 37.8–40°C) and slow heart rate (180 
beats/min, reference 200–400 beats/min). The body 
condition of the ferret was good, with a bodyweight 
of 1.3 kg. Several hematology and serum biochemis-
try results were elevated: red blood cell count (12.36 
× 106/µL, reference 7.01–9.65 × 106/µL), hemoglobin 
concentration (21.2 g/dL, reference 12.2–16.5 g/dL), 
and hematocrit (0.57%, reference 0.36%–0.48%); blood 
urea nitrogen (>129.94 mg/dL, reference 18–32 mg/
dL), hyperproteinemia (8.5 g/dL, reference 4.5–6.2 g/
dL), hyperglobulinemia (4.4 g/dL, reference 2.8–3.6 
g/dL), and borderline hyperalbuminemia (4.0 g/
dL, reference 2.5–4.0 g/dL) were consistent with 
dehydration and possible infection. The results of 
all other hematologic and biochemical values were 
within reference ranges. Whole-body radiographs 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/27/9/21-0774-App1.pdf) showed spleno-
megaly and gas accumulation in intestinal loops. In-
terstitial and alveolar patterns of cranial lung lobes 
were present, indicating possible lobar pneumonia. 
The ferret was hospitalized and initially given fl uid 
therapy, amoxicillin, esomeprazole, maropitant, and 
dexamethasone. Three days later, the clinical status 
of the ferret improved, hematologic and biochemical 
values normalized, and the ferret was scheduled for 
discharge. However, on the same day, the owner in-
formed the veterinary hospital of having positive re-
sults for SARS-CoV-2 RNA tested on November 24, 
after 9 days of malaise. Additional rectal and oropha-
ryngeal swab specimens and blood samples were tak-
en from the ferret for further diagnostic procedures, 
and the ferret was discharged from the hospital and 
put into isolation at the owner’s home. Samples were 
not taken from the other pet ferret at the residence, 
but the rest of household members tested negative for 
SARS-CoV-2 RNA on November 25.

We tested the ferret’s samples for SARS-
CoV-2 RNA (Appendix) and ferret-specifi c enteric 
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We report a case of natural infection with severe acute 
respiratory syndrome coronavirus 2 transmitted from an 
owner to a pet ferret in the same household in Slovenia. 
The ferret had onset of gastroenteritis with severe dehy-
dration. Whole-genome sequencing of the viruses isolat-
ed from the owner and ferret revealed a 2-nt diff erence.
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coronavirus (FERCV) (5) by real-time reverse tran-
scription PCR; influenza A and B viruses (6) by reverse 
transcription PCR; and herpesviruses (7), adenovirus-
es (8), and circoviruses (9) and by PCR. The only posi-
tive result was the detection of SARS-CoV-2 RNA in 
the rectal and oropharyngeal swab specimens. In the 
oropharyngeal swab specimen, all 3 targeted genes 
(envelope, cycle threshold [Ct] 27.7; RNA dependent 
RNA polymerase, Ct 28.5; and nucleocapsid, Ct 32.1) 
were detected, and in the rectal swab specimen only 
envelope gene (Ct 35.6) was detected, a finding proba-
bly attributable to a lower virus concentration. To com-
pare the SARS-CoV-2 detected in the owner and the 
ferret, we conducted whole-genome sequencing on Il-
lumina MiSeq (Illumina, https://www.illumina.com) 
on the basis of the ARTIC protocol (https://artic.net-
work/ncov-2019/ncov2019-bioinformatics-sop.html). 
The complete genome sequences were deposited in 
the GISAID database (https://www.gisaid.org; acces-
sion nos. EPI_ISL_1490186 and EPI_ISL_1490187). Ac-
cording to the pangolin nomenclature, the sequences 
belonged to the B.1.258 Pango lineage, which was on 
the rise in Slovenia in November 2020 (Figure 1). The 
comparison of both sequences showed ≈100% identi-
ty, differing by 2 nucleotides (position/owner/ferret: 
2,097/G/T; 22,832/C/A).

We also confirmed the SARS-CoV-2 infection in 
the ferret on the basis of SARS-CoV-2 IgG serocon-
version and development of neutralizing antibod-
ies. We tested the ferret’s acute and convalescent 
serum samples with an in-house immunofluores-
cent assay (Appendix). The first serum sample ob-
tained on day 6 after disease onset tested negative; 
however, seroconversion was observed on day 19, 
when the IgG titer was 1:1,024 (Figure 2, panels 
A, B). In addition, we detected a high neutralizing 
antibody titer of 1:320 in the second serum sample 
(Figure 2, panel C).

Conclusions
SARS-CoV-2 originated in animals, jumped into hu-
mans, and is now easily transmitted among humans. 
In addition to spreading from animals to humans, 
the virus can be transmitted back into animals, as 
observed in farmed mink (Neovison vison) (10). Most 
experimentally infected ferrets do not exhibit clinical 
signs or have only mild fever, lethargy, loss of appe-
tite, and occasional cough (4,11). Also, among work-
ing ferrets naturally infected with SARS-CoV-2 in 
Spain, no signs of illness were reported (3).

In our study, the infected ferret had onset of se-
vere disease with gastroenteritis, pneumonia, and 
dehydration and required aggressive fluid therapy 

and supportive care with antibiotics, antacids, anti-
emetics, and parenteral dexamethasone. The ferret re-
sponded to the therapy promptly and fully recovered 
in 3 days. Acute epizootic catarrhal enteritis caused 
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Figure 1. Phylogenetic sequence context consisted of high-quality 
complete severe acute respiratory syndrome coronavirus 2 genome 
sequences from a domestic ferret, Slovenia, corresponding to Pango 
lineage B.1.258. The context sequences were downloaded from 
GISAID (https://www.gisaid.org) and subsampled to 62 sequences 
and National Center for Biotechnology Information reference 
sequence NC_045512.2. The phylogenetic reconstruction using a 
general time-reversible plus F plus R4 substitution model was built in 
Figtree (Evomics, http://evomics.org) with 1,000 bootstrap replicates. 
The reference sequence was used as an outgroup to root the 
phylogenetic tree. GISAID accession numbers and isolation dates 
are provided. Scale bar indicates substitutions per site.
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by FERCV was one of the plausible differential diag-
noses in the initial treatment plan for the ferret. For 
this reason, dexamethasone was used parenterally 
because additional treatment with a short course of 
steroids might speed the recovery and reduce future 
problems of malabsorption attributable to villi de-
struction caused by fulminate FERCV infection (12). 
In humans, the effective drugs against coronavirus 
disease are poorly defined, yet dexamethasone in 
combination with supportive therapy is frequently 
used (13). However, the risk for unnecessary use and 
adverse effects must be considered before treatment 
attempts with corticosteroids.

We assume that SARS-CoV-2 likely spread from the 
infected owner to the ferret living in the same household. 
Symptoms appeared in the owner 4 days before the fer-
ret became ill. All other household members tested nega-
tive for SARS-COV-2 RNA, ruling out asymptomatic in-
fected persons in the family. Another close contact ferret 
in the same household appeared healthy. Likewise, no 
disease among staff or animals at the veterinary hospital 
was reported during or after the hospitalization of the 
ferret. Nevertheless, ferrets as laboratory models were 
shown to shed SARS-CoV-2 up to 8 days postinfection in 
nasal swab, saliva, urine, and fecal samples. Ferrets can 
effectively transmit the infection to other animals (14) or 
possibly humans, thus highlighting the importance of 
recognizing the infection in pets early to prevent spread 
to other animals or humans in the same household  
or elsewhere (15).

In the mink farm outbreak in Denmark, SARS-
CoV-2 transmission was shown to spill over from 
minks to humans accumulating mutations that 
are resistant to neutralizing antibodies or vaccines 
along the way (10). In our study, whole-genome 
sequencing of the virus detected in the owner and 

ferret revealed only a 2-nt difference, and neither of 
those was present in the spike protein gene. None-
theless, retaining the One Health approach is cru-
cial for early detection and monitoring of emerging 
zoonoses in humans.
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Coronavirus disease (COVID-19) is typically diag-
nosed by reverse transcription PCR (RT-PCR) am-

plifi cation of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) RNA from nasopharyngeal fl uids 
(1). RT-PCR yields cycle threshold (Ct) values that are 
inversely correlated with viral loads (2) and thus pro-
vide an estimate of the number of SARS-CoV-2 RNA 
copies in the sample. Serologic assays complement 
COVID-19 diagnosis by documenting past infections. In 
most persons, binding and neutralizing antibodies de-
velop within 1–3 weeks after onset of symptoms (3), and 
titers correlate with disease severity (4).

Initial serosurveys identifi ed antibodies in near-
ly 100% of persons with RT-PCR–confi rmed SARS-
CoV-2 infection (5). However, more recent studies 

have shown that seroconversion rates are surpris-
ingly variable (6–10). For example, a multicenter 
study from Israel reported that 5% of participants re-
mained seronegative despite a positive test result on 
a nasal swab specimen (6). In contrast, a seropreva-
lence study from New York found that 20% of per-
sons with a positive RT-PCR test result did not sero-
convert (8). Another study from Germany reported 
that 85% of confi rmed infected COVID-19 contacts 
failed to develop antibodies (9). To examine the rea-
sons for these differences, we investigated the rela-
tionship between seroconversion and demographic, 
clinical, and laboratory data in a convenience sample 
of convalescent persons recruited at the University 
of Alabama at Birmingham (Birmingham, Alabama, 
USA) in 2020.

The Study
We studied 72 persons, all of whom had a previous 
positive RT-PCR test but were symptom-free for >3 
weeks before blood was collected for testing (Table). 
Only 2 persons (3%) reported no symptoms, whereas 
13 (18%) persons reported mild disease, 48 (67%) re-
ported moderate disease, and 9 (12%) reported severe 
disease (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/27/9/21-1024-App1.pdf).

We tested plasma samples (n = 144) collected at 
enrollment and follow-up visits for antibodies to the 
spike protein by using a validated ELISA (Appendix). 
Only 46 of the 72 participants had detectable IgG re-
sponses, IgA responses, or both (Table); reciprocal 
endpoint titers ranged from 182 to >312,500 (Ap-
pendix Table 2). Analysis of the same samples for re-
ceptor-binding domain (RBD) and nucleocapsid (N) 
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Not	all	persons	recovering	from	severe	acute	respiratory	
syndrome	coronavirus	2	(SARS-CoV-2)	infection	develop	
SARS-CoV-2–specifi	c	antibodies.	We	show	that	nonse-
roconversion	is	associated	with	younger	age	and	higher	
reverse	 transcription	 PCR	 cycle	 threshold	 values	 and	
identify	SARS-CoV-2	viral	loads	in	the	nasopharynx	as	a	
major	correlate	of	the	systemic	antibody	response.
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antibodies yielded very similar results (Appendix Fig-
ure 1). All persons with spike protein antibodies also 
had detectable RBD (IgG, IgM, or both) or N (IgG) 
protein responses, except for 1 participant whose 
spike protein endpoint titers were very low (Appen-
dix Table 2). In contrast, 26 participants remained se-
ronegative, despite the testing of up to 3 samples per 
person for IgA, IgM, and IgG against multiple anti-
gens as well as neutralizing antibodies. Thus, 36% of 
our cohort represented serologic nonresponders.

To investigate potential reasons for the lack of se-
roconversion, we examined available demographic, 
clinical, and laboratory data. Comparing race/ethnic-
ity, sex, and symptom severity, we failed to find a sig-
nificant association with serostatus (Table), although 
we did observe a trend for increasing antibody posi-
tivity with increasing symptom severity (Appendix 
Figure 2). We also found no significant differences 
in seroconversion between patients reporting or not 
reporting various symptoms, including symptoms 

characteristic of COVID-19 (Appendix Figure 3). 
However, seronegative persons were on average 10 
(95% CI 3–17) years younger than seropositive per-
sons (Figure 1, panel A) and exhibited RT-PCR Ct val-
ues that were 11 (95% CI 8–14) cycles higher (Figure 
1, panel B). Moreover, logistic regression showed a 
precipitous decline in the probability of seroconver-
sion at higher Ct values (Figure 2). For example, a Ct 
of 35 predicted only a 15% (95% CI 5%–37%) prob-
ability of seroconversion, which decreased further 
with increasing Ct values. Thus, low nasopharyngeal 
viral loads seem insufficient to elicit a systemic anti-
body response.

For control, we plotted Ct values of serologic re-
sponders and nonresponders against the times of RT-
PCR and antibody testing relative to symptom onset 
(Appendix Figure 4). In both cases, the distributions 
of sampling times were similar for the 2 groups, thus 
excluding the possibility that seronegative persons 
had higher Ct values because they were tested too late 
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Table. Demographic,	clinical,	and	laboratory	characteristics	of	serologic	responders	and	nonresponders	after	SARS-CoV-2 infection* 

Characteristic 
SARS-CoV-2	antibody	

positive,	n	=	46 
SARS-CoV-2	antibody	

negative,	n	=	26 p value† 
Age,	y,	median	(IQR) 49	(37–63) 35	(30–46) 0.03 
Sex 

  
0.17 

 M 30	(65) 10	(38) 
 

 F 16	(35) 16	(62) 
 

Race/ethnicity 
  

1.00 
 White 28	(61) 20	(77) 

 

 Black 7	(15) 3	(12) 
 

 Asian 7	(15) 3	(12) 
 

 Latinx 4	(9) 0 
 

RT-PCR	of	nasal	swabs 
   

 DFOS,	d,	median	(IQR) 5	(3–11) 5	(4–8) 0.95 
 Ct value, median (IQR)‡ 24.5	(22–27) 36	(34–77) <0.00001 
Symptoms§ 45	(98) 25	(96) 0.21 
 Severity	0 1	(2) 1	(4) 

 

 Severity	1 5	(11) 8	(31) 
 

 Severity	2 33	(72) 15	(58) 
 

 Severity	3 7	(15) 2	(8) 
 

Hospitalization 6	(13) 2	(8) 1.00 
Serologic	analyses 

   

 DFOS	of	T1,	d,	median	(IQR) 34	(26–46) 33	(22–43) 0.74 
Binding	antibodies	positive¶    
 Spike	protein	IgG# 46	(100) 0 

 

 Spike	protein	IgA# 43	(93) 0 
 

 RBD	IgG** 44	(96) 0 
 

 RBD	IgM** 38	(83) 0 
 

 Nucleocapsid protein IgG†† 43	(93) 0 
 

Neutralizing	antibodies	positive¶ 45	(98) 0 
 

*Values	are	no.	(%)	unless	otherwise	indicated.	Participants	were	a	convenience	sample	recruited	at	the	University	of	Alabama	at	Birmingham	
(Birmingham,	AL,	USA)	during	March–May	2020.	Ct,	cycle	threshold;	DFOS,	days	following	onset	of	symptoms;	IQR,	interquartile	range;	RBD,	receptor	
binding	domain;	RT-PCR,	reverse	transcription	PCR;	SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2;	T1,	time	of	first	serologic	test. 
†Calculated using a likelihood ratio test for a logistic regression predicting seropositivity for the category indicated after	Bonferroni	correction	for	multiple	
comparisons,	except	for	RT-PCR	and	serologic	DFOS,	for	which	p-values were calculated using a Welch’s 2-sample	t-test. 
‡Ct values	were	only	available	for	a	subset	of	seropositive	(n	=	34)	and	seronegative	(n	=	25)	persons	(Appendix	Table	1,	
https://wwwnc.cdc.gov/EID/article/27/9/21-1024-App1.pdf). 
§Symptom	severity	was	self-reported,	with	0	indicating	no	symptoms,	1	indicating	mild	symptoms	with	little	impact	on	daily	activities,	2	indicating	moderate	
symptoms	with	noticeable	impact	on	daily	activities,	and	3	indicating	severe	symptoms	with	a	substantial	reduction  in	quality	of	life	(Appendix	Table	1). 
¶Above	assay	detection	limits (Appendix	Table	2	details	midpoint	and	endpoint	titers). 
#ELISA	detection	of	IgG	and	IgA	binding	antibodies	to	a	prefusion	stabilized	Wuhan-Hu-1	spike	protein. 
**ELISA	detection	of	IgM	and	IgG	binding	antibodies	to	RBD	of	the	Wuhan-Hu-1	spike	protein. 
††Detection of IgG binding antibodies to the nucleocapsid protein by the Abbott Architect assay. 
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Figure 1.	Relationship	of	age	and	
nasopharyngeal	viral	loads	with	
SARS-CoV-2	serostatus	among	
convalescent	persons	after	SARS-
CoV-2	infection.	Participants	
were	a	convenience	sample	of	
convalescent	SARS-CoV-2–infected	
persons	recruited	at	the	University	
of	Alabama	at	Birmingham,	
Birmingham,	Alabama,	USA,	2020.	
Age	(panels	A,	C,	and	E)	and	RT-
PCR	Ct	values	(panels	B,	D,	and	F)	
are	plotted	for	seropositive	(red)	and	
seronegative	(blue)	persons.	Panels	
show	comparisons	of	persons	
tested	at	all	sites	(panels	A,	B),	the	
Assurance	Scientific	Laboratories	
site	(panels	B,	C),	and	the	University	
of	Alabama	at	Birmingham	
Fungal	Reference	Laboratory	and	
Children’s	of	Alabama	Diagnostic	
Virology	Laboratory	sites	(panels	E,	
F).	The	mean	(horizontal	line)	and	
corresponding	95%	CI	(shading)	
are	shown;	p-values	indicate	the	
results	of	a	likelihood	ratio	test	after	
Bonferroni	correction	for	multiple	
comparisons.	Ct,	cycle	threshold;	
RT-PCR,	reverse	transcription	
PCR;	SARS-CoV-2,	severe	acute	
respiratory	syndrome	coronavirus	2.
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or that they lacked antibodies because they were test-
ed too early. We also examined remnants of purified 
RNA used for the initial diagnosis for the presence 
of SARS-CoV-2 sequences. By analyzing 12 available 
samples (Appendix Table 1), we were able to amplify 
full-length intact spike genes from 4 specimens, in-
cluding 2 from seronegative persons with high Ct val-
ues (Appendix Figure 5).

Finally, we asked whether the relationship be-
tween seroconversion, age and Ct values was depen-
dent on the diagnostic laboratory. We found that 2 
sites with highly sensitive RT-PCR tests (University 
of Alabama at Birmingham Fungal Reference Labo-
ratory and Children’s of Alabama Diagnostic Virol-
ogy Laboratory in Birmingham) were 6 (95% CI 2–30) 
times more likely to identify serologic nonresponders 
than a third site with a less sensitive test (Assurance 
Scientific Laboratories in Birmingham) (Appendix 
Methods). However, this difference did not change 
the relationship between Ct values and seroconver-
sion because seronegative persons had higher Ct val-
ues than seropositive persons regardless of the test 
site (Figure 1, panels D, F). In contrast, we observed 
little association between age and seroconversion 
at the Assurance Scientific Laboratories site (Figure 
1, panel C), and the difference observed at the other 
sites was largely driven by young persons who also 
had high Ct values (Figure 1, panel E). Thus, naso-
pharyngeal viral loads represent a major correlate of 
the systemic antibody response, whereas age seems 
to have only a minor effect.

Conclusions
In summary, we show that patients with low SARS-
CoV-2 viral loads in their respiratory tract are less 
likely to mount a systemic antibody response. Al-
though we cannot formally exclude false-positive RT-
PCR results in some participants, PCR contamination 
is highly unlikely as an explanation for our findings 
(Appendix). We also show that clinical illness does 
not guarantee seroconversion and that laboratories 
with highly sensitive RT-PCR assays are more likely 
to detect serologic nonresponders. These results pro-
vide an explanation for the puzzling variability of se-
roconversion in different cohorts.

The fact that a considerable fraction of RT-PCR 
positive persons fail to seroconvert has practical im-
plications. Such persons remain undetected in sero-
prevalence studies, including in vaccine studies that 
assess protection from asymptomatic infection by 
measuring antibodies to antigens not included in the 
vaccine. Seroconverters and nonseroconverters will 
probably also respond differently to vaccination. Re-
cent studies revealed that seropositive persons have a 
heightened antibody response after the first, but not 
the second, dose of an mRNA vaccine, suggesting 
that a single dose is sufficient (11–13; Samanovic et 
al., unpub. data, https://doi.org/10.1101/2021.02.07.
21251311). Serologic nonresponders might not exhibit 
a similarly heightened anamnestic response, but re-
semble SARS-CoV-2 naive persons, as was observed 
for 1 previously infected vaccinee who never sero-
converted (14). Finally, RT-PCR positive persons who  
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Figure 2.	Decreasing	probability	
of	SARS-CoV-2	seroconversion	
with	increasing	RT-PCR	Ct 
values	among	persons	recovered	
from	SARS-CoV-2	infection.	
Participants	were	a	convenience	
sample	of	convalescent	SARS-
CoV-2–infected	persons	recruited	
at	the	University	of	Alabama	
at	Birmingham,	Birmingham,	
Alabama,	USA,	2020.	The	number	
of	serologic	responders	(red	bars)	
and	nonresponders	(blue	bars)	
is	shown	for	varying	RT-PCR	Ct 
values.	A	logistic	regression	was	
used	to	estimate	the	probability	
of	seroconversion	for	a	given	Ct 
(line)	and	its	95%	CI	(shaded).	Ct,	
cycle	threshold;	RT-PCR,	reverse	
transcription	PCR;	SARS-CoV-2,	
severe	acute	respiratory	syndrome	
coronavirus	2.
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experienced COVID-19 symptoms might be less in-
clined to seek vaccination, believing they are protect-
ed, but our results caution against this assumption.
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Bordetella is a genus consisting mostly of strictly 
aerobic, small, gram-negative coccobacilli known 

to house the causative agent of pertussis and ken-
nel cough in dogs (Bordetella pertussis) and cats (B. 
bronchiseptica). Over the past several decades, more 
human-derived clinical isolates have been identi-
fi ed, causing a range of pathologies. As our ability to 
rapidly and precisely identify clinical isolates grows, 
characterizing these rarer causes of human disease 
and their clinical signifi cance and means of treatment 
has become vital.

B. hinzii was initially discovered in poultry iso-
lates as a respiratory colonizer and cause of respirato-
ry infection; subsequently, it was discovered to cause 
clinically signifi cant infection in 1994 in a patient with 
advanced AIDS (1). Since this characterization, B. hin-
zii has been implicated as the cause of a range of clini-
cal symptoms, including bacteremia (1–3), pulmonary 
disease (4–6), endocarditis (7), chronic cholangitis (8), 
and soft tissue abscess (9,10). We describe a case of 
meningitis in an immunocompromised patient that 
was caused by B. hinzii.

Case Report
A 44-year-old man sought care in the emergency 
department of Virginia Commonwealth University 
Medical Center (Richmond, VA, USA) in June 2020 
after experiencing 3 days of severe, diffuse headache, 

and subjective fevers; maximum measured tempera-
ture was 37.9°C. In 1986, the patient had undergone a 
living related donor kidney transplant for end-stage 
renal disease related to focal segmental glomerulo-
sclerosis. He underwent another living related donor 
transplant in 1999 and a deceased-donor transplant 
in 2010 after the previous allografts failed. His most 
recent transplant, which occurred 10 years before the 
illness documented in this study, was performed with 
thymoglobulin induction and had been maintained 
with an immunosuppressive regimen of tacrolimus 
(goal trough of 5–7 ng/mL at the time of this hospi-
talization), 180 mg mycophenolic acid (2×/d), and 
10 mg prednisone (1×/d). His medical history was 
further notable for seizure disorder and an allergy to 
penicillin, which manifested as severe urticaria.

He appeared stable in the emergency depart-
ment; vital signs were temperature 37.5°C, pulse rate 
90 bpm, respiratory rate 17 breaths/min, blood pres-
sure 141/85 mm Hg, and oxyhemoglobin saturation 
99% on room air. He reported neck stiffness associ-
ated with his headaches. When asked about animal 
exposures, he noted that he works in a warehouse 
and was regularly exposed to wild birds and rodents.  
Physical examination revealed discomfort but no 
signs of toxicity or neurologic defi cits; cranial nerves 
were intact, and speech, motor abilities, and sensation 
were unremarkable. Complete blood count revealed 
a leukocyte count of 8.4 × 109/L, hemoglobin of 11 
g/dL, and platelet count of 163 × 109/L. Additional 
bloodwork showed a glomerular fi ltration rate of 30 
mL/min, which was consistent with the patient’s 
baseline given his history of chronic kidney disease. 
Noncontrasted computed tomography of the head 
demonstrated no acute pathology. Cerebrospinal fl u-
id (CSF) was clear and colorless, and analysis indicat-
ed neutrophilic pleocytosis (Table 1). The patient was 
given 2 g intravenous (IV) ceftriaxone, a loading dose 
of 2 g IV vancomycin, and IV acyclovir. Ceftriaxone 
was rapidly replaced with 2 g meropenem given the 
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A	patient	in	Virginia,	USA,	who	had	previously	undergone	
multiple	 kidney	 transplantations	 showed	 signs	 of	 Bor-
detella hinzii	 bacteremia	and	meningitis.	This	emerging	
pathogen	has	been	increasingly	identifi	ed	as	a	clinically	
signifi	cant	 pathogen	 in	 immunosuppressed	 and,	 less	
frequently,	 immunocompetent	patients.	This	patient	was	
treated	and	recovered	without	further	issue.



DISPATCHES

patient’s immunosuppressed status and to empiri-
cally treat for the possibility of Listeria.

Additional CSF analysis was negative for cyto-
megalovirus PCR, enterovirus PCR, adenovirus PCR, 
herpes simplex virus 1 and 2 PCR, and cryptococcal 
antigen. Because of concerns about possible viral men-
ingitis, we tested nasopharyngeal swab specimens by 
using the BioFire FilmArray 2.0 respiratory pathogen 
PCR panel (bioMérieux, https://www.biomerieux.
com); results were negative. Acyclovir was stopped 
after CSF specimens tested negative for herpes sim-
plex virus by PCR, and the patient continued on van-
comycin and meropenem. On the second day of hos-
pitalization, blood cultures taken at admission grew 
gram-negative rods; CSF culture grew gram-negative 
rods on the fourth day. Blood cultures drawn after an-
tibiotics were administered showed no growth. Van-
comycin was stopped on day 3 after cultures showed 
growth of only gram-negative organisms, which by 
that time had been identified by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrom-
etry as Bordetella spp. and subsequently B. hinzii. Oral 
ciprofloxacin (500 mg every 12 h) was added on day 6 
of hospitalization because B. hinzii isolates have been 
reported to be sensitive to fluoroquinolones (9).

Around day 6 of hospitalization, the patient again 
began to experience intermittent headaches, although of 
lesser intensity than his initial symptoms. He underwent 
a second lumbar puncture on day 9, which revealed im-
proving neutrophilic pleocytosis (Table 1). CSF cultures 
from this lumbar puncture remained negative.

The patient was discharged after demonstrating 
substantial improvement. However, because results 
of antibiotic sensitivity tests were still pending at that 
time, he was discharged on renally dosed IV merope-
nem (2 g every 12 h) and oral ciprofloxacin (500 mg 
every 12 h) for a planned total antibiotic duration of 
21 days. Results of sensitivity testing of the B. hinzii 
isolates from blood and CSF samples returned after 
the patient was discharged revealed susceptibility 
to meropenem but only intermediate susceptibility 
to ciprofloxacin (Table 2). At follow-up 7 days after 
completion of therapy, the patient felt well and ap-
peared to have clinically recovered.

Conclusions
Since its discovery as a cause of bacteremia in a 
patient with advanced AIDS in 1994 (1), B. hinzii 
has been implicated in a growing range of clinical 
syndromes as an opportunistic agent in immuno-
compromised and immunocompetent persons. It 
remains an infrequently isolated pathogen; further 
research and characterization is required. Its rela-
tively recent recognition as an infective agent in hu-
mans is likely in part due to the increasingly com-
mon use of advanced identification techniques; in 
the past, B. hinzii might have been identified only at 
the genus level (11) or misidentified as a different, 
related bacterium (1)

B. hinzii is known to be found in the respiratory 
tracts of poultry as a colonizer and cause of respira-
tory infection (12). Exposure to poultry is an estab-
lished risk factor for B. hinzii infection, especially in 
immunosuppressed populations (6). It is unclear 
whether this case-patient’s exposure to wild birds in 
his workplace constitutes a similar risk. Although B. 
avium is known to infect a range of wild and domes-
ticated birds (13), whether B. hinzii affects birds other 
than poultry is not known. After the identification of 
B. hinzii from the respiratory tract of laboratory mice 
(14), rodents have also been proposed as potential 
reservoirs for this pathogen, and it has been isolated 
from wild mice (11) and rabbits (12). Definitive evi-
dence of spread from an infected or colonized animal 
to a human has yet to be discovered.
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Table 1. Cerebrospinal	fluid sample	laboratory	results in	case	of	
Bordetella hinzii meningitis	in	transplant patient,	Virginia,	USA* 
Characteristic Hospital	admission Hospital	day	9 
Leukocytes 852/mm3 26/mm3 

PMNs 86% 3% 
Monocytes 27% 1% 
Lymphocytes 5% 96% 
Erythrocytes <1	per	mm3 4	per	mm3 
Protein 149 mg/dL† 72 mg/dL† 
Glucose 58 mg/dL‡ 58 mg/dL§ 
Opening	pressure ND 39 cm	H2O 
*ND,	not	done;	PMNs, polymorphonuclear	leukocytes. 
†No serum protein available for comparison. 
‡Serum glucose 108mg/dL. 
§Serum	glucose	89mg/dL. 
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Table 2. Antibiotic	susceptibility	of	Bordetella hinzii isolate	from	blood	and cerebrospinal	fluid in	transplant	patient,	Virginia,	USA* 
Antibiotic Etest	MIC from	blood Etest	MIC from	CSF 
Ceftazidime 4	g/mL 2	g/mL 
Ciprofloxacin 2	g/mL 2	g/mL 
Imipenem 2	g/mL 1	g/mL 
Meropenem 0.125	g/mL 0.125	g/mL 
Piperacillin 1	g/mL 1	g/mL 
Tobramycin 8	g/mL 4	g/mL 
Trimethoprim/sulfamethoxazole 0.125	g/mL 0.064	g/mL 
*Etest,	bioMérieux	(https://www.biomerieux.com).	CSF,	cerebrospinal	fluid. 
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The clinical isolates in this study were notable 
for sensitivity to carbapenems, piperacillin, and trim-
ethoprim/sulfamethoxazole, which is in accordance 
with susceptibilities noted in other case reports on 
this species (9). We further noted an intermediate 
sensitivity to ciprofloxacin. Previous reports have in-
dicated that levofloxacin might have a more favorable 
MIC for B. hinzii than ciprofloxacin (9).

Because B. hinzii is an emerging pathogen, its 
virulence factors require further research to be fully 
identified. Although the more classic B. pertussis (as 
well as B. parapertussis and B. bronchiseptica) rely on 
filamentous hemagglutinin and adenylate cyclase 
toxin as virulence factors, these proteins are absent 
in B. hinzii (12). These proteins are thought to assist 
in tracheal and pulmonary colonization in the more 
classic Bordetella spp. (15), so their absence from B. 
hinzii might begin to explain its propensity to cause 
syndromes atypical for bacteria of this genus.

In summary, we describe an unusual occurrence 
of B. hinzii–caused meningitis in an immunosup-
pressed patient. The clinical isolates in this study 
were sensitive to carbapenems, piperacillin, and trim-
ethoprim/sulfamethoxazole but showed only inter-
mediate sensitivity to ciprofloxacin. Clinicians should 
be aware of the possibility of human infection with 
this emerging pathogen, particularly in immunocom-
promised patients. 
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Leishmaniasis is a parasitic disease caused by in-
fection with Leishmania parasites, which are trans-

mitted by the bites of phlebotomine sand fl ies. Local-
ized cutaneous leishmaniasis (LCL), disseminated 
cutaneous leishmaniasis (DCL), and mucosal leish-
maniasis are clinical manifestations of L. braziliensis 
infection. DCL was initially described in the 1980s 
(1,2); in 2002, Turetz et al. (2) defi ned DCL as ≥10 cu-
taneous lesions (papular, nodular, acneiform, crust-
ed, or ulcerated) on ≥2 anatomic regions of the body 
(i.e., the head, trunk, upper, and lower extremities). 
L. guyanensis, L. panamensis, and L. peruviana parasites 
also cause DCL in the New World, whereas L. tropica 
and L. major cause DCL in the Old World (3). DCL is 
distinct from anergic diffuse cutaneous leishmaniasis 
caused by L. amazonensis, L. mexicana, and L. aethiopica 
infections; anergic diffuse cutaneous leishmaniasis 
causes multiple nonulcerating, nonhealing lesions in 
immunocompromised persons (3).

In Ceará, a state in Northeast Brazil, only L. brazil-
iensis has been isolated from persons who have LCL 
or DCL (4). We observed that many DCL patients in 

this region report heavy alcohol use. An excessive in-
take of alcohol can impair the immune response and 
increase susceptibility to viral and bacterial infections 
(5). Carvalho et al. (1) postulated that DCL patients 
might have a weaker cellular immune response to 
Leishmania spp. than LCL patients. We assessed the 
association of DCL with heavy alcohol consumption 
in a region to which L. braziliensis is endemic.

The Study
We conducted the  case–control study in an outpatient 
clinic in the Baturité region, Ceará state, Northeast 
Brazil, during 2015–2018, when 358 LCL and DCL 
cases were diagnosed. We identifi ed 18 DCL patients 
and 38 LCL patients matched by sex, age (within ±5 
years), and time of diagnosis. All DCL cases fulfi lled 
the criteria set by Turetz et al. (2). Patients with known 
causes of immunosuppression and pregnant or lactat-
ing women were excluded from the study. We col-
lected data on the duration of skin lesions, number 
and type of lesions, mucosal involvement, underlying 
conditions (e.g., diabetes, hypertension, etc.) and di-
agnostic method (i.e., culture, smears, histopatholo-
gy, or immunohistochemical [IHC] assay). Our histo-
pathological diagnoses were based on infl ammatory 
cell infi ltrate patterns and the presence of granulomas 
and amastigotes. For IHC assays, we used the EnVi-
sion FLEX HRP Magenta, High pH (Dako Omnis) kit 
(Agilent Technologies, https://www.agilent.com) 
with murine hyperimmune serum from mice infect-
ed with Leishmania braziliensis. We defi ned parasite 
load as the number of intracellular and extracellular 
amastigotes in 15 high-powered fi elds (×40) using 
IHC assays. This work was approved by the Human 
Ethics Committee of the Federal University of Ceará 
(Fortaleza, Brazil) (protocol no. 1.552.232 e CAAE 
53919816.2.0000.5054).

Participants completed a standardized question-
naire (i.e., the Alcohol Use Disorder Identifi cation Test) 
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Disseminated	 cutaneous	 leishmaniasis	 (DCL)	 is	 an	 un-
common	 form	 of	 Leishmania braziliensis	 infection.	 It	 re-
mains	 unknown	 why	 some	 people	 develop	 this	 clinical	
condition.	We	describe	14	DCL	patients	in	Northeast	Brazil	
during	 2015–2018.	 These	 patients	 regularly	 drank	 large	
amounts	of	alcohol,	possibly	increasing	their	risk	for	DCL.



Disseminated	Cutaneous	Leishmaniasis,	Brazil

to estimate the amount of alcohol intake in grams per 
day (6). We considered ≥28 g/d to be a high level of 
alcohol consumption (7). Most DCL patients were men 
19–77 years of age with a duration of disease ranging 
from 5–36 weeks at diagnosis of leishmaniasis. Each 
patient had 13–720 lesions on their trunk, limbs, scalp, 
face, eyelids, conjunctivae, lips, ears, palms, soles of 
the feet, or genitalia (Figure). Most (56.3%) patients 
had lesions in the nasal mucosa. Seventeen patients 
had ≥1 ulcerated lesion; in patient 5, all lesions were 
ulcerated (Table 1).

DCL and LCL patients were well-matched by 
sex and age (Table 2). DCL patients had longer du-
rations of disease before diagnosis than LCL pa-
tients (p<0.01). All LCL lesions were ulcerated and 
found predominantly in exposed skin areas: lower 
limbs (50%), upper limbs (25%), head (10%), and 
trunk (5%). In total, 36 (92%) LCL patients had 1–2 
lesions; the other 3 (8%) patients had 3, 5, and 6 le-
sions. We observed nasal mucosa involvement in 
only 1 LCL patient.

In total, 14 (78%) DCL patients drank alcohol in 
the form of cachaça, a popular beverage made by dis-
tilling fermented sugar cane juice (8). Cachaça has an 
alcohol content of 40%, similar to that of other dis-
tilled spirits such as whiskey, tequila, and vodka. 
One liter of cachaça or whiskey contains 400 g of pure  

alcohol. For the 14 patients who drank cachaça, al-
cohol intake ranged from 45–800 g/d. Twelve (67%) 
DCL patients drank >350 mL of cachaça (140 g of al-
cohol) daily. The other 4 (22%) DCL patients did not 
drink alcohol, including 3 patients who had diabetes. 
LCL patients had a significantly lower alcohol intake 
than DCL patients (p<0.01). In total, 25 (64%) LCL 
patients did not drink alcohol. Fourteen (36%) LCL 
patients reported alcohol consumption, including 4 
who had alcohol intakes >28 g/d, 3 who had intakes 
of 28–50 g/d, and 1 who had an intake of 400 g/d. In 
addition, 3 LCL patients had diabetes. We found an 
association between alcohol intake and parasite load 
(Spearman ρ = 0.482; p = 0.03).

Conclusions
The clinical manifestations of DCL in these patients 
did not differ substantially from those reported pre-
viously (2,9). However, we observed 1 patient who 
had only ulcerated lesions and another with crusted-
horny lesions, both uncommon forms of this rare 
disease (Figure). The duration of skin lesions before 
diagnosis was longer in persons with DCL than LCL, 
similar to the observations of Turetz et al. (2). Most 
DCL lesions were identified by histopathological as-
says. Our results suggest that DCL is associated with 
alcohol misuse.
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Figure.	Lesions	of	patients	with	disseminated	cutaneous	leishmaniasis,	Baturité	region,	Ceará	State,	Northeast	Brazil,	2015–2018.	
Patient	numbers	match	those	given	in	Table	1.	A)	Ulcerated,	acneiform,	and	papular	lesions	on	the	back	of	patient	1.	B)	Ulcerated	
lesions	on	the	genitalia	of	patient	2.	C–D)	Crusted	and	crusted-horny	lesions	on	the	face	of	patient	3.	E)	Papular,	crusted,	and	ulcerated	
lesions	on	the	trunk	of	patient	3.	F)	Crusted,	ulcerated,	and	papular	lesions	on	the	back	of	patient	6.	G)	Ulcer	surrounded	by	zosteriform	
and	papular	lesions	on	the	back	of	patient	11.	H)	Papular,	crusted,	and	ulcerated	lesions	on	the	face	as	well	as	an	ulcerated	and	
crusted-horny	lesion	on	the	superior	right	eyelid	of	patient	12.
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Alcohol causes dysregulation of the innate and 
adaptive immune responses (10). Persons who mis-
use alcohol have decreased tissue recruitment of 
neutrophils during bacterial infections and substan-
tial defects in neutrophil function. In addition, these 
persons have dendritic cells that are fewer in number 
and have impaired differentiation and function (11), 
possibly causing an imbalance toward a Th2 profile 
(12,13). Persons who misuse alcohol produce macro-
phages with decreased phagocytic and microbicidal 
activity as well as reduced adherence to other cells 
in the lesion, which increases their migration to the 
circulatory system (5,13). These immune anomalies 

could explain the correlation between alcohol misuse 
and parasite load in DCL patients. Vitamin and mi-
cronutrient deficiencies are also common in persons 
who misuse alcohol (14) and might also contribute to 
risk for DCL.

Other risk factors might also contribute to the 
pathogenesis of DCL. For example, younger age and 
male sex are associated with DCL (2); we controlled 
for these variables in our analysis. Different strains 
of L. braziliensis might also account for the differen-
tial manifestations of LCL and DCL. Cardoso et al. 
(15) showed that neutrophils from healthy persons 
had decreased microbicidal activity when infected 
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Table 1. Clinical,	diagnostic	and	alcohol	intake	data	of	18	patients	with	disseminated	cutaneous	leishmaniasis,	Baturité	region,	Ceará 
State,	Northeast	Brazil,	2015–2018* 

Patient	ID 
Alcohol	

intake,	g/d Age,	y/sex 

Duration	of	
lesions,	
wks† No.	lesions Lesion	type(s) 

Mucosal	
lesions 

Diagnostic	
method 

1 800 25/M NA 79 U,	Ac,	P No H 
2 600 41/M 16 184 Cr,	U Yes H 
3 400 36/M 16 167 U,	Cr,	crusted-

horny,	P 
Yes C,	H,	I 

4 400 60/M 5 13 U,	P No H 
5 400 41/M NA 24 U NA H 
6 400 49/M 16 171 U,	N,	Ac,	P No H,	I 
7 400 44/M 32 720 U,	P,	Ac Yes H,	I 
8 300 51/M 36 110 U,	N NA H 
9 240 73/M 24 20 U,	Cr,	N No H 
10 230 47/M 24 18 U,	Cr,	P No C,	H 
11 170 39/M 18 37 P,	U,	

zosteriform 
Yes H 

12 140 38/M 6 71 P,	Cr,	U,	
crusted-horny 

Yes C,	H,	I 

13 60 19/M 12 14 U,	Cr,	P No H,	C 
14 45 32/M 32 421 U,	P,	Cr,	N Yes C,	H 
15 0 77/M 32 22 U,	N,	Ac Yes H 
16 0 34/F 8 41 U,	N Yes H 
17 0 71/F 8 19 U,	P No H 
18 0 42/M NA 60 U,	N,	Cr Yes C,	H 
*Ac,	acneiform;	Cr,	crusted;	C,	culture;	H,	histopathology;	I,	immunohistochemical assay;	ID,	identification;	N,	nodular;	NA,	not	available;	P,	papular;	 
U,	ulcerated. 
†At time of diagnosis. 

 

 
Table 2. Comparison	of	LCL	and	DCL	patients,	Baturité	region,	Ceará	State,	Northeast	Brazil,	2015–2018* 

Variable 
Localized	cutaneous	

leishmaniasis 
Disseminated	cutaneous	

leishmaniasis Odds ratio† p	value 
Total 38	(100.0) 18	(100.0)   
Sex     
 M 35	(92.1) 16	(88.9) 1.00 0.7 
 F 3	(7.9) 2	(11.1) 1.46  
Age, y‡ 41	(19–89) 42	(19–77) 1.01 0.64 
Diabetes 3	(7.9) 3	(16.7) 2.13 0.39 
Disease duration, wks‡ 8	(3–26) 16	(5–36) 1.17 <0.01 
Mucosal	lesion 1	(2.6) 9	(50.0) 43.7 <0.01 
Parasite load‡§ 3	(1–340) 5	(1–556) 1.002 0.53 
Agricultural	occupation 22	(57.9) 12	(66.7) 1.45 0.53 
Daily alcohol intake, g/d‡ 0	(0–400) 325	(0–800) 1.01 <0.01 
Days	with	alcohol	intake	>28	g 4	(10.5) 14	(77.8) 23 <0.01 
*Values	are	no.	(%),	except	as	indicated.	DCL,	disseminated	cutaneous	leishmaniasis;	LCL,	localized	cutaneous	leishmaniasis. 
†Estimated by simple logistic regression. 
‡Values are median (range). Load measured as the number of intracellular and extracellular amastigotes in 15 high-powered	fields	(×40)	using	
immunohistochemical	assays. 
§Of	6	LCL	patients	and	7	DCL	patients. 
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with parasites from DCL patients compared with 
LCL patients.

In summary, we found an association between 
DCL and heavy alcohol use. Excessive alcohol 
intake impairs the human immune system. We 
postulate that alcohol misuse is a risk factor for 
DCL in persons infected with L. braziliensis. Ad-
ditional studies are needed to determine whether 
this association is causal, and if so, to elucidate the 
mechanism(s) of immune dysregulation respon-
sible for development of DCL in persons infected 
with L. braziliensis. Health officials should consider 
campaigns focused on preventing sand fly bites in 
persons who misuse alcohol.
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West Nile virus (WNV) is a widely distributed 
arthropodborne fl avivirus transmitted pre-

dominantly by Culex mosquitoes (1). Among infected 
persons, ≈20% show clinical signs, such as mild fever, 
rash, joint pain, headache, vomiting, and diarrhea 
(1,2); ≈0.7% have severe illness, such as encephalitis, 
meningitis, acute fl accid paralysis, respiratory failure, 
and even death (1). Beyond vectorborne transmission, 
transfusion-transmitted WNV infections have endan-
gered blood safety (3). Equids are susceptible to WNV 
and develop severe disease (fatality rate <30%), are ex-
posed to WNV vectors outside and in stables, and are 
spatially distributed near human settlements. Thus, 
equids can be sentinels for early detection of regional 
WNV activity (4).

In the Americas, WNV gained attention after its 
rapid spread in the United States beginning in 1999 
(4). In South America, WNV dispersion is poorly un-
derstood. Seropositive horses were found in Colom-

bia in 2004 (5) and in Argentina in 2006 (6). In Brazil,
the largest country in South America, serologic stud-
ies from central, southeastern, and northeastern 
regions suggested WNV circulation among horses 
since at least 2009 (7,8). Human WNV infection was 
described only once, in 2014, from a patient in north-
eastern Brazil with encephalitis (9). In 2018, a WNV 
strain was isolated and sequenced during an epi-
zootic in horses in the southeastern coast (10). The 
horse-derived virus from Brazil clustered with strains 
detected in different birds in the United States in 2002 
and 2005 (10), indicating that migratory birds could 
play a role in WNV transmission in Brazil. 

Serologic WNV data from equids along avian mi-
gratory routes are scarce. In the only available study 
from northeastern Brazil, 1/88 horses was WNV se-
ropositive with a low neutralization titer (7). In the 
absence of testing for cocirculating fl aviviruses, a low 
WNV antibody titer could be caused by infections 
with other fl aviviruses, eliciting cross-reactive anti-
bodies (11). We conducted a seroepidemiologic study 
among equids to investigate the spread of WNV in 
northeastern Brazil. 

The Study
We collected serum samples from 713 equids, includ-
ing horses and mules, sampled as part of routine vet-
erinary surveillance activities during 2013–2018 in 
the state of Bahia in northeastern Brazil. The animal 
ethics committee of the Federal University of Bahia 
approved the sampling and analyses (authorization 
no. 55/2017). Sampling covered a large area that con-
nects the location of the human case from 2014 and 
the 2018 horse epizootic (9,10). The area is adjacent to 
the Atlantic, northeastern, and central avian migra-
tory routes (Figure 1).
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Among	713	equids	sampled	in	northeastern	Brazil	dur-
ing	 2013–2018,	 West	 Nile	 virus	 seroprevalence	 was	
4.5%	 (95%	 CI	 3.1%–6.3%).	 Mathematical	 modeling	
substantiated	 higher	 seroprevalence	 adjacent	 to	 an	
avian	migratory	route	and	in	areas	characterized	by	for-
est	 loss,	 implying	increased	risk	for	zoonotic	 infections	
in	disturbed	areas.
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Figure 1. Geographic	distribution	
and	PRNT90–validated	West	
Nile	virus	seroprevalence	
among	equids	per	sampling	
site	in	Bahia	State,	Brazil.	Inset	
shows	location	of	Bahia	State	in	
northeastern	Brazil.	Sample	sizes	
are	shown	only	for	locations	
with	seropositive	animals.	Avian	
migratory	routes	are	based	
on	the	2016	annual	report	of	
the	Chico	Mendes	Institute	for	
Biodiversity	and	Conservation	
(https://www.researchgate.
net/publication/292980285_
Annual_Report_of_Flyways_
and_Priority_Areas_for_
Migratory_Birds_in_Brazil_
Relatorio_anual_de_rotas_e_
areas_de_concentracao_de_
aves_migratorias_no_Brasil).	
PRNT90,	90%	plaque-reduction	
neutralization	tests.

Figure 2. WNV	seroprevalence	
among	equids,	Brazil.	A)	ELISA	
absorbance	values	displayed	
as	sample	to	cutoff	ratio,	as	
previously	described	(2).	We	
increased	the	ELISA	cutoff	by	
10%	above	which	samples	
were	considered	positive	to	
maximize	specificity	because	
the	ELISA	was	not	originally	
validated	for	horses	in	Latin	
America,	which	are	infected	by	
more	Japanese	encephalitis	
serocomplex	viruses	compared	
with	horses	in	Europe.	Dotted	
orange	line	represents	the	1.1	
positivity	cutoff.	B)	Reciprocal	
PRNT90	titers	for	WNV	and	
other	flaviviruses.	Statistical	
significance	levels	were	inferred	
by	using	the	Kruskal-Wallis	
test.	Bars	indicate	mean.	
Graph	created	by	using	Prism	
(GraphPad	software,	https://
www.graphpad.com).	C)	
Distinction	of	heterotypic	serum	
samples	based	on	the	endpoint	
titers	of	various	flaviviruses.	
Triangles	indicated	endpoint	
titers	>4-fold.	D)	Effects	of	forests	and	forest	loss	on	WNV	seropositivity	and	seronegativity	among	equids	in	municipalities,	
Brazil.	Natural	forest	is	made	up	of	introduced	or	native	tree	or	vegetation	that	have	reproduced	naturally,	without	help	or	
(human)	intervention.	Primary	forest	is	made	up	of	intact	and	nonintact	natural	forest	and	refers	to	areas	that	reached	the	final	
stage	of	succession	during	2013–2018.	Data	on	primary	and	natural	forest	were	retrieved	from	Global	Forest	Watch	(http://www.
globalforestwatch.org).	Right	y-axis	represents	number	of	total	number	of	equids	tested	for	seroprevalence.	Horizontal	bars	
indicate	means.	Areas	below	dotted	line	had	no	forest	loss.	BSQV,	Bussuquara	virus;	CPCV,	Cacipacoré	virus;	ha,	hectare	 
(10,000	m2);	PRNT90,	90%	plaque-reduction	neutralization	test;	ROCV,	Rocio	virus;	SLEV,	Saint	Louis	encephalitis	virus;	WNV,	
West	Nile	virus.
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For antibody screening, we used an experimen-
tal WNV IgG ELISA based on a fusion loop envelope 
antigen containing mutations. We chose this ELISA to 
decrease the chances of cross-reactivity with antibod-
ies elicited by other flaviviruses (2). Among 713 serum 
samples, 47 (6.6%, 95% CI 4.9%–8.7%) yielded posi-
tive ELISA results (Figure 2, panel A). Beyond WNV, 
horses in Latin America frequently are infected with 
Saint Louis encephalitis virus (SLEV), Cacipacoré virus 
(CPCV), Rocio virus (ROCV), and Bussuquara virus 
(BSQV) (12); and WNV, CPCV, and SLEV all belong to 
the Japanese encephalitis serocomplex (Appendix Fig-
ure 1, https://wwwnc.cdc.gov/EID/article/27/9/20-
4706-App1.pdf). Serologic analyses for WNV-specific 
antibodies in horses could be compromised by cross-
reactive antibodies against other flaviviruses, eliciting 
potentially false-positive test results (11). Therefore, 
we confirmed ELISA-based WNV antibody detection 
by comparing the endpoint titers for the 90% plaque-

reduction neutralization tests (PRNT90), considered 
the standard for arbovirus serologic testing, for WNV, 
CPCV, SLEV, BSQV, and ROCV in all 47 ELISA-pos-
itive serum samples. Of the 47 samples, 20 (44.7%) 
neutralized WNV only in PRNT90; another 22 (46.8%) 
showed heterotypic reactions for WNV, CPCV, or 
SLEV (Figure 2, panel B). Averaged endpoint titers 
were significantly higher for WNV than for the other 
flaviviruses (p<0.0001) and exceeded those for CPCV, 
SLEV, BSQV, or ROCV by >4-fold in 12/22 hetero-
typic samples (Figure 2, panel C), a titer difference 
commonly considered decisive in flavivirus serology. 
Thus, 68.1% (32/47) of ELISA-positive samples had 
WNV-specific antibody responses (Figure 2, panel C); 
4 samples were seronegative for all 5 flaviviruses by 
PRNT90, potentially because of differential sensitivity 
of ELISA and PRNT. No samples had higher SLEV-
, BSQV-, or ROCV-specific PRNT90 titers compared 
with WNV, but 2 ELISA-positive samples had >4-fold 
endpoint titers for CPCV compared with WNV and 
other flaviviruses (Appendix Table 1). These findings 
substantiated WNV and CPCV cocirculation among 
equids in northeastern Brazil, which is consistent with 
previous data on CPCV circulation in another region 
of Brazil (12), and high specificity of the ELISA-based 
screening algorithm.

PRNT90 validated the overall WNV seropreva-
lence of 4.5% (32/713 samples; 95% CI 3.1%–6.3%), 
which we used for downstream analyses (Table 1). 
We noted seropositive animals in 11/28 munici-
palities distributed over ≈900 km2, suggesting wide 
geographic spread of WNV (Table 1; Figure 1). We 
observed a concentration of positive samples in 2018 
(Appendix Figure 2), and in 1 municipality (Figure 1), 
comprising 9 different seropositive farms with an av-
erage seroprevalence of 13.9% (95% CI 8.3%–21.4%). 
Antibody levels typically decline over time after flavi-
virus infection (13), which might bias positivity rates 
of serologic tests. However, WNV-specific PRNT90 
endpoint titers were significantly lower in 2018 than 
in the preceding years by Mann-Whitney test (p = 
0.002), excluding a bias from hypothetically more re-
cent WNV infection in the animals sampled in 2018 
(Appendix Figure 3).

We performed generalized linear model analy-
ses and principal component analysis to compare 12 
environmental, ecologic, and demographic factors 
potentially affecting WNV seroprevalence (Table 2; 
Appendix Figure 4). Anthropogenic changes of pris-
tine habitats can increase the abundance of zoonotic 
pathogens (14), potentially including arboviruses like 
WNV (15). Indeed, the model considering forest loss, 
but not the model considering tree cover alone, was 
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Table 1. West	Nile	virus	seroprevalence	per	municipality,	Brazil 

Municipalities Sampling	year(s) No. 
%	Seroprevalence	

(95%	CI)* 
Antonio	Cardoso 2015,	2016 10 0 
Barreiras 2014,	2017,	2018 17 0 
Caatiba 2018 19 0 
Conceição	do	
Jacuípe 

2013 29 0 

Conde 2013 28 3.6	(0.1–18.4) 
Cotegipe 2013 11 0 
Cristopolis 2013 10 0 
Esplanada 2013 57 3.5	(0.4–12.1) 
Eunápolis 2013,	2014 21 0 
Feira	de	santana 2013 29 0 
Formosa	do	Rio	
Preto 

2013,	2017 37 0 

Gongogi 2018 23 4.3	(0.1–21.9) 
Ibotirama 2013 6 0 
Igaporã 2013 27 0 
Itabela 2013 6 0 
Itabuna 2013,	2017 41 2.4	(0.1–12.9) 
Itaju	do	Colônia 2013,	2015 6 0 
Itapetinga 2018 14 7.1	(0.2–33.9) 
Jaborandi 2017 5 20.0	(0.5–71.6) 
Juazeiro 2013,	2017 49 2.0	(0.5–14.0) 
Lauro	de	Freitas 2017 14 0 
Mata	de	São	
João 

2015,	2016,	2017 11 9.1	(0.2–41.3) 

Mucuri 2013 13 0 
Palmas	de	
Monte	Alto 

2013 18 0 

Riachão	das	
Neves 

2017,	2018 122 13.9	(8.3–21.4) 

Rio	Real 2013 25 0 
Serra	Dourada 2017 6 16.7	(0.4–64.1) 
Ubaitaba 2018 7 42.9	(9.9–81.6) 
Others† 2013–2018 52 3.8	(0.5–13.2) 
Total 2013–2018 713 4.5	(3.1–6.3) 
*Seroprevalence	is	based	on	90%	endpoint	plaque-reduction	
neutralization	tests. 
†Detailed	information,	including	municipalities	with	>5	serum	samples,	is	
available	in	Appendix	Table	2	(https://wwwnc.cdc.gov/EID/article/27/9/20-
4706-App2.pdf). 
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significantly associated with higher WNV seropreva-
lence (odds ratio [OR] 5.106, 95% CI 1.318–31.796; p = 
0.005) (Table 2). Model results were consistent with 
a higher proportion of WNV-seropositive sites in 
disturbed areas compared with pristine areas by χ2 
test (p = 0.009) (Figure 2, panel D). Higher WNV se-
roprevalence in disturbed areas was not biased by the 
number of animals living in those sites compared to 
sites from pristine areas. By Student t-test, neither the 
overall number of animals nor the number of animals 
per site differed significantly between disturbed (p = 
0.9) and pristine areas (p = 0.2894) (Figure 2, panel D; 
Appendix Figure 5).

Because the geographic distribution of both the 
2018 horse epizootic and the only known human 
case might be linked geographically to the north-
eastern and coastal avian migratory routes (Figure 
1), we included distances to avian routes in model 
analyses of WNV seroprevalence. Proximity to the 
central avian migratory route was associated with 
higher WNV seroprevalence (Table 2; Appendix 
Figure 4). This finding was consistent with other 
seroprevalence studies, indicating the presence of 
WNV in horses in the central region in Brazil (7,8), 
but failed to connect the WNV detections in Brazil 
to geographically adjacent avian migratory routes. 
Our data were consistent with prior studies of WNV 
ecology, but the explicatory power of our models 
was low despite statistical significance (Table 2; Ap-
pendix Figure 4).

Our study was limited by absence of longitudinal 
samples from individual sampling sites, lack of in-
formation on animal trade and animal age, and rela-
tively low numbers of seropositive animals from indi-
vidual sites. Thus, we cannot exclude biases affecting 
the accuracy of our modeling approach. However, 
our large sample and the combination of thorough se-
rologic analyses and mathematical modeling enabled 
robust estimates of WNV spread that can guide pro-
spective studies.

Conclusions
Our findings of substantial WNV seroprevalence in 
equids in Brazil warrants WNV surveillance in cases 
of acute neurologic disease in humans and horses. In 
addition, blood products should be screened in areas 
of Latin America with high risk for WNV.
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Table 2. Mathematical	modeling	of	ecologic	factors	potentially	affecting	West	Nile	virus	seroprevalence,	Brazil* 

Model AIC AIC AW p value† OR	(95%	CI) 
Maximum	OR	difference	

among study sites‡ § Comment# 
Distance	to	bird	route,	km         
 Coastal 248.02 0.00 0.56 0.001 1.002	(1.001–1.004) 4.527 0.09 + 
 Northeastern 251.41 3.39 0.10 0.009 1.003	(1.001–1.006) 6.813 0.08 + 
 Central 252.17 4.16 0.07 0.014 0.999	(0.997–1.000) 4.545 −0.08 – 
Forest	loss,	y/n 250.38 2.37 0.17 0.005 5.106	(1.518–31.796) 5.106 0.09 + 
Presence	of	natural	or 
primary	forest,	y/n 

253.39 5.38 0.04 0.029 3.186	(1.111–13.48) 3.186 0.08 + 

Altitude,	m 255.53 7.51 0.01 0.105 1.002	(1.000–1.004) 3.518 0.06 + 
Mean	temperature,	°C 258.03 10.01 0.00 0.719 0.876	(0.427–0.803) 1.613 −0.04 – 
 Hottest	quarter 255.57 7.55 0.01 0.108 0.617	(0.347–1.113) 5.155 −0.04 – 
Human	density,	no./km2 255.76 7.74 0.01 0.121 1.000	(1.000–1.001) 3.137 −0.01 + 
Tree	cover,	% 256.87 8.86 0.01 0.257 0.981	(0.941–1.012) 2.618 −0.09 – 
Horse	density,	no./km2 258.10 10.09 0.00 0.817 0.969	(0.741–1.275) 1.170 −0.03 – 
Mean	precipitation,	mm 258.15 10.14 0.00 0.948 1.000	(0.999–1.001) 1.047 −0.01 – 
*Models are sorted by AIC, an estimator of the model’s quality; models with lower AIC values are superior to models with higher	AIC	values.	Horse	and	
human	densities	were	based	on	2018	data	available	from	the	Brazilian	Institute	of	Geography	and	Statistics (https://www.ibge.org.br).	Information	on	
precipitation	and	mean	temperature	was	obtained	from	WorldClim	version	2	(https://www.worldclim.org).	Information	on	tree	cover	was	obtained	from	
Copernicus	Global	Land	Cover	(https://lcviewer.vito.be/download).	Information	on	natural	or	primary	forest	loss	was	obtained	from	Global	Forest	Watch	
(https://www.globalforestwatch.org). AIC, Akaike information criterion; AW, Akaike weight; OR, odds ratio; ΔAIC, the difference	between	a	given	and	the	
best-supported	model	in	AIC.	 
†p values were determined by likelihood ratio tests of the different models. 
‡Maximum OR difference among study sites indicates the highest OR difference possible for a given variable for better comparability	between	binary	and	
nonbinary	variables. 
§, the Spearman correlation coefficient, ranges between −1 for negative correlations and 1 for positive correlations. The closer	 is to 1 or −1, the greater 
the	correlation	between	the	observed	variables. 
#Clarification	that	the	observed	variable	is	associated	with	an	increase	(+)	or	a	decrease	(–)	of	West	Nile	virus	prevalence. 
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Crimean-Congo hemorrhagic fever virus (CCHFV) 
is a tickborne nairovirus (order Bunyavirales) that 

is maintained primarily in Hyalomma ticks (Ixodidae), 
and various mammalian livestock serve as amplify-
ing hosts. Humans might become infected from the 
bite of an infected tick or during slaughter of a viremic 
animal, and the infection might lead to severe viral 
hemorrhagic fever and death. In the Arabian Penin-
sula, human cases are sporadically reported and seem 
to be primarily associated with abattoir work (1,2) or 
nosocomial human-to-human transmissions (3).

CCHFV is genetically diverse and has a relatively 
wide geographic distribution (4). The virus might be 
introduced into nonendemic regions through com-
mercial trading of livestock (5) or through phoretic 
transport of ticks on migratory birds (6,7). Compara-
tively little is known about the zoonotic transmission 
of the virus in the United Arab Emirates or whether 

past outbreaks were only associated with recent im-
portations (5).

We previously performed a cross-sectional vi-
rologic and serologic survey of CCHFV in drom-
edary camels (Camelus dromedarius) at various sites 
throughout the United Arab Emirates (8). We found 
the highest transmission activity at a large livestock 
market, in which viral nucleic acids were detected 
in camel ticks (Hyalomma dromedarii) and camels. On 
the basis of partial gene sequences from the small 
and medium (M) RNA gene segments, the virus 
strain appeared to be a novel reassortant (8). We 
performed a follow-up study at the same market 
to test whether other livestock are involved in the 
transmission of CCHFV and to better characterize 
the virus strain.

The Study
During October 10–24, 2019, we sampled camels, 
cattle, goats, and sheep upon their entry to a live-
stock market in the emirate of Abu Dhabi, United 
Arab Emirates (≈24.16°N, 55.81°E) (Appendix Fig-
ure 1,  https://wwwnc.cdc.gov/EID/article/27/9/
21-0299-App1.pdf). All procedures were conducted 
as part of standard veterinary inspection required for 
market entry.

We obtained 5 mL of blood from each animal, 
separated serum by centrifugation, and stored serum 
at –80°C. We tested serum for CCHFV-reactive anti-
bodies by using a commercial kit (ID Screen CCHF 
Double Antigen Multi-species; IDvet, https://www.
id-vet.com). Antibodies to CCHFV were found in 
72/90 camels, 7/51 cattle, 1/45 goats, and 4/55 
sheep (Table). We extracted total nucleic acids from 
200 µL of the same serum samples by using a com-
mercial kit (QIAamp Viral RNA Mini Kit; QIAGEN, 
https://www.qiagen.com) and QIAcube or QIAcube 
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We	 previously	 detected	 a	 potentially	 novel	 reassortant	
of	Crimean-Congo	hemorrhagic	 fever	virus	 in	camels	at	
the	largest	livestock	market	in	the	United	Arab	Emirates.	
A	broader	survey	of	large	mammals	at	the	site	indicated	
zoonotic	transmission	is	associated	with	dromedaries	and	
camel	 ticks.	Seroprevalence	 in	cattle,	sheep,	and	goats	
is	minimal.
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HT Extraction Robots (QIAGEN). We tested extracts 
for CCHFV RNA by using a commercially available 
quantitative reverse transcription PCR (qRT-PCR) as-
say (RealStar CCHFV RT-PCR Kit 1.0; Altona Diag-
nostics, https://www.altona-diagnostics.com). Viral 
nucleic acids were detected in 2 of 90 camels, and in  
no other species at the market.

During blood collection, we thoroughly searched 
each animal (≈2 min) and removed attached ticks. 
Ticks were frozen at −80°C, and adult ticks were mor-
phologically identified by using various keys on an 
ice cold plate. We collected 210 H. dromedarii adults, 4 
unidentified Hyalomma sp. adults, and 4 Hyalomma sp. 
nymphs from 84/90 camels. No ticks were found on 
any other animal during this sampling session, and it 
was later confirmed that topical acaricides were rou-
tinely used for all animals except camels, where they 
were applied only sporadically.

We processed frozen ticks to screen for viral 
nucleic acids by making a parasagittal section using 
a sterile scalpel and then made homogenized pools 
containing half-ticks (<5 per pool, pooled per tick 
species, and per individual host) in a bead mill in 
buffered saline before adding DNA/RNA Shield (Zy-
moResearch, https://www.zymoresearch.com) and 
performing nucleic acid extraction and qRT-PCR. We 
detected CCHFV RNA in 3 pools of H. dromedarii ticks 
taken from 2 camels, 1 of which was seropositive and 
the other seronegative.

We then extracted nucleic acids from the remaining 
halves of 3 ticks collected in the previous sampling ses-
sion (April 2019) (8) and 2 ticks collected in this sampling 
session from pools that were positive by qRT-PCR. Af-
ter confirming the presence of CCHFV nucleic acid in 
the individual tick halves, we processed the samples by 
using a shotgun transcriptomic sequencing approach 
(Appendix). In brief, we quality-filtered, trimmed, and 
assembled paired-end reads from Illumina (https://
www.illumina.com) sequencing into scaffolds, which 
we then searched against the National Center for Bio-
technology Information nonredundant database using 
blastn (https://blast.ncbi.nlm.nih.gov).

We identified near-complete genomes of CCHFV, 
including complete open reading frames of all but 1 

gene segment (missing 577 nt from the large segment 
open reading frame 3′ mRNA end), from all 5 samples 
(GenBank accession nos. MW548490–504) (Appen-
dix). We aligned the sequences to selected reference 
sequences representing the major genotypes (4). All 
sequences had high identity to each other (98.8%–
100%) and to a recently described CCHFV (98.5%–
99.6%) identified in a dromedary from the same 
livestock market in the emirate of Abu Dhabi, but 4 
years earlier, during 2015 (9) (Appendix Table). The 
M segment was the most variable; it had 52–64 non-
synonymous mutations compared with the sample 
obtained during 2015 from the same place, and 1–40 
nonsynonymous mutations among the 5 sequences 
(Appendix Table). 

We constructed phylogenetic trees from the 
alignments of the respective gene segments by us-
ing maximum-likelihood analysis over 500 bootstrap 
replicates of the general time reversible plus invariant 
sites plus gamma distribution substitution model and 
4 gamma categories. Small segments fit within the 
previously described genotype from Africa (group III 
sensu [4] and Africa 3 sensu [9]), and large segments 
had a common ancestor with sequences from Africa 
(groups I and III sensu [4], Africa 1/3 sensu [9]), and 
Europe (group V sensu [4] and Europe 1 sensu [9]) 
(Appendix Figures 2, 3). The M segment appeared to 
be a novel lineage of CCHFV (Figure).

Conclusions
We concur with the findings of Khalafalla et al. (9), 
who provided additional serologic and virologic 
evidence that the CCHFV strain in the United Arab 
Emirates might be specifically associated with cam-
els and camel ticks. Our study differs from previous 
studies, in that our sampling was performed directly 
at entry to a livestock market, but our previous study 
was performed after camels had entered the market 
(range 0–77 d, mean 12.2 d). Moreover, all animals 
were raised in the United Arab Emirates, although 
some sheep and goats were imported as young ani-
mals from India, Saudi Arabia, and Oman. Com-
bined, the evidence suggests that the CCHFV strain 
has spread throughout the United Arab Emirates, but 
the livestock market is also a focus of transmission (8).

Although this strain of CCHFV appears to be 
circulating at least since 2015 in the United Arab 
Emirates (8,9), there is additional evidence that it 
might be more widely distributed (10). Evidence of 
increased exposure of camels to CCHFV at livestock 
markets in contrast to other locations (e.g., private 
farms or in tourist/recreational use) increases  
the potential for the virus to be transported long 
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Table.	Evidence	of	exposure	to	Crimean-Congo	hemorrhagic	
fever	virus	in	animals	at	a	livestock	market,	United	Arab	
Emirates,	2019 

Species No.	sampled 
No. antibody	
positive 

No.	virus	RNA	
positive 

Camels 90 72 2 
Cattle 55 7* 0 
Goats 45 1 0 
Sheep 55 4 0 
*Serum	was	not	available	for	4	cattle. 

 



Reassortant	CCHFV,	United	Arab	Emirates

distances through the camel trade (8). We support 
the suggestion of Khalafalla et al. to increase efforts 
to characterize CCHFV from camels, camel ticks, 
and other livestock in a broader geographic region 
(9). The infection of camels appears to be systemic; 
virus was detected in blood (8; this study) and the 
respiratory tract (9). The low CCHFV-reactive sero-
prevalence and low tick burden on other livestock 

entering the market is probably caused by use of 
acaricides, which are reportedly used only spo-
radically on camels. We therefore recommend in-
creased vigilance, including use of acaricides on all 
livestock, including dromedaries, to limit spillover 
to humans involved in the camel trade, abattoir 
workers, and those handling raw meat or consum-
ing raw camel milk.
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Figure.	Molecular	phylogeny	of	Crimean-Congo	hemorrhagic	fever	virus	medium	RNA	segments,	United	Arab	Emirates,	2019	(solid	
circles),	and	reference	viruses.	Viruses	from	this	study	were	obtained	from	camel	ticks	(Hyalomma dromedarii)	removed	from	dromedary	
camels	at	a	large	livestock	market	in	the	emirate	of	Abu	Dhabi.	Other	virus	sequences	included	were	selected	as	representatives	of	
the	major	small	and	large	RNA	segment	genotypes	for	which	full-length	sequences	of	all	3	viral	genomic	segments	were	available.	
Viruses	listed	include	GenBank	accession	number	and	country	of	origin.	Maximum-likelihood	analysis	of	coding-complete	sequences	
was	performed	by	using	the	general	time	reversible	plus	invariant	sites	plus	gamma	distribution	substitution	model	and	4	categories	with	
>500	bootstrap	replicates.	Numbers	along	branches	are	percentage	support,	showing	only	values	>65%,	and	branch	length	is	relative	
to	the	number	of	substitutions	per	site,	as	indicated	by	the	scale	bar.	Dem	Rep	Congo,	Democratic	Republic	of	the	Congo;	UAE,	United	
Arab	Emirates.
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Carbapenems have been standard treatments for 
multidrug-resistant gram-negative bacilli infec-

tions since 1985, when they were approved for clinical 
use in the United States (https://www.accessdata.fda.
gov/drugsatfda_docs/label/2016/050587s074lbl.
pdf). Carbapenem-resistant organisms (CROs) are 
a growing public health concern as carbapenemase-
producing CROs become more common (1). Several 
recent reports describe CROs carrying multiple car-
bapenemase genes (multi-CPOs) (2–8). We describe 
multi-CPOs reported to the Centers for Disease Con-
trol and Prevention (CDC; Atlanta, GA, USA) during 
2012–2019.

The Study
CDC receives reports of carbapenemase-producing 
CROs from health departments, public health labora-
tories, healthcare facilities, and isolates sent to CDC 
for confi rmatory testing. In 2016, CDC established

the Antibiotic Resistance Laboratory Network (AR 
Lab Network), a national network of 55 public health 
laboratories that test carbapenem-resistant Entero-
bacterales (CRE), carbapenem-resistant Pseudomonas 
aeruginosa (CRPA), and carbapenem-resistant Aci-
netobacter baumannii (CRAB) isolates for carbapen-
emase genes.

We reviewed CDC and AR Lab Network reports 
of multi-CPOs identifi ed during January 1, 2010–April 
30, 2019. We defi ned a multi-CPO case as Enterobacte-
rales, Pseudomonas spp., or A. baumannii isolated from 
any specimen source and carrying genes encoding >1 
carbapenemase routinely tested for at CDC and the 
AR Lab Network (CRE, CRPA, and CRAB isolates 
were tested for Klebsiella pneumoniae carbapenemase 
[KPC], New Delhi metallo-β-lactamase [NDM], Vero-
na integron-encoded metallo-β-lactamase [VIM], ac-
tive-on-imipenem metallo-β-lactamase [IMP], and ox-
acillinase [OXA]-48–like  β-lactamases; CRAB isolates 
also were tested for OXA-23, OXA-24/40, and OXA-
58–like β-lactamases). Whole-genome sequencing 
(WGS) was conducted on a subset of isolates (Appen-
dix, https://wwwnc.cdc.gov/EID/article/27/9/21-
0456-App1.pdf). We defi ned an incident case as the 
fi rst isolation of a unique organism–carbapenemase 
combination in each patient.

As part of routine public health investigations, 
health departments reviewed medical records and 
laboratory reports for patient demographic data and 
risk factors for exposure. We conducted descriptive 
analyses using SAS version 9.4 (https://www.sas.
com) and calculated Pearson χ2 score using SPSS Sta-
tistics 21.0 (IBM, https://www.ibm.com).

During January 2010–April 2019, a total of 151 
multi-CPO isolates, including those from 105 inci-
dent cases, were identifi ed in 100 unique patients; the 
fi rst case was identifi ed in October 2012 (Table 1; Ap-
pendix Tables 1,2). Among 89 (84.8%) incident cases 
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Reports	of	organisms	harboring	multiple	carbapenemase	
genes	have	increased	since	2010.	During	October	2012–
April	2019,	the	Centers	for	Disease	Control	and	Prevention	
documented	151	of	these	isolates	from	100	patients	in	the	
United	States.	Possible	risk	factors	included	recent	history	
of	 international	 travel,	 international	 inpatient	 healthcare,	
and	solid	organ	or	bone	marrow	transplantation.
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reported since AR Lab Network testing began in 2017, 
a total of 15 were reported in 2017, 51 in 2018, and 23 
in the first 4 months of 2019. Among the isolates test-
ed through the AR Lab Network during 2017–2019, a 
total of 111/28,390 (0.391%) CRE, 5/19,609 (0.025%) 
CRPA, and 2/2,443 (0.082%) CRAB isolates harbored 
multiple carbapenemase genes; we included CRAB 
isolates tested only during January 2018–April 2019. 
Incident cases were reported in 29 US states and the 
District of Columbia. Enterobacterales accounted for 
96 (91.4%) of the incident multi-CPO cases; in addi-
tion, 7 (6.7%) were Pseudomonas spp. and 2 (1.9%) 
were A. baumannii. Among 96 incident Enterobacte-
rales cases, the most common (46; 47.9%) organism–
gene combination was K. pneumoniae harboring blaNDM 
and blaOXA-48–like. 

 WGS was conducted on 46 isolates from incident 
cases, identifying 6 sequence types of Enterobacter 
cloacae, 9 of Escherichia coli, and 11 of K. pneumoniae. 
WGS identified 21 isolates harboring blaNDM-1, 16 har-
boring blaNDM-5, 16 harboring blaOXA-181, and 11 harbor-
ing blaKPC-3 (Appendix Table 2). In total, 8 incident 
cases were associated with 2 separate clusters at acute  
care hospitals.

The median age of patients at the time of multi-
CPO identification was 63 years (range 2–94 years). 
Among 93 incident cases with available data, 62 
(66.7%) occurred in patients who had traveled inter-
nationally in the 12 months before their incident cul-
ture. Among patients with a history of international 
travel, most (89.5%) had received inpatient health-
care while abroad. Association with international 
travel varied by carbapenemase combination; among 
59 incident cases with available data that harbored 
blaNDM and blaOXA-48–like, 47 (79.7%) occurred in patients 
who reported international travel; only 5/19 (26.3%; 
p<0.01) incident cases that harbored blaKPC and blaNDM 

occurred in patients who reported international trav-
el. Among the 80 incident cases with available data, 
14 (17.5%) occurred in patients with a history of solid 
organ or bone marrow transplantation before their in-
cident culture (Table 2).

Multi-CPOs in this convenience sample were iden-
tified in many states and included diverse organisms, 
sequence types, and carbapenemase gene combina-
tions and variants, suggesting that clonal spread is not 
responsible for their emergence. Variants harboring 
blaKPC-4 and blaNDM-4, which are uncommon in the Unit-
ed States, were identified (9–11). Most incident cases 
of CROs harboring multiple carbapenemase genes oc-
curred in patients who had a recent history of inter-
national travel and inpatient healthcare outside the 
United States; we also identified history of solid organ 
or bone marrow transplant as a potential risk factor.

Receiving healthcare abroad and, more recently, 
international travel without medical care are risk 
factors for acquiring carbapenemase-producing or-
ganisms among patients in the United States (9). 
However, in this study, one third of cases occurred 
in persons without known recent travel outside the 
United States. For some carbapenemase combina-
tions, such as isolates harboring blaKPC and blaNDM, 
most cases occurred in patients who had not recently 
traveled internationally. In addition, identifying facil-
ity clusters raises further concerns about dissemina-
tion of these multidrug-resistant organisms among 
healthcare facilities in the United States.

The emergence of multi-CPOs has clinical, labo-
ratory testing, and public health implications. The 
ceftazidime/avibactam, meropenem/vaborbactam, 
and imipenem/cilastatin/relebactam combination 
therapies have increased treatment options for CREs 
that produce KPC and OXA-48–like carbapenemases; 
growth in the proportion of isolates that co-harbor 
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Table 1. Incident	cases of	gram-negative	bacilli	harboring	multiple	carbapenemase genes,	United	States,	January	2012–April	2019* 

Organism 

Carbapenemase	combinations 

Total, N = 
105 

NDM + OXA-
48–like 

KPC + 
NDM 

KPC + 
VIM 

NDM + 
VIM 

KPC + OXA-
48–like 

NDM + 
IMP 

NDM + 
OXA-23 

NDM + 
OXA-48–
like +	VIM 

Enterobacterales 64 23 6 0 2 0 0 1 96 
 Citrobacter freundii 0 0 1 0 1 0 0 0 2 
 Enterobacter cloacae 0 8 1 0 0 0 0 0 9 
 Escherichia coli 17 3 0 0 0 0 0 0 20 
 Klebsiella aerogenes 0 0 1 0 0 0 0 0 1 
 K. oxytoca 0 0 1 0 0 0 0 0 1 
 K. pneumoniae 46 12 2 0 1 0 0 1 62 
 Providencia rettgeri 1 0 0 0 0 0 0 0 1 
Pseudomonadales 0 0 1 4 0 2 2 0 9 
 Pseudomonas aeruginosa 0 0 1 3 0 2 0 0 6 
 Pseudomonas fluorescens 0 0 0 1 0 0 0 0 1 
    Acinetobacter baumannii 0 0 0 0 0 0 2 0 2 
*IMP,	active-on-imipenem	metallo-β-lactamase;	KPC,	Klebsiella pneumoniae carbapenemase;	NDM,	New	Delhi	metallo-β-lactamase;	OXA,	oxacillinase;	
VIM,	Verona	integron-encoded	metallo-β-lactamase. 
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Table 2. Characteristics and	exposures of	incident	cases	of	gram-negative	bacilli	harboring	multiple	carbapenemase genes,	United	
States,	January	2012–April	2019* 

Characteristics and	
exposures 

 Pseudomonas 
spp.,‡ KPC	+	
VIM,	NDM	+	
VIM,	or	 

NDM	+	IMP 

Acinetobacter 
baumannii,	
NDM	+	 
OXA-23 Total 

 
Enterobacterales† 

NDM	+	 
OXA-48§ KPC	+	NDM 

KPC	+	
VIM 

KPC	+	
OXA-48 

Total	no.	(%)	cases 65	(100.0) 23	(100.0) 6	(100.0) 2	(100.0) 7	(100.0) 2	(100.0) 105	(100.0) 
Region	of	specimen	collection¶       
 South 22/65	(33.8) 9/23	(39.1) 2/6	(33.3) 0 3/7	(42.9) 1/2	(50.0) 37/105	(35.2) 
 West 22/65	(33.8) 3/23	(13.0) 2/6	(33.3) 0 1/7	(14.3) 0 28/105	(26.7) 
 Northeast 14/65	(21.5) 5/23	(21.7) 0 0 2/7	(28.6) 0 21/105	(20.0) 
 Midwest 7/65	(10.8) 6/23	(26.1) 2/6	(33.3) 2/2	(100.0) 1/7	(14.3) 1/2	(50.0) 19/105	(18.1) 
Location	of	specimen	collection       
 Acute	care	hospital 51/57	(89.5) 18/22	(81.8) 3/4	(75.0) 2/2	(100.0) 5/7	(71.4) 0 79/94	(84.0) 
 Outpatient	facility 5/57	(8.8) 1/22	(4.5) 0 0 2/7	(28.6) 1/2	(50.0) 9/94	(9.6) 
 Long-term	acute	care	 
 hospital 

0 1/22	(4.5) 1/4	(25.0) 0 0 1/2	(50.0) 3/94	(3.2) 

 Skilled	nursing	facility 0 2/22	(9.1) 0 0 0 0 2/94	(2.1) 
 Joint	acute	care     
 hospital/ inpatient	    
 rehabilitation	facility 

1/57	(1.8) 0 0 0 0 0 1/94	(1.1) 

Hospitalization	in	previous 
12	mo, United	States# 

44/56	(78.6) 19/23	(82.6) 4/5	(80.0) 2/2	(100.0) 4/7	(57.1) 2/2	(100.0) 75/95	(78.9) 

International	travel	in	previous	12	mo** 
      

 Yes 47/59	(79.7)†† 5/19	(26.3)†† 1/4	(25.0) 1/2	(50.0) 7/7	(100.0) 1/2	(50.0) 62/93	(66.7) 
  International	inpatient 
  healthcare‡‡ 

40/43	(93.0) 3/4	(75.0) 0/1 0/1 6/7	(85.7) 1/1	(100.0) 51/57	(89.5) 

   India 29/39	(74.4) 1/3	(33.3)  1/1	(100.0) 3/6	(50.0) 1/1	(100.0) 35/50	(70.0) 
   Other§§ 5/39	(12.8) 2/3	(66.7)  0 2/6	(33.3) 0/1 9/50	(18.0) 
   Pakistan 3/39	(7.7) 0/3  0/1 0/6 1/1	(100.0) 4/50	(8.0) 
   Egypt 2/39	(5.1) 0/3  0/1 0/6 0/1 2/50	(4.0) 
   Vietnam 1/39	(2.6) 0/3  0/1 1/6	(16.7) 0/1 2/50	(4.0) 
 No 12/59	(20.3) 14/19	(73.7) 3/4	(75.0) 1/2	(50.0) 0/7 1/2	(50.0) 31/93	(33.3) 
  US	hospitalization 11/12	(91.7) 12/14	(85.7) 3/3	(100.0) 1/1	(100.0)  1/1	(100.0) 28/31	(90.3) 
Transplant	recipient¶¶ 11/48	(22.9) 4/17	(23.5) 0/5 1/2	(50.0) 1/6	(16.7) 0/2 17/80	(21.3) 
 Before	incident	case 8/11	(72.7) 4/4	(100.0)  1/1	(100) 1/1	(100.0)  14/17	(82.4) 
  Transplant	to	incident	 
  case,	d,	median	(IQR) 

      44	(15–446) 

 After	incident case 3/11	(27.3) 0/4  0/1 0/1  3/17	(17.6) 
  Incident	case to  
  transplant,	d,	median	 
  (IQR) 

      96	(28–188) 

Type	of	transplant##        
 Solid	organ 11/11	(100.0) 2/4	(50.0)  0/1 0/1  13/17	(76.5) 
  Kidney 7/11	(63.6) 0/2     7/13	(53.8) 
  Liver 3/11	(27.3) 1/2	(50.0)     4/13	(30.8) 
  Lung 1/11	(9.1) 1/2	(50.0)     2/13	(15.4) 
 Bone	marrow 0/11 2/4	(50.0)  1/1	(100.0) 1/1	(100.0)  4/17	(23.5) 
*Values	are	no.	cases/total	no.	in	category	(%)	except	as	indicated.	Three	incident	cases	occurred	in	3	patients	who	reported no	international	travel	or	
hospitalization	in	the	United	States	during	the	previous	12	mo	(1	case	of	E. coli harboring	blaNDM and	blaKPC,	1	case	of	K. pneumoniae harboring	blaNDM 
and	blaKPC,	and	1	case	of	E. coli harboring	blaNDM and	blaOXA-48-like).	Among	these	patients,	1	was	a	nursing	home	resident,	1	did	not	have	additional	
information	provided,	and	1	had	a	spouse	who	had	traveled	to	India	and	returned	1	mo	before	their	incident	case.	Exposures	are	described	for	the	12	
mo	before	identification	of	incident	case.	IMP,	active-on-imipenem	metallo-β-lactamase;	KPC,	Klebsiella pneumoniae carbapenemase;	NDM,	New	Delhi	
metallo-β-lactamase;	OXA,	oxacillinase;	VIM,	Verona	integron-encoded	metallo-β-lactamase. 
†Citrobacter freundii,	Enterobacter cloacae,	Escherichia coli,	Klebsiella aerogenes,	K. oxytoca,	K. pneumoniae,	and	Providencia rettgeri isolates. 
‡Pseudomonas aeruginosa and	Pseudomonas fluorescens isolates. 
§Includes	1	K. pneumoniae isolate	harboring	blaNDM,	blaOXA-48-like,	and	blaVIM. 
¶Based	on	census	regions	of	residence	(US	Census	Bureau, https://www2.census.gov/geo/pdfs/maps-data/maps/reference/us_regdiv.pdf). 
#Of	90 unique	patients	who	contributed	95 incident	cases	with	complete	data. 
**Of	88 unique	patients who	contributed	93 incident	cases	with	complete	data. 
††Significant difference; p<0.01. Exclusion of incident cases associated with an outbreak or cluster did not change	this	association:	47/56	(83.9%)	
incident	cases	harboring	blaNDM and	blaOXA-48-like occurred	in	patients	who	reported	international	travel,	compared	with	4/14	(28.6%;	p<0.01)	with	blaKPC 
and	blaNDM. 
‡‡Two patients reported international inpatient healthcare	in	2	countries. 
§§One hospitalization	in	Bangladesh,	1	in	Columbia,	1	in	Iraq,	1	in	Mexico,	1	in	Nigeria,	1	in	Tajikistan,	1	in	Thailand,	1	in	Turkey,	and	1	in	Yemen. 
¶¶Solid	organ	or	bone	marrow	transplants;	of	75 unique	patients	who	contributed	80 incident	cases	with	complete	data. 
##Of	includes	17	unique	patients	who	contributed	17	incident	cases	with	complete	data. 
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blaNDM jeopardizes the usefulness of these therapies. 
We noted 1 P. aeruginosa isolate harboring blaNDM-1 and 
blaIMP-1; this isolate was panresistant to all antimicrobial 
drugs tested (12). A high proportion (17.5%) of cases 
occurred among patients with history of solid organ 
or bone marrow transplantation before their index cul-
ture, a population for whom CRO infections are associ-
ated with worse outcomes than patients without trans-
plants (13,14). In comparison, only 3.1% of patients 
with CRE reported to the Multi-Site Gram-Negative 
Surveillance Initiative at CDC during 2012–2019 had 
a history of transplant before their positive culture (15; 
I. See, CDC, pers. comm., 2021 Jan 19); whether multi-
CPOs are emerging in this population requires careful 
monitoring. Finally, hierarchical testing algorithms, in 
which testing is halted after detection of an initial car-
bapenemase, might not identify additional, less com-
mon carbapenemases (e.g., hierarchical testing might 
not identify blaVIM in an isolate with blaKPC and blaVIM).

The first limitation of our analysis is that these 
data represent a passively reported convenience 
sample during a period in which multiple changes 
in testing practices, including the establishment of 
the AR Lab Network, occurred. For this reason, we 
cannot determine whether multi-CPOs became more 
common during the evaluation period. Second, CROs 
from patients with a history of healthcare abroad 
might have been selected for mechanism testing, bi-
asing detection toward this risk factor; bias might 
have been more influential early in the investigation 
period, when testing resources were limited. Finally, 
this analysis did not systematically document outpa-
tient healthcare exposures and residence in long-term 
care facilities, which also might be relevant sources of 
exposure; 1 case in this analysis was associated with 
invasive urologic procedures abroad (7).

Conclusions
Multi-CPOs in healthcare facilities are an emerging 
concern in the United States. Although hospitalization 
outside the United States was the most common risk 
factor, we found a substantial proportion of cases that 
were probably acquired in healthcare facilities in the 
United States. Several measures might slow further 
spread. First, screening patients who were recently 
hospitalized outside the United States can help pre-
vent additional introductions of carbapenemase genes 
not commonly found in the United States. Second, mo-
lecular testing to identify carbapenemase genes should 
not use hierarchical algorithms. Finally, when a multi-
CPO is identified, public health officials should assess 
for potential transmission (https://www.cdc.gov/
hai/containment/guidelines.html).
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A Decade of Fatal  

Human Eastern Equine  
Encephalitis Virus 
Infection, Alabama 

Visit our website to listen: 
https://go.usa.gov/xFUhU

®

After infection with eastern equine encephalitis virus, 
the immune system races to clear the pathogen from 
the body. Because the immune response occurs so 
quickly, it is difficult to detect viral RNA in serum or 
cerebrospinal samples. 

In immunocompromised patients, the immune re-
sponse can be decreased or delayed, enabling the vi-
rus to continue replicating. This delay gave researchers 
the rare opportunity to study the genetic sequence of 
isolated viruses, with some surprising results.

In this EID podcast, Dr. Holly Hughes, a research micro-
biologist at CDC in Fort Collins, Colorado, describes a 
fatal case of mosquitoborne disease.



Crimean-Congo hemorrhagic fever virus (CCH-
FV) is an arthropodborne Orthonairovirus 

mainly transmitted by ticks. In humans, CCHFV 
infection can cause severe and even fatal Crime-
an-Congo hemorrhagic fever (CCHF) disease (1). 
CCHFV also can infect wild and domestic mamma-
lian species, producing viremia but causing a pre-
dominantly asymptomatic disease and such species 
have a role in the maintenance of the virus in the 
environment (2).

CCHFV is endemic in Africa, Asia, and eastern 
Europe but has more recently emerged in south-
western Europe. In 2010, CCHFV was detected in 
central-western Spain in Hyalomma lusitanicum ticks 
collected from red deer (Cervus elaphus) (3). In 2016, 
2 autochthonous human CCHF cases were reported 
in Spain, 1 likely contracted through tick bite and 
the other caused by nosocomial transmission (4). 
Since then, 6 other CCHF clinical cases, including a 
retrospectively identifi ed case from 2013, have been 
reported in the country, all of which are suspected 

to be caused by infected ticks (5,6). Further surveys 
on ticks (7,8), and serologic studies in humans (9) 
and animals (10) have shown evidence of CCHFV 
circulation in several areas of central and south-
western Spain. The high genetic variability of the 
CCHFV strains identifi ed in Spain, including geno-
types Africa III and IV and Europe V, are indicative 
of repeated introductions (7,8). The area of CCHFV 
detection coincides with the region where the eco-
logic conditions are more favorable for the presence 
of H. marginatum and H. lusitanicum ticks, the main 
vectors of the disease. Neither of these species have 
been reported in northeastern Spain, but ecologic 
models predict the existence of areas suitable for H. 
marginatum (11). To evaluate possible CCHFV cir-
culation in Catalonia, northeastern Spain, we con-
ducted a serosurvey to detect CCHFV antibodies in 
different susceptible wild animal species. 

The Study
Serum samples from different wildlife species were 
collected during 2014–2020 as part of routine wild-
life surveillance in Catalonia from areas represent-
ing different ecosystems (Figures 1, 2). We tested for 
CCHFV antibodies in serum samples from 174 red 
deer, 84 Iberian ibexes (Capra pyrenaica), 79 roe deer 
(Capreolus capreolus), 35 European rabbits (Oryctolagus 
cuniculus), 156 wild boars (Sus scrofa), and 4 fallow 
deer (Dama dama) (Table 1). We used the CCHF Dou-
ble Antigen Multi-species ELISA kit (IDvet, https://
www.id-vet.com), which has a sensitivity of 98.9% 
(95% CI 96.8%–99.8%) and a specifi city of 100% (95% 
CI 99.8%–100%) (12). 

Because CCHFV might have been introduced in 
the region via ticks carried by migratory birds (3), we 
selected 226 samples from areas close to the 3 main 
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We	 conducted	 a	 serosurvey	 for	Crimean-Congo	 hemor-
rhagic	fever	virus	antibodies	in	various	wildlife	species	in	
Catalonia,	 northeastern	Spain.	We	 detected	 high	 serop-
revalence	 in	southern	Catalonia,	close	 to	 the	Ebro	Delta	
wetland,	 a	 key	 stopover	 for	 birds	 migrating	 from	Africa.	
Our	 fi	ndings	 could	 indicate	 that	 competent	 virus	 vectors	
are	present	in	the	region.



CCHFV	Seropositivity	in	Wildlife,	Spain

points of arrival of birds from Africa: the wetlands of 
the Ebro Delta (n = 101); the Llobregat Delta (n = 82), 
in close proximity to the urban area of Barcelona; and 
the Aiguamolls de l’Empordà (n = 43). The remain-
ing 306 samples were collected from municipalities 
throughout Catalonia.

Of 532 samples tested, CCHFV antibodies 
were detected in 72 animals, including Iberian ibex 
(66/84), roe deer (1/79), and wild boar (5/156) (Ta-
bles 1, 2). All 72 seropositive samples came from the 
same area in southern Catalonia, which includes 5 
municipalities within or close to the Ports de Torto-
sa-Beseit Natural Park (Figure 1). This area is com-
posed of rugged terrain, including canyons and ra-
vines, and mainly is covered by a Mediterranean 
forest dominated by oaks, pines, and dense shru-
bland. This natural area is located a few kilome-
ters from the Ebro Delta, one of the main wetlands 
in Spain and a key stopover for birds migrating 
from Africa to Europe. Thus, CCHFV introduction  

via infected ticks transported by migrating birds 
seems plausible.

The 66 Iberian ibexes tested in the affected area 
during 2017–2019, and 1/2 roe deer sampled in 
2019, were CCHFV-positive, indicating high sero-
prevalence in the area since at least 2017. A 2018 
serosurvey in wild ruminants also found a high se-
roprevalence (79%) in some areas of central Spain 
known to have Hyalomma ticks but where CCHFV 
had not been detected previously (10). In contrast, 
of 24 wild boars sampled from affected municipali-
ties during 2017–2020, only 5 (20.8%) were seropos-
itive. Reasons for the difference in seroprevalence 
between Iberian ibexes and wild boars are not clear 
and will require additional studies. One possible 
explanation would be that adult Hyalomma ticks 
feed preferentially on the family Bovidae (13); high 
seroprevalences frequently are observed in Spain 
among domestic goats (Capra aegagrus hircus), a 
closely related species (10). European rabbits tested 
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Figure 1. Distribution	of	areas	sampled	for	detection	of	antibodies	against	Crimean-Congo	hemorrhagic	fever	virus	(CCHFV)	in	
various	species,	Catalonia,	northeastern	Spain.	Inset	at	left	shows	Catalonia	(black)	in	northeastern	Spain.	Large	map	shows	
distribution	of	serosurveys	throughout	Catalonia:	A)	Ebro	Delta;	B)	Llobregat	Delta;	C)	Aiguamolls	de	l’Empordà;	Enlarged	areas	
represent	regions	with	wetlands	(blue	shading),	which	are	stopovers	for	migratory	birds	from	Africa:	D)	Ebro	Delta;	E)	Llobregat	
Delta;	F)	Aiguamolls	de	l’Empordà.	Green	shading	indicates	areas	from	which	all	samples	were	seronegative;	red	shading	indicates	
>1	sample	was	seropositive;	gray	shading	indicates	area	was	not	sampled;	yellow	shading/outline	indicates	location	of	Ports	de	
Tortosa-Beseit	National	Park.	Additional	details	are	provided	on	CCHFV	hotspots	in	Ebro	Delta	(D),	which	are	close	to	and	overlap	
wetlands	and	Ports	de	Tortosa-Beseit	Natural	Park.	Among	regions	in	this	area,	animals	tested	(no.	positive/no.	tested)	included	the	
following:	D1,	Iberian	ibexes	10/10,	wild	boar	4/21;	D2,	Iberian	ibexes	17/17,	roe	deer	1/1,	wild	boar	1/3;	D3,	Iberian	ibexes	3/3;	D4,	
Iberian	ibexes	8/8,	European	rabbit	0/2;	D5,	Iberian	ibexes	28/28,	European	rabbit	0/2;	D6,	European	rabbit	0/6;	D7,	roe	deer	0/1;	
D8,	European	rabbit	0/1;	and	D9,	European	rabbit	0/1.	
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in the affected area were seronegative (Table 2); how-
ever, they were sampled in 2016 when CCHFV might 
not have been introduced or might have been at low-
er levels. No CCHFV antibodies were detected in red 
deer or fallow deer, but in the areas where they were 
sampled, seropositivity was not detected in any of the 
other susceptible species either (Figure 2). 

Conclusions
Detection of CCHFV antibodies among animals  
in southern Catalonia implies the availability of  

competent vectors, most likely H. marginatum ticks; 
however, presence of H. marginatum ticks in the area 
and on the host species will need to be confirmed. 
The range of H. marginatum ticks is expanding in 
Europe; permanent populations have been reported 
in southern France (14). This expansion probably is 
influenced by the density of wild ungulates, from 
which adult H. marginatum ticks feed, and leporids, 
from which immature ticks feed. In Catalonia, in-
creasing populations of rabbits and wild ungulates, 
including wild boar, roe deer, and fallow deer, have 
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Figure 2.	Distribution	of	areas	sampled	for	detection	of	antibodies	against	Crimean-Congo	hemorrhagic	fever	virus	CCHFV	by	species,	
Catalonia,	northeastern	Spain.	Green	indicates	all	samples	were	seronegative;	red	indicates	>1	sample	was	seropositive;	gray	indicates	
areas	not	sampled.	A)	Red	deer	(Cervus elaphus);	B)	Iberian	ibex	(Capra pyrenaica);	C)	roe	deer	(Capreolus capreolus);	D)	European	
rabbit	(Oryctolagus cuniculus);	E)	wild	boar	(Sus scrofa);	F)	fallow	deer	(Dama dama).

 
Table 1. Distribution	of	samples	tested	for	the	presence	of	antibodies	against	CCHFV	among	various	mammalian	species,	Catalonia,	
Spain* 
Species 2014–2016 2017 2018 2019 2020 Total 
Red	deer 0/13	(0%–28%) 0/60	(0%–1%) 0/15	(0%–3%) 0/29	(0%–15%) 0/57	(0%–8%) 0/174	(0%–3%) 
Iberian	ibex 

 
15/15	(75%–100%) 5/5 46/46	(90%–100%) 0/18 (0%–22%) 66/84	(68%–87%) 

Roe	deer 
 

0/1 0/1 1/59	(0%–10%) 0/18	(0%–22%) 1/79	(0%–8%) 
European	
rabbit 

0/21	(0%–19%) 0/11	(0%–32%) 0/3 
  

0/35	(0%–12%) 

Wild	boar 
 

1/87	(0%–7%) 3/3 
 

1/48	(0%–13%) 5/156	(1%–8%) 
Fallow	deer 

   
0/4 

 
0/4 

Total 0/34	(0%–13%) 16/174	(6%–15%) 8/27	(15%–50%) 47/156	(23%–38%) 1/141	(0%–5%) 72/532	(11%–17%) 
*Data	are	no.	positive/no.	tested	(95%	CI	for	percentage	CCHFV	positive).	CCHFV,	Crimean-Congo	hemorrhagic	fever	virus. 
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required management measures to control their 
populations in recent years (15). 

Besides southern Catalonia, samples from oth-
er areas evaluated in this study were seronegative. 
Whether seronegativity results from the absence 
of competent vectors or the absence of CCHFV is 
unclear, but defining seronegative and seroposi-
tive areas will be key in assessing risk for CCHFV 
transmission in the Mediterranean ecologic region. 
Further serosurveys to identify amplifying hosts 
and reservoirs of CCHFV in this ecologic region 
could help determine whether additional preven-
tion measures against zoonotic transmission are 
needed in the area. Moreover, detecting the virus 
in hosts or vectors from the affected area and phy-
logenetic studies could clarify the origin of CCHFV 
in Catalonia. Risk for further introduction of CCH-
FV via migratory birds or expansion from the cur-
rently affected area to unaffected areas underscore 
the need for continued CCHF disease surveillance  
in Catalonia. 
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Listeria monocytogenes infections are primarily food-
borne and cause gastrointestinal disease or inva-

sive syndromes among infected persons (1). Because L. 
monocytogenes is an intracellular pathogen and because 
invasive listeriosis is the primary manifestation in di-
agnosed listeriosis, persons with defi cient cell-medi-
ated immunity are at increased risk for its symptoms, 
including sepsis and meningitis. In addition, infection 
during pregnancy can lead to chorioamnionitis and 
fetal infection that can result in miscarriage and still-
birth even 2 months after the mother is exposed. One 
study found that 44% of patients with non–pregnancy-
associated (NPA) listeriosis in Germany had received 
immunosuppressive therapy ≤3 months before illness 
onset and another 28% had a coexistent immunocom-
promising illness, such as diabetes (2). Testing for bac-
teria in blood cultures or cerebrospinal fl uid (CSF) is 
recommended for diagnosis.

Listeria is ubiquitous in the environment and can 
produce biofi lms in the food production environment 
and thus contaminate ready-to-eat (RTE) products, 
which are typically consumed raw or without further 
processing. Listeria species grow during shelf life, even 
at low temperatures, and multiply to concentration lev-
els that make invasive listeriosis and outbreaks more 

likely. For these reasons, it is suspected that L. monocy-
togenes exposure is very common but the disease rare. 
However, in recent years several large outbreaks have 
been reported in Germany (3–7).

The Study 
We analyzed mandatory notifi cation data about inva-
sive listeriosis cases in Germany during 2010–2019 to 
describe time trends, case-fatality rates, demographic 
distribution, clinical and diagnostic characteristics, 
and geographic trends (Appendix, https://wwwnc.
cdc.gov/EID/article/27/9/21-0068-App1.pdf). In to-
tal, 5,576 listeriosis cases were reported during the 10-
year study period; 5,064 (91%) of those were NPA and 
486 (9%) were pregnancy associated, 241 in mothers 
and 245 in newborns. Information on disease mani-
festation was not transmitted for 26 cases. The lowest 
annual incidence was in 2011 (0.41/100,000 residents) 
and the highest in 2017 (0.93/100,000 residents); the 
average for 2010–2019 was 0.69/100,000 residents. 
We observed a steady increase in cases during 2011–
2017, but incidence in 2019 was lower than in previ-
ous years. Exceptionally high numbers were reported 
in the third quarters of 2016, 2017, and 2018 (Figure 1).

Among the 5,064 NPA listeriosis case-patients, 
2,032 (40%) were female and 3,855 (76%) were >65 
years of age (Table 1). Listeriosis among adolescents 
and children other than newborns is rare (37 cases). 
Incidence in adults 18–44 years of age is <0.1/100,000 
residents, in contrast with incidence among adults 
≥85 years of age: 3.99/100,000 residents for men and 
2.08/100,000 residents for women. Annual median 
age of case-patients increased steadily from 72 years 
of age in 2010 to 77 years of age in 2019.

Sources for testing samples included CSF (657, 
13%), blood (4,097, 81%), and material from other 
usually sterile sites (274, 5%) (Table 2). A signifi cantly 
higher proportion of L. monocytogenes was detected 
in CSF among adults 18–64 years of age (24%) than 
among those >65 years of age (9%) (p<0.01); for most 
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We	used	10	years	of	surveillance	data	 to	describe	 lis-
teriosis	frequency	in	Germany.	Altogether,	5,576	cases	
were	 reported,	 91%	 not	 pregnancy	 associated;	 case	
counts	increased	over	time.	Case-fatality	rate	was	13%	
in	non–pregnancy-associated	cases,	most	in	adults	≥65	
years	of	age.	Detecting,	 investigating,	and	ending	out-
breaks	might	have	the	greatest	eff	ect	on	incidence.
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case-patients >65 years of age, the isolate was detected 
from blood. Most NPA case-patients (95%) were hos-
pitalized; we found no differences among age groups 
(p = 0.689). Altogether, 658 NPA case-patients have 
been reported deceased. The case-fatality rate for 
NPA cases was 13%, significantly higher among pa-
tients >65 years of age (14%) than among those 18–64 
years of age (10%; p<0.001). Listeriosis was the main 
cause of death for 324 (49%) of NPA case-patients 
and a contributing factor for 280 (43%). NPA case-
fatality rates increased over the 10-year study period, 
but mainly because of an increase in listeriosis case-
patients who died from causes other than listeriosis 
(Figure 2). For 54 (8%) deceased case-patients, cause-
of-death information was missing. Of 301 pregnancy-
associated cases, 50% were confirmed from blood  

cultures and 54% from samples of newborn, stillborn, 
or maternal tissues (in some cases, both). A total of 32 
fetal losses and 26 neonatal deaths resulted in a case-
fatality rate of 19% for pregnancy-associated cases. 

Conclusions
The aging of the population of Germany as a result of de-
mographic shifts that will continue in the coming years 
may partially explain the increase in listeriosis cases and 
the median age of patients. In addition, factors related 
to the foodborne nature of the disease and an increase 
in exposure to Listeria must be presumed; it is possible 
that people eat more RTE food or that RTE food is more 
likely to become contaminated, although only single-
case findings of L. monocytogenes >100 CFU/g have been 
detected in RTE foods in recent years (8). 

2486	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	27,	No.	9,	September	2021

Figure 1.	Distribution	of	
pregnancy-associated	and	non–
pregnancy-associated	listeriosis	
cases,	by	year	and	quarter,	
Germany,	2010–2019	(n	=	5,576).	
In	the	x-axis	labels,	I	corresponds	
to	January–March,	II	to	April–June,	
III	to	July–September,	and	IV	to	
October–December.	Before	the	
third	quarter	of	2015,	two	groups	
of	patients	were	not	included	in	
the	reference	definition:	those	
with	unknown	or	unfulfilled	clinical	
criteria	and	those	with	nucleic	acid	
detection	only.	Data	from	these	
groups	are	displayed	separately	to	
make	the	changes	in	trends	over	
time	more	apparent.

 
Table 1. Average	annual	incidence	of	notified	cases	of	non–pregnancy-associated	listeriosis, by	age	and	gender,	Germany,	 
2010–2019* 

Patient	age,	y 
No.	male	

case-patients 
Incidence	among	
male	case-patients 

No.	female	
case-patients 

Incidence	among	
female	case-patients 

Overall	no.	
cases 

Overall	
incidence 

Total 3,029 0.74 2,032 0.48 5,061 0.61 
≤17 15 0.02 22 0.03 37 0.03 
18–44 84 0.06 87 0.07 171 0.06 
45–49 56 0.21 37 0.14 93 0.18 
50–54 120 0.35 68 0.20 188 0.28 
55–59 195 0.58 100 0.30 295 0.44 
60–64 280 1.01 145 0.51 425 0.75 
65–69 389 1.68 207 0.81 596 1.23 
70–74 509 2.96 295 1.51 804 2.19 
75–79 612 3.53 371 1.73 983 2.54 
80–84 452 3.30 369 1.92 821 2.49 
≥85 317 3.99 331 2.08 648 2.71 
*Incidence	is	given	as	no.	cases/100,000	residents. 

 



Invasive	Listeriosis,	Germany,	2010–2019

The additional case numbers in some quarters of 
the year (Figure 1) were all associated with large-scale 
outbreaks (3,6). Successfully identifying and control-
ling large outbreaks, especially after whole-genome 
sequencing–based surveillance was introduced, pos-
sibly explains why the trend in increases ended after 
2017 (9). Overall listeriosis incidence in Germany is 
higher than in all neighboring countries except Den-
mark (10). In Europe, incidence is generally higher 
in countries in Scandinavia and the Baltic region and 
lower in the United Kingdom and Ireland (10).

As is the case for other pathogens, listeriosis sur-
veillance results in underascertainment, although it is 
difficult to quantify by how much. Listeria sepsis can-
not be clinically distinguished from other bacterial sep-
sis, and isolating Listeria or detecting DNA from blood 
samples is often impossible because bacteremia is ab-
sent or intermittent. In addition, laboratory diagnostic 
testing is often not performed after abortions or still-
births or for persons who are found dead. 

Listeriosis has one of the highest case-fatality 
rates among notifiable infectious diseases. The case-
fatality rate for Germany in this study is surprisingly 
lower than that for Europe overall, 15.6% (10), and for 
the United States, 21% (11). A cohort study in France 
reported a 3-month death rate of 45% for bacteremia 
from Listeria infection and 30% for neurolisteriosis 
cases (12). Lower rates may be partially explained 
by well-equipped intensive care units, but it is more 
likely that many deaths occurring long after origi-
nal disease notifications were not reported to public  
health departments. 

Of interest, surveillance data from the United 
States indicate more listeriosis among women and 
higher proportions of pregnancy-associated cases 
(11,13) than in our study. One explanation might be 
that, in Germany, meat products, more often eaten by 
men, constitute prominent outbreak vehicles (3,4,6,7), 
whereas in the United States several outbreaks were 
caused by nonanimal products or cheese (11).
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Table 2. Clinical	characteristics	of	notified	cases	of	invasive	listeriosis,	Germany,	2010–2019* 

Characteristic 
Pregnancy-associated,	

no.	(%)	cases 
Non–pregnancy-associated,	no.	(%)	cases 

Children/adolescents	<18	y Adults	18–64	y Adults ≥65 y Total 
Total 301	(100) 37	(100) 1,172	(100) 3,855	(100) 5,064	(100) 
Sex      
 F 301	(100) 22	(59) 437	(37) 1,573	(41) 2,032	(40) 
 M 0     
Isolate	source†      
 Cerebrospinal	fluid 6	(2) 21	(57) 277	(24) 359	(9) 657	(13) 
 Blood 152	(50) 15	(41) 800	(68) 3,282	(85) 4,097	(81) 
 Other	sterile	site NA 1	(3) 87	(7) 186	(5) 274	(5) 
 Birth setting‡ 162	(54) NA NA NA NA 
Severity      
 Hospitalization§ 253	(84) 36	(97) 1,064	(95) 3,535	(95) 4,635	(92) 
 Death	or	fetal	loss¶ 58	(19) 0#	(0) 113#	(10) 545#	(14) 658#	(13) 
*NA,	not	applicable 
†When Listeria monocytogenes is	isolated	from	multiple	anatomic	sites, only	a	single	site	is	reported	(priority	order:	cerebral	spinal	fluid,	blood,	other	
sterile	site,	and	birth	setting). 
‡Either from a newborn, fetus, stillborn or from maternal tissue (placental tissue, uterus, cervix). 
§Hospitalizations	among	singleton	neonates	for	224	pregnancy-associated	cases. 
¶26	neonatal	deaths,	32	fetal	losses.	Among	all	pregnancy-associated	cases	161	premature	births	were	recorded. 
#Information	available	for	4,989/5,064	(99%)	of	notified	cases. 

 

Figure 2.	Distribution	of	non–
pregnancy-associated	listeriosis	
cases	(n	=	5,061)	in	which	the	
patients	died	(n	=	658)	and	case-
fatalities	by	year	and	cause	of	
death,	Germany,	2010–2019.	
Black	line	indicates	percentage	
of	infected	persons	who	died.
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Systematic whole-genome sequence typing of Lis-
teria isolates from patients would aid in detecting and 
investigating outbreaks. These molecular data should 
be integrated into surveillance data from cases notifica-
tions and isolates found in food. Combining data from 
molecular surveillance with epidemiologic investiga-
tions would help systematically identify and eliminate 
contaminated sources, which might have the greatest 
effect on reducing the overall burden of listeriosis and 
thus flattening its high incidence curve. Two factors 
interact to have the greatest influence on personal risk 
profiles. Listeriosis is highly associated with age, which 
is affirmed in our study, and strongly associated with 
documented immunosuppressive conditions (2). Per-
sons with these risk profiles should be targeted in in-
formation campaigns about how to safely consume RTE 
foods and avoid certain types of cheeses, meat products, 
and smoked or graved (cured) fish products. All food 
producers, and especially those providing food for im-
munocompromised patients in healthcare facilities, 
should take steps to minimize L. monocytogenes hazards 
when producing, selecting, and preparing food. 
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A 70 year-old woman came to the emergency de-
partment at Abbotsford Regional Hospital (Ab-

botsford, BC, Canada) after 3 days of chills, headache, 
nausea, weakness, and urinary frequency. Her medical 
history included psoriasis and psoriatic arthritis; her 
medications included ixekizumab. Her vital signs were 
within reference limits. Initial blood test results were 
within reference ranges, apart from a mild increase in 
the monocyte level (0.9 × 109 cells/L, reference range 
0.1–0.8 × 109 cells/L) and a high level of C-reactive 
protein (14.5 mg/L, reference value <7.5 mg/L). Chest 
radiograph showed no acute fi ndings. The patient, be-
lieved to have a urinary tract infection, was discharged 
and given a 7-day course of oral cefi xime.

Four BacT/Alert blood culture bottles (bioMérieux, 
https://www.biomerieux-usa.com) (3 aerobic and 1 
anaerobic) were collected in the emergency department. 
One aerobic blood culture bottle showed a positive re-
sult for Brucella sp. after 3.5 days of incubation. A labo-
ratory technologist prepared a slide for Gram staining 
and subcultured a sample into medium in a biosafety 

cabinet while wearing a gown and gloves. The result 
of the Gram stain was diffi cult to interpret and was ini-
tially reported as showing gram-positive cocci. A urine 
culture result was negative. The patient was readmitted 
to the emergency department for reassessment. She re-
ported feeling somewhat better and continued using the 
oral antimicrobial drug while awaiting further informa-
tion from the laboratory.

Culture plates were examined for growth every 4 
hours and after 42 hours of incubation showed faint 
growth on blood and chocolate agars. Matrix-assisted 
laser desorption/ionization time-of-fl ight (MALDI-
TOF) mass spectrometry (Bruker Daltonics Instru-
ment; https://www.bruker.com) did not identify the 
organism, but the highest score was for Ochrobactrum
spp. At this point, culture examinations and MALDI-
TOF mass spectrometry target plate preparations 
were performed on an open laboratory bench.

The next day, after reviewing the Gram stain re-
sult and MALDI-TOF mass spectrometry results, a 
microbiologist noted that the organisms were pleo-
morphic, gram-negative coccobacilli, which increased 
the possibility of Brucella spp. The provincial refer-
ence laboratory (British Columbia Centre for Dis-
ease Control Public Health Laboratory, Vancouver, 
BC, Canada) was contacted. That evening, molecular 
testing at that laboratory confi rmed the isolate was 
Brucella spp. and the isolate was sent to the National 
Microbiology Laboratory (Winnipeg, MB, Canada) 
for species identifi cation. The microbiologist commu-
nicated this result to the emergency physician, public 
health offi cials, and laboratory leadership; the patient 
was contacted and returned the same day to initiate 
outpatient therapy (intravenous gentamicin and oral 
doxycycline). After 7 days of therapy, the patient was 
much improved; gentamicin was discontinued, and 
the patient was transitioned to receiving oral rifampin 
and doxycycline for 6 weeks of treatment. Blood 
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We	report	a	case	of	human	infection	with	a	Brucella ca-
nis	 isolate	 in	an	adult	 in	Canada	who	was	 receiving	a	
biologic	 immunomodulating	medication.	We	detail	sub-
sequent	 investigations,	 which	 showed	 that	 17	 clinical	
microbiology	staff		had	high-risk	exposures	to	the	isolate,	
1	of	whom	had	a	positive	result	for	B. canis.
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cultures repeated on treatment day 7 had no growth. 
No focal site of infection was identified after analysis 
of medical history, physical examination, and com-
puted tomography of the chest, abdomen, and pelvis.

The patient reported a major headache and a de-
pressed mood as she neared the tentative end of her 
treatment; therapy was extended while investigat-
ing for evidence of neurobrucellosis, which would 
require further prolongation of therapy. Computed 
tomography of the head and lumbar puncture found 
no evidence of central nervous system infection; thus, 
treatment was discontinued (53 days of completed to-
tal therapy). The headache and mood changes for the 
patient resolved within days of treatment discontinu-
ation, and she did not have any symptoms of recur-
rence after 1 year.

The National Microbiology Laboratory reported 
the identification as B. canis. A public health investi-
gation determined that the patient had helped trans-
port rescue dogs from Mexico and the United States 
to Canada (1). Ten weeks before this patient’s onset 
of symptoms, a pregnant dog from Mexico spontane-
ously aborted 2 stillborn puppies in the patient’s car. 
After B. canis was identified in the human patient, test-
ing of the dog showed that it was positive for B. canis 
by immunofluorescent antibody test. We conducted 
outreach for B. canis detection, prevention, and con-
trol of the dog rescue organization and to veterinary 
and medical professionals in British Columbia.

The patient was seronegative for B. abortus (by mi-
croagglutination test) and seropositive for B. canis (by 
D-TEC CB Commercial Slide Agglutination Kit; Zo-
etis, https://www.zoetisus.com). Serologic testing for 
B. canis was performed at Baylor College of Medicine 
(Houston, TX, USA). This kit is intended for veterinary 
use; the sensitivity and specificity for human samples 
is unknown because there are few cases of human B. 
canis infection in North America. Although this kit is 
not validated for human samples, anecdotal evidence 
suggests this test provides results that correlate with 
the clinical picture (E.J. Young, unpub. data). Also, se-
rologic agglutination assays using B. abortus antigens 
do not cross-react with antibodies to B. canis (2).

As part of the laboratory exposure investigation, 
we reviewed the workup in the microbiology laborato-
ry and the location of all personnel to identify potential 
high-risk exposures (<5 feet from culture manipulation 
on an open bench) (3). A microbiologist performed a 
risk assessment for all exposed staff (3). No aerosol-
generating procedures had been performed.

A total of 17 staff had high-risk exposures: 9 were 
technologists who worked directly on the Brucella cul-
ture on an open bench and 8 were staff who worked 

within a 5-foot radius. These staff were referred to an 
infectious diseases clinic for urgent assessment and 
consideration of postexposure prophylaxis. Serologic 
testing for B. canis and B. abortus was performed at 3 
months and 6 months after exposure. One staff mem-
ber had a positive result for B. canis that was  detected 
at 3 months despite taking 3 weeks of postexposure 
prophylaxis initiated 12 days after a high-risk expo-
sure. All other staff were seronegative. No exposed 
staff reported symptoms of Brucella infection during 
the 6 months of postexposure follow-up.

This case prompted the following procedure 
changes to prevent future laboratory exposures. First, 
Brucella spp. are aerobes typically requiring >48 hours 
to grow in automated blood culture systems because 
the level of bacteremia is usually low (1–5 CFU/mL), 
doubling time is long (2.5–3.5 hours), and CO2 produc-
tion is low (4–7). Aerobic blood culture bottles show-
ing a positive result after >48 hours of incubation are 
now processed by using additional personal protective 
equipment (N95 mask, face shield, gown, and gloves) 
in a biosafety cabinet, and subculture plates are labeled 
as containing a possible Risk Group 3 agent. A micro-
biologist or senior technologist reviews the Gram stain 
results and guides further workup.

Second, a security-relevant bacterial database was 
installed on the Bruker instrument. This database con-
tains 1 species of Brucella, B. melitensis. Using this se-
curity-relevant database, we found that the spectra of 
this organism from the original run was identified as B. 
melitensis (score 2.39). MALDI-TOF mass spectrometry 
is not routinely performed on suspected Risk Group 3 
agents; however, if this process is inadvertently per-
formed in the future, the security-relevant database 
would help identify the pathogen sooner. 

Third, the highest score of Ochrobactrum spp. by 
MALDI-TOF mass spectrometry prompts the tech-
nologist to consider Brucella spp. Similar to our finding 
with B. canis, it has been reported that B. melitensis can 
be misidentified as O. anthropi by MALDI-TOF mass 
spectrometry by using a library lacking Brucella (8).

Conclusions
Our investigation shows that humans interacting 
with dogs from areas to which B. canis is endemic are 
at risk for acquiring human brucellosis (9). B. canis se-
ropositivity has also been found in dogs within ken-
nels in Canada (10). A workup for fever of unknown 
origin should include a detailed exposure history, 
including contact with dogs, particularly imported 
dogs. Laboratory manipulation of B. canis isolates 
from human clinical samples can result in transmis-
sion of the organism to laboratory staff. Proactive 
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measures should be taken to minimize risk for expo-
sure to this potential laboratory hazard.
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Highly pathogenic avian infl uenza (HPAI) A(H5) 
viruses were identifi ed in 1996 in a goose from 

Guangdong, China, and the evolution of the hemag-
glutinins (HAs) of these A/goose/Guangdong/1/96 
(Gs/GD) lineage viruses has given rise to multiple 
genetically distinct phylogenetic clades (1). The emer-
gence of HA clade 2.3.4.4 viruses was associated with 
several different virus subtypes, including H5N6 (2). 
As of March 2021, a total of 29 laboratory-confi rmed 
human cases of H5N6 viruses have been reported 
from China, and 9 patients have died (3). Clade 2.3.4.4 
H5N6 viruses have subsequently evolved, requiring 
further clade designations. Clade 2.3.4.4h viruses are 
found in China, Laos, and Vietnam (4). In December 
2019 and January 2020, 2.3.4.4 H5N6 viruses were iso-
lated from dead migratory whooper swans (Cygnus 
cygnus) and mute swans (Cygnus olor) in Xinjiang, 

western China (5). In April 2021, the same virus was 
detected in migratory birds in Mongolia (6).

In Bangladesh, HPAI A(H5) viruses have been in 
circulation since 2008; the predominant clades found 
are 2.2.2 and 2.3.2.1a. HPAI A(H5N6) clade 2.3.4.4b 
viruses were identifi ed in domestic poultry in Bangla-
desh in 2016 (7,8). Although the viruses were detected 
in live poultry markets (LPMs), they did not replace 
the H5N1 viruses in circulation, and as of April 2021, 
there have been no more reports of H5N6 virus de-
tection (9,10). We report a new introduction of clade 
2.3.4.4.h viruses that are similar to viruses detected in 
China (Xinjiang) and Mongolia (5,6), suggesting that 
migratory birds of the Central Asian fl yway intro-
duced this virus into Bangladesh.

The Study
Since 2015, our active surveillance in Bangladesh has 
been ongoing in both LPMs and Tanguar Haor, a 
wetlands area where local domestic ducks are reared 
and where birds winter during the migratory season 
(Appendix, Table 1, https://wwwnc.cdc.gov/EID/
article/27/9/21-0819-App1.pdf). We collected H5N6 
virus–positive oropharyngeal and cloacal swabs from 
2 apparently healthy wild birds in Baghmara, Tan-
guar Haor: a ferruginous duck on January 19, 2020, 
and a common pochard on January 20, 2020. We also 
obtained positive fecal samples from wild mallard 
ducks on January 26, 2020, in Puran Gao, Tanguar 
Haor. The next day, we obtained positive oropha-
ryngeal and cloacal swabs from apparently healthy 
Khaki Campbell ducks located on various farms in 
Golabari, Tanguar Haor (Appendix Table 1). On Feb-
ruary 18, 2020, ≈3 weeks after detection of H5N6 virus 
in Tanguar Haor, an apparently healthy mallard duck 
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Migratory birds play a major role in spreading infl uenza 
viruses over long distances. We report highly pathogenic 
avian infl uenza A(H5N6) viruses in migratory and resi-
dent ducks in Bangladesh. The viruses were genetically 
similar to viruses detected in wild birds in China and 
Mongolia, suggesting migration-associated dissemina-
tion of these zoonotic pathogens.



 Avian Influenza A(H5N6), Bangladesh

located in a Dhaka LPM was also found to be infected 
with H5N6. Surveillance conducted on February 22, 
2020, on various farms in Chitergao, Tanguar Haor, 
revealed an additional 24 more apparently healthy 
Khaki Campbell ducks infected with H5N6 virus. 
During our surveillance study, we identified a total of 
40 domestic and wild birds infected with H5N6 virus 
clade 2.3.4.4h during January–February 2020 (Appen-
dix Table 1).

We determined the complete genome sequenc-
es of the 40 HPAI A(H5N6) viruses. The sequence 
similarity between viruses was 99.4%–100%. As a 
representative virus, A/Ferruginous duck/Ban-
gladesh/42380/2020 (H5N6) had a high nucleotide 
identity (99.6%–99.9%) to the HPAI A(H5N6) viruses 
of clade 2.3.4.4h from China (Xinjiang, January 2020) 
and Mongolia (April 2020) (Table).

An outbreak of H5N6 virus clade 2.3.4.4h in 
whooper swans in China (Xinjiang) and Mongolia 
in early 2020 suggested potential further distribu-
tion of these viruses across Asia, especially to areas 
where poultry is raised along the migration routes 
of wild birds. We combined genome sequences gen-
erated in this study with all sequences of H5N6 vi-
ruses available in GenBank and the GISAID data-
base (11). Phylogenetic analysis confirmed that the 
Bangladeshi A(H5N6) isolates are of clade 2.3.4.4h 
and clustered with the recent HPAIV A(H5N6) iso-
lates from whooper swans in Xinjiang, western Chi-
na and in Mongolia (Figure 1, https://wwwnc.cdc.
gov/EID/article/27/9/21-0819-F1.htm). The time 
of most recent common ancestry for HPAI A(H5N6) 
viruses (Figure 2, https://wwwnc.cdc.gov/EID/
article/27/9/21-0819-F2.htm) suggests that the vi-
ruses from China, Mongolia, and Bangladesh share 

a common ancestor of unknown origin that emerged 
around mid-2019.

The phylogenetic clustering observed for the H5 
gene was also conserved for the remaining 7 genes; 
the viruses from Bangladesh, China, and Mongolia 
were of the same genotype, with no evidence of re-
assortment (Appendix Figure). The A(H5N6) viruses 
from Bangladesh shared genetic features with their 
homologs from China, including an HA cleavage 
site, PLRERRRKR/G, which is characteristic of high 
pathogenicity in chickens (Appendix Table 2). We 
also found an amino acid deletion at position 133 in 
the HA protein (H3 numbering) in all our isolates, a 
feature common with clade 2.3.4.4.h isolated from hu-
mans (Appendix Table 2) and associated with altera-
tion of the H5 HA receptor binding pocket (12). Dele-
tions were also present in both neuraminidase (NA) 
(an 11-aa deletion in the stalk region) and nonstruc-
tural protein 1 (NS1) (deletion from residues 80–84; 
Appendix Table 2), which are associated with high 
pathogenicity in avian hosts (13). Postinfection ferret 
antisera raised to A/duck/Bangladesh/43127/2020 
(H5N6) reacted to the World Health Organiza-
tion’s candidate clade 2.3.4.4h vaccine virus, A/
Guangdong/18SF020/2018 and, as expected, to all 
Bangladesh H5N6 viruses tested (Appendix Table 3).

Migratory birds are key in the evolution, main-
tenance, and spread of avian influenza viruses. We 
have previously identified viruses in LPMs after their 
detection in wild birds and domestic ducks in Tan-
guar Haor (8,14,15). Similarly, detection of the H5N6 
virus in an LPM after detection in Tanguar Haor high-
lights the continuum of migratory birds of the Central 
Asian flyway and domestic ducks in Tanguar Haor as 
vectors for viral movement at the wild bird–poultry 
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Table. Nucleotide sequence identities between the A/Ferruginous duck/Bangladesh/42380/2020 (H5N6) virus from Bangladesh and 
nearest virus homologs* 
Gene GenBank accession no. Virus % Identity 
PB2 MT872369.1 A/Whooper swan/Mongolia/25/2020 (H5N6) 99.83 

MW108029.1† A/duck/Hunan/1.12_YYGK74H3-OC/2018 (H5N6) 98.65 
PB1 MT872369.1 A/Whooper swan/Mongolia/25/2020 (H5N6) 99.87 

MW104086.1 A/chicken/Guangdong/7.20_DGCP022-O/2017 (H5N6) 99.04 
PA EPI_ISL_418181 A/Whooper swan/Xinjiang/13/2020 (A/H5N6) 99.9 

EPI_ISL_340825 A/Env/Guangdong/Jieyang/C18289059/2018(H5N6) 99.5 
HA EPI_ISL_418175 A/Whooper swan/Xinjiang/7/2020 (A/H5N6) 99.8 

EPI_ISL_340844 A/Env/Guangdong/C17285752/QY/2017 (H5N6) 98.9 
NP MT872369.1 A/Whooper swan/Mongolia/25/2020 (A/H5N6) 99.65 

MW108029.1 A/duck/Hunan/1.12_YYGK74H3-OC/2018 (H5N6) 99.64 
NA EPI_ISL_418181 A/Whooper swan/Xinjiang/13/2020 (A/H5N6) 99.9 

MW108138.1 A/duck/Hunan/11.30_YYGK63E3-OC/2017 (H5N6) 99.36 
M MT872369.1 A/Whooper swan/Mongolia/25/2020 (H5N6) 99.6 

EPI_ISL_340825 A/Env/Guangdong/Jieyang/C18289059/2018 (H5N6) 99.9 
NS EPI_ISL_418181 A/Whooper swan/Xinjiang/13/2020 (A/H5N6) 99.9 

MW108029.1 A/duck/Hunan/1.12_YYGK74H3-OC/2018 (H5N6) 99.29 
*HA, hemagglutinin; MP, matrix protein; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural protein; PA, acidic polymerase; PB1, basic polymerase 
1; PB2, basic polymerase 2.  
†Nearest virus homologs to A/Ferruginous duck/Bangladesh/42380/2020 (H5N6) excluding the H5N6 viruses from China (Xinjiang), and Mongolia. 
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interface. We also detected a duck that was co-infect-
ed with A/duck/Bangladesh/44500/2020 (H10N7) 
and A/duck/Bangladesh/44500/2020 (H5N6), rais-
ing the possibility of reassortment and highlighting 
the potential effect of this genetic diversification.

Conclusions
We have identified HPAIV A(H5N6) viruses from 
migratory birds, domestic duck farms, and LPMs 
in Bangladesh at a similar time to their detection in 
China and Mongolia. The wider distribution of this 
group of viruses with documented zoonotic potential 
is cause for considerable public health concern. Moni-
toring for their establishment in South Central Asia 
must be intensified.

Acknowledgments
We thank the World Health Organization’s Global  
Influenza Surveillance and Response System for viral  
antigens used in antigenic analyses. 

This work was funded by the National Institute of Allergy 
and Infectious Diseases, National Institutes of Health 
(grant no. HHSN272201400006C) and ALSAC. 

About the Author
Ms. Turner is a lead researcher in the department of  
infectious diseases at St. Jude Children’s Research  
Hospital, Memphis, Tennessee, USA. Her major research 
interests are influenza virus ecology and evolution,  
influenza virus pathogenicity, and diagnosis and  
surveillance of influenza A viruses and their role in the 
emergence of new pandemic strains for humans and  
lower animals.   

References
  1. Smith GJ, Donis RO; World Health Organization/World 

Organisation for Animal Health/Food and Agriculture  
Organization (WHO/OIE/FAO) H5 Evolution Working 
Group. Nomenclature updates resulting from the evolution 
of avian influenza A(H5) virus clades 2.1.3.2a, 2.2.1, and 
2.3.4 during 2013–2014. Influenza Other Respir Viruses. 
2015;9:271–6. https://doi.org/10.1111/irv.12324

  2. Yang L, Zhu W, Li X, Bo H, Zhang Y, Zou S, et al. Genesis 
and dissemination of highly pathogenic H5N6 avian  
influenza viruses. J Virol. 2017;91:91. https://doi.org/ 
10.1128/JVI.02199-16

  3. World Health Organization. Human infections with avian 
influenza A(H5N6) virus—China. 2020 [cited 2020 Nov 10]. 
https://wwwwhoint/docs/default-source/wpro— 
documents/emergency/surveillance/avian-influenza/ 
ai-20201002pdf?sfvrsn=223ca73f_66 

  4. World Health Organization. Antigenic and genetic  
characteristics of zoonotic influenza viruses and candidate 

vaccine viruses developed for potential use in human  
vaccines. 2021 [cited 2021 Mar 26]. https://www.who.int/
influenza/vaccines/virus/202103_zoonotic_vaccinevirus 
update.pdf

  5. Li Y, Li M, Li Y, Tian J, Bai X, Yang C, et al. Outbreaks of 
highly pathogenic avian influenza (H5N6) virus subclade 
2.3.4.4h in swans, Xinjiang, Western China, 2020. Emerg 
Infect Dis. 2020;26:2956–60. https://doi.org/10.3201/
eid2612.201201

  6. Jeong S, Otgontogtokh N, Lee DH, Davganyam B, Lee SH, 
Cho AY, et al. Highly pathogenic avian influenza clade 
2.3.4.4 subtype H5N6 viruses isolated from wild whooper 
swans, Mongolia, 2020. Emerg Infect Dis. 2021;27:1181–3. 
https://doi.org/10.3201/eid2704.203859

  7. Yang G, Chowdury S, Hodges E, Rahman MZ, Jang Y,  
Hossain ME, et al. Detection of highly pathogenic avian 
influenza A(H5N6) viruses in waterfowl in Bangladesh. 
Virology. 2019;534:36–44. https://doi.org/10.1016/ 
j.virol.2019.05.011

  8. Barman S, Turner JCM, Hasan MK, Akhtar S, El-Shesheny R, 
Franks J, et al. Continuing evolution of highly pathogenic 
H5N1 viruses in Bangladeshi live poultry markets. Emerg 
Microbes Infect. 2019;8:650–61. https://doi.org/10.1080/ 
22221751.2019.1605845

  9. Kwon J-H, Lee D-H, Criado MF, Killmaster L, Ali MZ, 
Giasuddin M, et al. Genetic evolution and transmission 
dynamics of clade 2.3.2.1a highly pathogenic avian influenza 
A/H5N1 viruses in Bangladesh. Virus Evol. 2020;6:veaa046. 
https://doi.org/10.1093/ve/veaa046

10. Islam K, Ahsan MM, Chakma S, Penjor K, Barua M, Jalal MS, 
et al. An assessment on potential risk pathways for the  
incursion of highly pathogenic avian influenza virus in  
backyard poultry farm in Bangladesh. Vet World. 2020;13:2104–
11. https://doi.org/10.14202/vetworld.2020.2104-2111

11. Shu Y, McCauley J. GISAID: Global initiative on sharing all  
influenza data—from vision to reality. Euro Surveill. 2017; 
22:22. https://doi.org/10.2807/1560-7917.ES.2017.22.13.30494

12. Watanabe Y, Ibrahim MS, Ellakany HF, Kawashita N, 
Mizuike R, Hiramatsu H, et al. Acquisition of human-type 
receptor binding specificity by new H5N1 influenza virus 
sublineages during their emergence in birds in Egypt. PLoS 
Pathog. 2011;7:e1002068. https://doi.org/10.1371/journal.
ppat.1002068

13. Cui Y, Li Y, Li M, Zhao L, Wang D, Tian J, et al. Evolution 
and extensive reassortment of H5 influenza viruses isolated 
from wild birds in China over the past decade. Emerg  
Microbes Infect. 2020;9:1793–803. https://doi.org/10.1080/ 
22221751.2020.1797542

14. El-Shesheny R, Feeroz MM, Krauss S, Vogel P, McKenzie P, 
Webby RJ, et al. Replication and pathogenic potential of 
influenza A virus subtypes H3, H7, and H15 from free- 
range ducks in Bangladesh in mammals. Emerg Microbes  
Infect. 2018;7:1–13. https://doi.org/10.1038/s 
41426-018-0072-7

15. El-Shesheny R, Barman S, Feeroz MM, Hasan MK,  
Jones-Engel L, Franks J, et al. Genesis of influenza A(H5N8) 
viruses. Emerg Infect Dis. 2017;23:1368–71. https://doi.org/ 
10.3201/eid2308.170143

Address for correspondence: Richard J. Webby, Department of 
Infectious Diseases, MS 330, St. Jude Children’s Research Hospital, 
262 Danny Thomas Pl, Memphis, TN 38105-3678, USA; email: 
richard.webby@stjude.org

2494 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9, September 2021



Invasive meningococcal disease incidence in England 
declined from 1.93/100,000 persons (1,016 cases) in 
2010–11 to 0.95/100,000 (530 cases) in 2018–19 and 
0.74/100,000 in 2019–20 (419 cases). During national 
lockdown for the coronavirus disease pandemic (April–
August 2020), incidence was 75% lower than during 
April–August 2019.
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Neisseria meningitidis is a major global cause of 
bacterial meningitis and septicemia (1). Six se-

rogroups (A, B, C, W, X, Y) are responsible for most 
invasive meningococcal disease (IMD) cases (1). In 
the United Kingdom, implementation of serogroup 
C (MenC) meningococcal conjugate vaccine in 1999 
led to sustained declines in MenC disease (2). In 
August 2015, an emergency adolescent MenACWY 
immunization program for persons 13–18 years of 
age and new university students was implemented 
to control a national outbreak of a hypervirulent 
MenW strain belonging to sequence type 11 clonal 
complex (MenW:cc11) (3). In September 2015, the 
United Kingdom became the first country to add a 
protein-based meningococcal B vaccine, 4CMenB, 
into the national infant immunization program (4). 
Both programs have reduced IMD caused by the re-
spective vaccine serogroups (5). 

Since December 2019, the novel coronavirus  
(COVID-19) pandemic has led to major changes in the 
epidemiology of bacterial and viral infections world-
wide (Brueggemann AB et al., unpub. data, https://
www.medrxiv.org/content/10.1101/2020.11.18.2022
5029v1). We report IMD incidence in England during 
2011–2020, including the impact of a national lock-
down to control the spread of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2).

Public Health England (PHE) conducts nation-
al surveillance of IMD (6) and SARS-CoV-2 (7) in  

England. IMD incidence was highest, 1.93 cas-
es/100,000 population (1,016 total cases), during the 
2010–11 academic year (September–August) and de-
clined to 1.15 cases /100,000 population for 2013–14 
(617 cases) before increasing to 1.51 cases /100,000 
population (825 cases) in 2015–16 (Figure). Adoles-
cent MenACWY and infant 4CMenB immunization 
programs in 2015 led to additional annual declines in 
IMD incidence, to 0.95 cases /100,000 population (530 
cases) in 2018–19 (incidence rate ratio [IRR] 0.63 [95% 
CI 0.56–0.70] for 2018–19 vs. 2015–16 ). Incidence fur-
ther declined during the 2019–20 pandemic year (419 
cases; 0.74 cases /100,000 population; IRR 0.49 [95% 
CI 0.44–0.56] for 2019–20 vs. 2015–16). IMD cases de-
clined for all serogroups from 2015–16 to 2019–20: 
MenB by 38% (from 452 to 279 cases), MenC by 41% 
(41 to 24 cases), MenW by 68% (218 to 70 cases) and 
MenY by 66% (108 to 37 cases) (Appendix Figure 1, 
https://wwwnc.cdc.gov/EID/article/27/9/20-
4866-App1.pdf). 

IMD cases declined after the national COVID-19 
lockdown on March 23, 2020, and remained low during 
April–August 2020 (Appendix Figure 2). During 2018–
19, PHE received 12,628 clinical samples from patients 
with suspected IMD; of these, 462 (4%) tested positive 
for N. meningitidis. These totals were 9,968 specimens, 
401 (4%) positive, during 2019–20 (21% fewer cases). 
During April–August 2020, a total of 50 (1.8%) of 2,808 
samples tested positive for N. meningitidis, compared 
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Figure. Cases of invasive meningococcal disease, by academic 
year, England, 2015–2020. Men, meningococcal conjugate 
vaccine (by serogroup).



with 134 (2.7%) of 5,025 samples during the same pe-
riod in 2019 (p = 0.016). Combining culture-confirmed 
and PCR-confirmed cases, IMD incidence was 75% 
lower (IRR 0.25, 95% CI 0.18–0.35) during April–Au-
gust 2020 than during April–August 2019 (Table). 
In contrast, IMD incidence during September 2019–
March 2020 (the 7 months before national lockdown) 
was similar to that for September 2018–March 2019 
(IRR 1.06, 95% CI 0.91–1.23). Declines were observed 
for all age groups and serogroups (Appendix Table). 
During lockdown, compared with the same period 
during the previous year, MenB was overrepresented 
(33/45 [73%] vs. 104/179 [58%] cases), whereasMenW 
(5/45 [11%] vs. 42/179 [23%] cases) and MenY (0/45 
[0%] vs. 16/179 [9%] cases) were underrepresented 
(Appendix Table, Figure 1).

A total of 45 IMD cases were diagnosed during 
April–August 2020. The median age of patients was 
67 (interquartile range 20–85) years. Linkage with 
national SARS-CoV-2 data identified 2 patients with 
IMD who were also positive for SARS-CoV-2 by re-
verse transcription PCR; both were <90 days of age 
with late-onset MenB meningitis, and 1 died. Menin-
gitis (with or without septicemia) was proportionally 
more frequent during the lockdown months com-
pared with the same period in 2019 (27/45 [60%] v. 
71/179 [39.7%] cases; p = 0.014). Three (6.7%) of the 45 
patients died within 28 days of diagnosis: the infant 
with co-infection, an adult with MenB meningitis, 
and an older adult with MenB septicemia.

Limitations of our study include limited clinical 
data collected for undiagnosed IMD cases. Cases and 
case-fatality rates during the lockdown period might 
also be underestimated if some patients died of IMD at 
home because they did not seek medical help earlier as a 
result of the stay at home messaging during lockdown.

In summary, IMD incidence in England has been 
declining since the early 2000s (8) because of the MenC 
immunization program and natural trends in MenB 

disease and further declined because of 2 new menin-
gococcal immunization programs. National lockdown 
in March 2020 led to a 75% reduction in cases com-
pared with the same period in the previous year, with 
MenB cases overrepresented. Declines in IMD cases 
after national lockdown were also reported in France 
(9), which is reassuring because viral infections are 
known to precede IMD; therefore, SARS-CoV-2 could 
potentially have increased the risk of secondary bacte-
rial infections. Our findings do not support wider vac-
cination against IMD during the COVID-19 pandemic.
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Table. Confirmed cases of meningococcal disease during April–August 2019 and April–August 2020, England* 
Category April–Aug 2019, no. (%) April–Aug 2020, no. (%) RR (95% CI) 
Group    
 Total (N) 179 45 0.25 (0.18–0.35) 
 MenB 104 (58) 33 (73) 0.32 (0.21–0.47) 
 MenC 14 (8) 5 (11) 0.36 (0.13–0.99) 
 MenW 42 (23) 5 (11) 0.12 (0.05–0.30) 
 MenY 16 (9) 0 0 
 Other 3 (2) 2 (4) 0.67 (0.11–3.97) 
Age group, y 
 Total 179 45 0.25 (0.18–0.35) 
 <5 39 (22) 17 (38) 0.44 (0.25–0.78) 
 5–14 20 (11) 4 (9) 0.2 (0.07–0.58) 
 15–24 24 (13) 4 (9) 0.17 (0.06–0.48) 
 25–64 53 (30) 14 (31) 0.26 (0.15–0.47) 
 >65 43 (24) 6 (13) 0.14 (0.06–0.32) 
*The numbers of typeable strains during the specified time frame by age group are shown. RR, relative risk. 

 



through linkage of multiple national data sources. BMC 
Infect Dis. 2015;15:551. https://doi.org/10.1186/ 
s12879-015-1247-7

  7. Public Health England. Research and analysis: national 
COVID-19 surveillance reports: GOV.UK; 2021 [cited 2020 
Oct 2]. https://www.gov.uk/government/publications/
national-covid-19-surveillance-reports

  8. Ladhani SN, Flood JS, Ramsay ME, Campbell H, Gray SJ, 
Kaczmarski EB, et al. Invasive meningococcal disease in 
England and Wales: implications for the introduction of new 
vaccines. Vaccine. 2012;30:3710–6. https://doi.org/10.1016/ 
j.vaccine.2012.03.011

  9. Taha MK, Deghmane AE. Impact of COVID-19 pandemic 
and the lockdown on invasive meningococcal disease.  
BMC Res Notes. 2020;13:399. https://doi.org/10.1186/
s13104-020-05241-9

Addresses for correspondence: Shamez Ladhani or Sathyavani 
Subbarao, Immunisation and Countermeasures Division, Public 
Health England, 61 Colindale Ave, London NW9 5EQ, UK; email: 
shamez.ladhani@phe.gov.uk or vani.subbarao@phe.gov.uk

SARS-CoV-2 Infection among 
Pregnant and Postpartum 
Women, Kenya, 2020–2021

Nancy A. Otieno,1 Eduardo Azziz-Baumgartner,1 
Bryan O. Nyawanda, Eunice Oreri, Sascha Ellington, 
Clayton Onyango, Gideon O. Emukule
Author affiliations: Kenya Medical Research Institute, Kisumu, 
Kenya (N.A. Otieno, B.O. Nyawanda); Centers for Disease  
Control and Prevention, Atlanta, Georgia, USA  
(E. Azziz-Baumgartner, S. Ellington); Ministry of Health, Siaya, 
Kenya (E. Oreri); Centers for Disease Control and Prevention, 
Kisumu, Kenya (C. Onyango); Centers for Disease Control and 
Prevention, Nairobi, Kenya (G.O. Emukule)

DOI: https://doi.org/10.3201/eid2709.210849

Information about the incidence of severe acute 
respiratory syndrome coronavirus 2 (SARS-

CoV-2) infection among hospitalized pregnant 
women is available (1), but information about in-
cidence among pregnant women in the commu-
nity is not. We therefore quantified the incidence 
of symptomatic laboratory-confirmed SARS-CoV-2 
and influenza infections among pregnant and post-
partum women and their infants in Kenya during 
2020–2021. The study was reviewed and approved 
by the Kenya Medical Research Institute Scientific 
and Ethics Review Unit (KEMRI SSC. 2880) and the 
Centers for Disease Control and Prevention (CDC) 
Institutional Review Board (CDC protocol 6709; 45 
C.F.R. part 46; 21 C.F.R. part 56). All participants 
provided written consent.

We adapted an ongoing prospective multiyear 
influenza mother/baby cohort to include SARS-
CoV-2 testing (2). Pregnant women at <31 weeks of 
gestation who were seeking prenatal care in Siaya 
County, Kenya, were approached for enrollment. 
Those who provided informed consent completed 
a survey about their demographics and antenatal 
history and were tested for HIV infection. Women 
were then phoned or visited at home once weekly 
until delivery and through their postpartum pe-
riod, together with their infants, for 6 months to 
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We determined incidence of severe acute respiratory 
syndrome coronavirus 2 and influenza virus infections 
among pregnant and postpartum women and their in-
fants in Kenya during 2020–2021. Incidence of severe 
acute respiratory syndrome coronavirus 2 was highest 
among pregnant women, followed by postpartum women 
and infants. No influenza virus infections were identified.

1These authors contributed equally to this article.

 
Table. Characteristics of pregnant and postpartum women and 
their infants with laboratory-confirmed severe acute respiratory 
syndrome coronavirus 2 infection, Kenya, May 2020–February 
2021* 
Characteristic Values 
Women, n = 16 

 

 Days from onset to swabbing, mean (SD) 2.6 (1.9) 
 Care-seeking from onset, d 

 

  <2  11 (68.8) 
  >2  5 (31.3) 
 Self-reported symptoms 

 

  Fever in past 48 h 2 (12.5) 
  Measured fever >38.0°C 2 (12.5) 

 Cough 16 (100) 
 Shortness of breath 1 (6.3) 
 Runny nose 10 (62.5) 
 Headache 10 (62.5) 
 Muscle/ joint pain 2 (12.5) 

 Antimicrobial medication 16 (100) 
Infants, n = 2 

 

 Days from onset to swabbing, mean (SD) 2.5 (2.1)  
 Care-seeking from onset, d 

 

  <2  1 (50.0) 
  >2  1 (50.0) 
 Clinical signs reported by mother 

 

  Fever in previous 48 h 1 (50.0) 
  Measured fever >38.0°C 1 (50.0) 
  Cough 2 (100) 
  Runny nose 1 (50.0) 
  Diarrhea 1 (50.0) 
 Antimicrobial medication 2 (100) 
*Values are no. (%) unless otherwise indicated. 

 



identify coronavirus disease (COVID-19)–like ill-
ness (CLI) as defined by CDC (3). Those reporting 
CLI underwent nasopharyngeal and oropharyngeal 
swabbing at study clinics. Specimens were tested 
for SARS-CoV-2 and influenza viruses by real-time 
reverse transcription PCR at the KEMRI laboratory 
in Kisumu, Kenya. 

During May 2020–February 2021, KEMRI staff 
approached 1,056 pregnant or postpartum women 
and enrolled 1,023 (97%). Half of enrolled women 
had primary school education, and 40% ran small 
businesses. A total of 180 (18%) were HIV infected, of 
which 177 (98%) were receiving antiretroviral medi-
cation. A total of 116 (11%) were vaccinated against 
influenza. Each of 3 women had hypertension, diabe-
tes mellitus, or tuberculosis. 

As of February 2021, staff had followed 886 
pregnant women, who contributed 2,786 person-
months, and 695 postpartum women and infants, 
who contributed 2,264 person-months (some wom-
en were represented in both groups). CLI devel-
oped in 274 (31%) pregnant women (348 episodes), 
133 (19%) postpartum women (162 episodes), and 
231 (33%) infants (277 episodes). Swab samples 
were collected within <10 days of illness from 58%; 
positive SARS-CoV-2 results were obtained for 
12/200 (6%) pregnant women, 4/100 (4%) post-
partum women, and 2/200 (1%) infants. None had 
positive influenza virus test results. The most com-
mon clinical manifestations of COVID-19 among 
pregnant and postpartum women were cough 
(16/16; 100%), runny nose (10/16; 63%) and head-

ache (10/16; 63%). Cough was identified for each of 
the 2 SARS-CoV-2–infected infants (Table). The rate 
of SARS-CoV-2 infection rapidly increased during 
follow-up. In the population tested, the cumulative 
incidence of SARS-CoV-2 infection per 1,000 per-
son-months was 4.3 (pregnant women), 1.8 (post-
partum women), and 0.9 (infants) (Figure).

CLI occurred in 19%–33% of participants, of 
which a small percentage had laboratory-confirmed 
SARS-CoV-2 infection. The incidence of SARS-CoV-2 
infection in this population, however, was rapidly 
rising during the study period. No influenza viruses 
were identifiable during the historic influenza epi-
demic period (4). SARS-CoV-2 rates seemed higher 
among pregnant women, then postpartum women, 
and lowest among infants. 

A study limitation is our inability to exhaustively 
assess symptoms of CLI among infants (e.g., head-
ache, sore throat, loss of taste and smell) because we 
relied on the mothers’ reports. This limitation would 
potentially underestimate the burden of COVID-19 
among infants. In addition, we did not quantify as-
ymptomatic and mildly symptomatic infections that 
might have been missed. However, we plan to test 
acute-phase and convalescent-phase serum, cord 
blood, and placentas to identify asymptomatic infec-
tions and explore whether risk for SARS-CoV-2 infec-
tion truly differs. 

In summary, our findings suggest a higher 
burden of COVID-19 during pregnancy. These re-
sults highlight the potential benefit of prioritizing  
COVID-19 vaccination for pregnant women.
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Figure. Incidence (cases/1,000 
person-months) of severe acute 
respiratory syndrome coronavirus 
2 infection among pregnant and 
postpartum women, Kenya,  
2020–2021.
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The coronavirus disease (COVID-19) pandemic, 
caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), has led to substantial 
illness and death in immunocompromised patients 
(1). Outcomes for patients with hematologic malig-
nancies can be poor because of immune suppression 
associated with cancer itself and chemoimmunother-
apy regimens used to treat these cancers (2).

Persistent shedding of SARS-CoV-2 RNA has 
been described since early in the pandemic; quanti-
tative reverse transcription PCR (qRT-PCR) results 
have remained positive for 63 days (3). Recent stud-
ies of immunocompromised patients have detected 
infectious virus until 143 days after diagnosis (4–6). 
Phylogenetic analysis showed that single-nucleotide 
polymorphisms (SNPs) could be used to elucidate 
the transmission routes of SARS-CoV-2 in commu-
nities (7). Moreover, it has been demonstrated that 
intrahost single-nucleotide variants are restricted to 
specific lineages (8); however, no clear evidence sup-
ports a link between prolonged infection and intra-
evolutionary dynamics (9). 

We report a case of a prolonged clinical infection 
with persistent virus shedding in a patient with func-
tional B-cell deficiency, hypogammaglobulinemia, 
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We examined virus genomic evolution in an immunocom-
promised patient with prolonged severe acute respiratory 
syndrome coronavirus 2 infection. Genomic sequencing 
revealed genetic variation during infection: 3 intrahost mu-
tations and possible superinfection with a second strain of 
the virus. Prolonged infection in immunocompromised pa-
tients may lead to emergence of new virus variants.

1These authors contributed equally to this article.



and COVID-19. We describe the sequence polymor-
phisms over time among the 9 whole-virus genome 
sequences obtained by following the ARTIC tiling-
amplicon approach (https://artic.network/resourc-
es/ncov/ncov-amplicon-v3.pdf) and using the Illu-
mina MiSeq platform as described (7).

In April 2020, a 52-year-old woman in Dublin, 
Ireland, sought emergency care for a 5-day history of 
fever, diarrhea, and fatigue. Five months earlier, she 
had received a diagnosis of stage 4, grade 1 follicu-
lar lymphoma and had since completed 3 cycles of 
chemotherapy with cyclophosphamide, vincristine, 
doxorubicin, prednisolone, and obinutuzumab (B-
cell monoclonal antibody); the last therapy cycle had 
been completed 7 days before the emergency depart-
ment visit. During the emergency department visit, 
SARS-CoV-2 was detected on a nasopharyngeal swab 
sample by qRT-PCR (Roche FLOW Flex, https://
diagnostics.roche.com) with a cycle threshold (Ct) 
value of 25.04. Chest radiographs showed a typical 
pattern for COVID-19 infection. The patient received 
hydroxychloroquine and azithromycin for 5 days. At 
the time of admission, she had hypogammaglobu-
linemia and received intravenous immunoglobulin 
every 4 weeks as supportive therapy.

During her 100-day hospital stay, the patient’s 
clinical course of illness was protracted, with fevers 
and oxygen requirements, requiring a 17-day stay in 
a critical care unit (Appendix, https://wwwnc.cdc.
gov/EID/article/27/9/21-1159-App1.pdf). In the 

hospital, the patient was in a single room with trans-
mission-based air-handling precautions.

During her entire hospital stay, SARS-CoV-2 was 
detected at varying Ct values in nasopharyngeal swab 
samples, except for days 31 and 85 when SARS-CoV-2 
was not detected. Bronchoalveolar lavage (BAL) per-
formed on day 95 to exclude other pathogens detected 
SARS-CoV-2 (Ct 30). Serologic testing did not detect 
antibodies to SARS-CoV-2 (Roche anti-SARS-CoV-2) 
on days 30, 84, and 103.

The patient was tested 17 times, and we se-
quenced all samples that were positive by qRT-
PCR with Ct <32.8.  All 9 samples that underwent 
whole-virus genome sequencing (Appendix Figure) 
belonged to clade 20B, lineage B.1.1. SNP analysis 
clustered these genomes into 3 groups. Genomes se-
quenced from the positive samples taken on days 5, 
19, and 26 were indistinguishable at the sequence 
level (Figure). A sample taken on day 47 showed the 
first mutation event; 3 point mutations were identi-
fied in the whole-virus genome sequence data until 
day 76 after diagnosis. On day 82, genome analysis 
detected a new SNP (second mutation event). Se-
quencing of the BAL sample taken on day 95 detect-
ed a different set of sequence polymorphisms that 
most likely originated from a new infection event. 
SNP analysis indicated 11 point mutations (Appen-
dix Table 1) giving rise to 3 amino acid substitutions 
in the gene coding for the spike protein (S:S50L, 
S:A653V, and S:L1186F).
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Figure. Sequence polymorphisms detected over time among the 9 whole-virus genome sequences from an immunocompromised 
patient with prolonged severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, Ireland. The mutations are 
represented by different colors; gray lines indicate the polymorphisms common to the 9 whole-virus genome sequences compared with 
the reference whole-virus genome (GenBank accession no. MN908947, SARS-CoV-2 isolate Wuhan-Hu-1). The infection was confirmed 
on day 5 of infection (at admission to the emergency department), and the sequencing demonstrated stability of the virus genome 
sequence on days 19 (T19) and 26 (T26) after the first detection. Green indicates mutations detected in the sample at 47 days after 
first the emergency department admission (T47), T61, T68, and T76. At sample time T82, the strain exhibited a fourth mutation (pink) 
corresponding to the second mutation event. On day 95, a bronchoalveolar lavage sample from the patient was positive for SARS-
CoV-2 and the whole-virus genome had a different set sequence polymorphism that probably originated from a new infection event. 
GISAID (https://www.gisaid.org) identification numbers are provided.



SARS-CoV-2 shedding in this patient with lym-
phoma, ongoing fevers, and oxygen requirements for 
6 months was prolonged. The antibody-mediated ab-
lation of B-cell precursors by B-cell directed monoclo-
nal antibody therapy was most likely responsible for 
the prolonged virus shedding. This effect, combined 
with hypogammaglobulinemia, explains the lack of 
seroconversion and the protracted clinical course.

Sequential sequencing demonstrated intrahost 
mutations of >2 events (Figure) and accumulation of 
4 SNPs. Analysis of a BAL sample taken on day 95 
showed 11 point mutations giving rise to 3 aa substi-
tutions in the gene coding for the spike protein. This 
observation is in accordance with findings of a recent 
study that detected 7 new mutations in a second vi-
rus strain in an immunocompromised patient (10). 
The BAL findings, along with ongoing symptoms, are 
suggestive of probable superinfection with cohabita-
tion of 2 virus strains. However, considering that this 
was the only BAL sampled, we cannot exclude the 
possibility that the origin of this strain is the result of 
a different evolutionary path of the original popula-
tion responsible for the first infection.

The superinfection that we describe was prob-
ably a nosocomial infection despite the transmission-
based precautions taken in the patient’s single room 
during her hospital stay. However, no sequence data 
from other patients or healthcare workers on the ward 
could be explored to identify the source of infection.

Our report highlights the complex clinical course 
of SARS-CoV-2 in immunocompromised patients. 
This genomic analysis identified the ability of the 
virus to mutate and possibly coexist with another 
strain, resulting in superinfection in this immuno-
compromised patient. 
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Heavy use of antimicrobials in agricultural, hu-
man, and veterinary applications correlates 

directly with emergence and spread of antimicro-
bial resistance, thereby threatening the effective 
management of clinical infections (1,2). An exam-
ple of this association is the global dissemination 
of the antimicrobial resistance gene (ARG) mcr-1, 
conferring resistance to the last-line antimicrobial 
drug colistin. The mcr-1 gene has been prevalent 
in ecosystems that use colistin as a growth pro-
moter in food-producing animals, as seen in China  
before 2017 (2–5).

To counteract the high prevalence of mcr-1 and 
align with One Health principles, the government 
in China formally banned colistin as an animal feed 
additive on April 30, 2017 (6). Previous research 
demonstrated that colistin resistance rates and mcr-1 
prevalence in Escherichia coli from human and animal 
samples declined substantially in China, according 
to a regional study conducted in Guangzhou during 
2015–2019 (p<0.0001). These data suggest the effec-
tiveness of colistin stewardship in reducing colistin 
resistance in both livestock and humans (4,5). Howev-
er, the sampling strategy of these studies was limited 
to evaluating only several cross-sectional timepoints 
from before and after the ban, resulting in uncertainty 
about the exact timing of the effect.

To characterize the complete prevalence dynam-
ics of human mcr-1 colonization, including the periban 
period, we constructed a 9-year monthly time series for 
April 2011–December 2019, over which time 13,630 fe-
cal samples from colonized inpatients were previously 
taken, by further evaluating mcr-1 prevalence of 3,823 
stored fecal samples collected during April–September 
2016, January–September 2017–2018, and January–De-
cember 2019. We combined these data with those from 
our previous studies (3,5) (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/27/9/20-3642-App1.
pdf). We used a 3-month moving average approach 
to remove noise and substituted missing data for 7 
months of the time series by using the mean values of 
the 2 months flanking any month with missing data 
(Appendix). Through changepoint analysis (Appen-
dix) (7), we identified 5 changepoints, dividing the 
time series into 6 periods (Figure).

We observed that mcr-1 prevalence in human fe-
cal samples was low (<3%) in the early period, before 
October 2013, demonstrating that the mcr-1 gene was 
circulating to a limited extent in human populations 
before late 2013 in period 1 (P1). We observed a signif-
icant increase in mcr-1 colonization prevalence after 
November 2013 in period 2 (P2) that lagged behind 
increases of mcr-1 prevalence observed in livestock 
from 2011 (2) and was consistent with dissemination 
from this reservoir. The third period (P3) showed a 
sharp increase in mcr-1 human colonization preva-
lence, followed by a peak in October 2016, suggest-
ing that mcr-1 was rapidly spreading in human set-
tings, potentially attributable to an extremely high 
mcr-1 prevalence (>60%) in livestock around the time 
(4,5,8). Beginning in November 2016, in period 4 (P4), 
pilot decreases in colistin use as an animal feed addi-
tive were already being implemented (4) before the 
complete ban in 2017. We observed declines in hu-
man mcr-1 colonization prevalence during this period 
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In response to the spread of colistin resistance gene mcr-
1, China banned the use of colistin in livestock fodders. 
We used a time-series analysis of inpatient colonization 
data from 2011–2019 to accurately reveal the associ-
ated fluctuations of mcr-1 that occurred in inpatients in 
response to the ban.

1These authors contributed equally to this article.



that were temporally consistent with declines in mcr-1 
prevalence observed in livestock (8). The fifth period 
(P5) showed a dramatic decline in human mcr-1 colo-
nization prevalence, correlating with the complete 
ban of colistin in animal feed (6). The rapid impact of 
this intervention is indicative of the dramatic effect 
that curtailing a selection pressure can have in con-
straining ARG prevalence and could be a template for 
combatting other ARGs. In the last period evaluated, 
period 6 (P6), mcr-1 prevalence fluctuated at a low 
level (monthly average 5.3%), in accordance with the 
mcr-1 prevalence observed in healthy human carriers, 
pigs, and chickens after the colistin ban (5). Alhough 
currently at low levels, mcr-1 prevalence should be 
monitored continually to detect any signs of its resur-
gence, particularly given that colistin was approved 
for human clinical use in China in January 2017 (9).

In conclusion, we characterized the dynamic 
landscape of mcr-1 over a 9-year period in China and 
found that colistin stewardship interventions in live-
stock were reflected in the mcr-1 prevalence in human 
fecal colonization samples within a month of a large-
scale, national ban on colistin usage. Partial reduc-
tions in colistin use beginning in November 2016 rap-
idly reduced the mcr-1 prevalence and turned around 
the alarming increases observed during 2015–2016. 
The complete ban implemented on April 30, 2017,  

significantly and immediately reduced mcr-1 preva-
lence to near pre-2015 levels. Of interest, however, the 
background mcr-1 prevalence in 2019 was still higher 
than that observed during 2011–2013, perhaps asso-
ciated with the approval of colistin for human clini-
cal use in China in January 2017 (9). As a result of 
our findings, we strongly encourage interdisciplinary 
surveillance involving clinicians, veterinary special-
ists, and environmentalists to further investigate and 
evaluate changes in ARG prevalence across different 
human, animal, and environmental niches to improve 
holistic understanding of the impact and timeframe 
of different stewardship interventions.
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Figure. Time series of monthly mcr-1 prevalence in colonized inpatients, China, April 2011–December 2019. The mcr-1 prevalence was 
recorded each month in observed data (blue histogram) and 3-month moving average data (solid red line). Vertical dashed lines indicate 
significant changepoints identified in the changepoint analysis: November 2013, May 2015, November 2016, May 2017, and August 
2018. The government of China formally banned colistin as an animal feed additive on April 30, 2017. P, time period.
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Since the introduction of the Haemophilus influenzae
type b (Hib) conjugate vaccine in the infant immu-

nization schedule in 1998, the incidence of invasive H. 
influenzae (Hi) infections in Spain decreased to 0.7 epi-
sodes/100,000 population (1). Higher incidence rates 
are observed in children ≤2 years of age (1.88/100,000 
population) and adults ≥65 years of age (1.89 cas-
es/100,000 population) (2). Invasive disease caused 
by Hib has nearly disappeared, and most cases are 
caused by nontypeable strains (3). 

Invasive infections caused by H. influenzae type a 
(Hia) are uncommon in Europe, particularly in Spain. 
However, Hia incidence is as high in other regions as 
among indigenous communities in North America (4) 
and as has emerged in Brazil during the 2000s (5). We 
describe 2 cases of Hia invasive disease in Gipuzkoa, 
northern Spain.

Both cases of Hia invasive disease occurred in 
children in a village with ≈15,000 inhabitants during 
November 2–3, 2019. The first patient, a 2-year-old 
boy, was admitted to the pediatric emergency depart-
ment with good general aspect and persistent low-
grade fever without a clear source. The child was not 
vaccinated according to the routine immunization 
schedule. Results for pulmonary auscultation and re-
spiratory and cardiac rates were unremarkable, and a 
chest radiograph showed no abnormalities.
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Two consecutive cases of Haemophilus influenzae type a 
sequence type 23 invasive infection in 2 children attend-
ing the same daycare in 2019 triggered epidemiologic 
surveillance of H. in luenzae infections in northern Spain. 
Despite the invasiveness potential of this bacterial strain, 
we detected no additional cases for 2013–2020.



The second patient, a 19-month-old girl, was ad-
mitted to the pediatric emergency department with a 
nonproductive cough and a 39°C fever that was non-
responsive to antipyretics. The infant was vaccinated 
according to the routine immunization schedule, in-
cluding Hib vaccination. No dyspnea was observed, 
and the chest radiograph showed pulmonary infil-
trates suggesting pneumonia.

Both children showed increased C-reactive pro-
tein, procalcitonin, and white cell counts and had H. in-
fluenzae grown in the blood culture taken at admission. 
The boy was treated with ceftriaxone (50 mg/kg/12 h) 
for 5 days and the girl with ceftriaxone (50 mg/kg/12 
h) for 4 days. Both children were discharged without 
symptoms or sequelae. Neither patient required addi-
tional antibiotic treatment after admission. 

Both children attended the same daycare center, 
where no other children showed symptoms of infec-
tion. In Gipuzkoa, no additional cases of Hia inva-
sive infection have been observed since 2013 (Table). 
However, 1 Hia was isolated 1 week later in the 
blood-culture of a 51-year-old patient in the adjacent 
province of Bizkaia.

We identified isolates with matrix-assisted la-
ser desorption/ionization time-of-flight mass spec-
trometry (Beckman Coulter, https://www.beckman 
coulter.com). Both case-patients scored >2.000. We 
biotyped isolates using the API 20E system of bac-
terial identification and serotyped using multiplex-
PCR (6) and confirmed serotypes using BD Difco 
Haemophilus influenzae Antisera (Fisher Scientific, 
https://www.fishersci.com). We performed geno-
typing by multilocus sequenced typing and pulsed-
field gel electrophoresis (PFGE) (Figure) after SmaI 
digestion with the following running conditions: 
switch angle 120°, 6 V/cm, ramped switch time from 
1–30 s over 23 h. The presence of a deletion in the 
IS1016-bexA genes of the capsular operon was stud-

ied by PCR as described (7). We determined antimi-
crobial susceptibility by broth microdilution method 
according to EUCAST version 9.0 guidelines and cri-
teria (EUCAST, https://www.eucast.org).

The isolates of both children were biotype II, se-
rotype a, sequence type (ST) 23; showed an indistin-
guishable PFGE pattern; did not show the IS1016-bexA 
partial deletion; and were susceptible to ampicillin, 
azithromycin, and trimethoprim/sulfamethoxazole. 
The Hia that was isolated 1 week later in Bizkaia was 
similar to the 2 previous isolates of Gipuzkoa (bio-
type II, serotype a, not partial IS1016-bexA deletion) 
but was ST2053 (SLV of ST23) and had a closely re-
lated, but not identical, PFGE pattern.

We also characterized all invasive H. influenzae 
isolates reported since 2013 in Gipuzkoa (Table). Of 
the 48 isolates, 41 (85.4%) were nontypeable and 5 
(10.4%) were serotype b; only the 2 cases described 
in this article were serotype a. All serotype b isolates 
were biotype I; showed the IS1016-bexA partial dele-
tion; and belonged to ST6 (n = 2), ST190, or ST995.

Hia ST23 isolates have been described in differ-
ent parts of the world, especially in Canada (4) and 
Brazil (5). In Europe, Hia ST23 has been found infre-
quently in Portugal (8) and recently in Italy (9). The 
H. influenzae multilocus sequence typing database 
(https://pubmlst.org/organisms/haemophilus-in-
fluenzae) lists only 29 ST23 isolates from the United 
States, Canada, Malaysia, France, and Spain (the 2 
isolates in this article), most of them serotype a from 
invasive diseases.

Hia ST23 isolates from our region and from Cana-
da did not show the virulence-enhancing IS1016-bexA 
partial deletion that has been more commonly asso-
ciated with increased Hia virulence (10). However, 
isolates from our region only caused a mild and self-
limiting infection, as compared with the severe dis-
ease observed among native North American Arctic 
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Table. Epidemiologic and microbiological characteristics of Haemophilus influenzae invasive isolates, Gipuzkoa, Northern Spain, 
January 2013–December 2020* 

Year 
No. 

isolates†* 
Biotype 

 
Capsulated serotypes/ST 

 
Nonencapsulated serotypes (no. isolates) 

I II III IV V a b e NT ST‡ 
2013 7 4 2 1     1/ST6   6 41, 368 (2), 388, 996, 2381§ 
2014 5 1 4      1/ST190   4 105, 249, 1034, 1608 
2015 4  3 1        4 40, 155 (2), 2382§ 
2016 7 1 4 1        6 3, 85, 103, 266, 937, 2383§ 
2017 5 2 2   1   1/ST6   4 134, 567, 653, 986 
2018 9 2  1  4   1¶   6 14, 145, 165, 838, 1472, 2384§ 
2019 11 1 6 1 2   2/ST23 1/ST995 1/ST760  6 6, 14, 103, 393, 603, 2110 
2020 5 2 3         5 143, 183, 280, 334, 349 
Total 53 13 24 5 2 5  2 5 1  41  
*NT, nontypeable; ST, sequence type. 
†Four isolates were not available for microbiological characterization: 1 in 2016, 2 in 2018, 1 in 2019. 
‡If the number of isolates of a specific ST was not 1, the number of isolates corresponding to that ST is indicated in brackets. 
§New ST found in this study. 
¶Serotype was determined but the isolate was not available for multilocus sequence typing. 

 



populations that required intensive care unit admis-
sion and had notable sequelae (4).

As was the case in Italy, transmission of the 
highly virulent ST23 clone was substantially limited 
in Gipuzkoa. Although ST23 is a virulent Hia clone, 
its sustained spread appears to be limited, primarily 
among indigenous populations of North America. 
The origin of the isolates described in this article is 
unknown because Hia ST23 had not been previously 
described in Spain.
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Figure. Pulsed-field gel electrophoresis patterns of invasive 
Haemophilus influenzae isolates collected during 2019–2020, 
Gipuzkoa, northern Spain. Lane 1, ST103; lane 2, ST760; 
lanes 3–4, ST23 isolates; lane 5, ST393; lane 6, ST6; lane 7, 
ST995; lane 8, ST2053; lane 9, ST46; lane 10, control isolate 
ATCC49766; lane MW, 50 kb DNA ladder. ST, sequence type; 
MW, molecular weight.
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To the Editors: I read with interest the article by 
Chu et al. (1), which concluded that poor ventilation 
might have contributed to a severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) superspread-
ing event at a fitness center in Hong Kong, China. As 
an example of SARS-CoV-2 not spreading in a con-
verse environment, I report the absence of apparent 
transmission at a gym in Montgomery County, Vir-
ginia, USA, that emphasized ventilation as part of its 
coronavirus disease (COVID-19) precautions upon 
reopening in June 2020. The gym (Appendix Figure 
1, https://wwwnc.cdc.gov/EID/article/27/9/21-
1177-App1.pdf) increased ventilation by opening 10 
exterior doors and keeping them open even during 
cold or inclement weather. The gym also limited class 
sizes, stressed hygiene, and required ≥10 feet of dis-
tancing. Masks were not worn.

With the doors closed, the air change rate was es-
timated to be 0.07 air changes/hour, corresponding 
to a ventilation rate of 7.6 L/second/person (L/s/p) 
on the basis of an occupancy of 10 persons, below 
the 10 L/s/p minimum recommended by ASHRAE 
(American Society of Heating and Air-Conditioning 
Engineers) for health clubs (2). With the doors open, 
these values were estimated to be 2.4 air changes/
hour and 240 L/s/p (Appendix).

On September 24, 2020, an instructor at the gym 
developed upper respiratory symptoms and lost his 
sense of smell and taste. He was tested for SARS-CoV-2 
infection and received a positive result on September 
28, 2020. That day, the gym owner contacted 50 persons 
who had attended ≥1 of the instructor’s classes during 
September 21–25, 2020 to notify them of potential ex-
posure. During subsequent follow-up, none of these 50 
persons reported any COVID-19 symptoms, and 5 peo-
ple who got tested received negative results (Appendix 
Figure 2). It is likely that increasing ventilation greatly 
mitigated the risk of transmission (3). Subsequently, 
the gym acquired a CO2 sensor and kept the CO2 level, 
an indicator of respiratory emissions, well below 600 
ppm (4) by adjusting the number of open doors.
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To the Editor: Millogo et al. (1) documented pres-
ence of Mycobacterium leprae in a fecal sample from a 
patient in Burkina Faso, raising questions about the 
role of fecal excretion of M. leprae in the natural his-
tory and diagnosis of leprosy. They speculated that M. 
leprae were swallowed by the patient along with blood 
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or upper respiratory secretions during leprosy rhinitis 
and epistaxis (1) but failed to address other factors that 
could influence fecal excretion of M. leprae and utility 
of fecal specimens in diagnosing  leprosy.

Previous studies have demonstrated the pres-
ence of M. leprae in water and soil samples from 
habitations of patients with leprosy (2,3). This find-
ing means that patients, contacts, or healthy persons 
can ingest M. leprae from environmental sources 
through drinking contaminated water or eating M. 
leprae–containing food and may excrete leprosy ba-
cilli in their feces without establishing an infection. 
The role of environmental sources and simple pass-
through phenomena in fecal excretion of M. leprae 
has not been investigated by Millogo et al. (1) and 
other studies (4,5).

Koshy et al. (4) reported the presence of lep-
rosy bacilli in gastric juice of 9 of 16 patients with 
lepromatous leprosy; 3 were found to excrete the 
bacilli in their feces. Manzullo et al. (5) demon-
strated the presence of acid-fast bacilli in biliary 
secretions of 7 of 20 patients with leprosy and in 2 
of 7 fecal samples. These observations indicate that 
clinical manifestation of leprosy varies widely. The 
exact mechanism of fecal excretion of M. leprae can 
be more complex, as presumed in previous stud-
ies (1,4,5), and may be associated with high bacil-
lary burden (as in lepromatous leprosy), gastroin-
testinal symptoms (abdominal pain or diarrhea),  

disseminated disease, environmental factors, or 
combinations of these aspects. Verification of trans-
mission routes of M. leprae to fecal samples using 
genotyping techniques (i.e., whole-genome se-
quencing) is crucial to establish the diagnostic util-
ity of fecal specimens in leprosy.
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CORRECTION

Vol. 26, No. 6
The rate of pregnancy-related invasive group B Streptococcus episodes was misstated in Invasive Group 

B Streptococcus Infections in Adults, England, 2015–2016 (S.M. Collins et al.). The correct rate is 4.09/10,000 
live births. The article has been corrected online (https://wwwnc.cdc.gov/eid/article/26/6/19-1141_article).
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In People Count: Contact-Trac-
ing Apps and Public Health, 

computer scientist Susan Lan-
dau advocates for a public dis-
cussion on using contact-tracing 
applications (apps) in public 
health. Landau puts her argu-
ments in a succinct, easy-to-read 
narrative in 6 chapters.

Chapter 1 sets the scene 
for contact tracing by introduc-
ing the basics of epidemiology. 
Through examples, Chapter 2 explains the implemen-
tation of contact tracing and that, for it to succeed, gov-
ernments must earn the public’s trust by maintaining 
confidentiality and engaging with communities.

Chapter 3 introduces smartphone technologies 
proposed to add to contact tracing, focusing on apps 
with centralized databases, such as Singapore’s Trace-
Together, which exchanges identifiers with other us-
ers through Bluetooth Low Energy technology. Users 
authorize the government to view all the information 
collected from the app. Chapter 4 introduces corona-
virus disease (COVID-19) exposure-notification apps, 
including SwissCovid and COVID Tracker Ireland, 
which are based on the Google Apple Exposure No-
tification (GAEN) system. Landau raises cybersecu-
rity issues, including data storage and access policies, 
developers’ accountability, and data theft. She is con-
cerned that data will be used for other purposes (e.g., 
criminal investigations), engendering users’ distrust.

Chapter 5 discusses whether contact-tracing apps 
are truly effective public health tools and if they ex-
acerbate inequalities in societies. Landau cautions 
against measurement inaccuracies and low adoption 
rates. She provides examples that aid contact trac-
ing while protecting users’ privacy, such as the UK 
NHS (National Health Service) COVID-19 app; this 
app scans NHS-supplied QR (Quick Response) codes 
at venues, then downloads hotspot identifiers that 
match the scanned codes to remind users if they have 
been to an infection hotspot. 

Chapter 6 advocates for a public policy discussion 
regarding the role of COVID-19 contact-tracing app 
in society. Landau makes policy recommendations in 

addition to safeguarding user data. First, COVID-19 
should not trump other dimensions of well-being: if 
contact-tracing apps cause someone to isolate or lose 
a paycheck unnecessarily, they are not protecting all 
aspects of one’s well-being. Second, contact-tracing 
app usage must be a genuine choice; access to ven-
ues, transportation, or services should not be denied 
because someone refuses to use an app. Third, data 
collected should be used only for COVID-19 proxim-
ity checking; other uses should be prohibited. Fourth, 
contact-tracing apps should be evaluated before and 
during deployment in different communities. Fifth, 
app software should be open source to maintain 
transparency, and contact-tracing apps should un-
dergo formal independent testing.

Although Landau covers contact-tracing apps of 
many countries, she does not directly comment on Chi-
na’s health QR code, which is used for tracing citizens 
and denying venue and transportation access based on 
individuals’ risk status (1–4). In general, Landau cau-
tions us against the surveillance state: should we nor-
malize the idea of collecting proximity data via contact-
tracing apps, governments could use the data to track 
political opponents and activists. She warns against ac-
cepting that it is normal for electronic devices to track 
our contacts. People Count reminds us that protecting 
citizens’ privacy and wellbeing are prerequisites for suc-
cessful contact tracing, whether app-assisted or not.
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Neither plant nor animal, fungal organisms―in-
cluding lichen, mildew, mushrooms, molds, 

rusts, smuts, and yeasts―are found in nearly every 
possible terrestrial habitat, even aboard the Interna-
tional Space Station. There are millions of species of 
fungi, and according to the Centers for Disease Con-
trol and Prevention, a few hundred fungal species 
cause illness in people, ranging from allergies and 
asthma, to skin rashes and infections, to deadly infec-
tions of the bloodstream or lungs. 

In a 2013 EID article, Mary Brandt and Benjamin 
Park note the growing number of human infections 
from traditional and new fungal agents. Factors driv-
ing this emergence, they explain, include medical 
treatments that make immunocompromised patients 
more susceptible. They also state that “Risk factors 
such as changes in land use, seasonal migration, inter-
national travel, extreme weather, and natural disas-
ters, and the use of azole antifungal agents in large-
scale agriculture are believed to underlie many of the 
increases in community-acquired fungal infections.” 

The recent emergence of Candida auris infections, 
for instance, underscores those concerns on a broad 
scale because C. auris is often multidrug-resistant, dif-
ficult to identify, and causes outbreaks in healthcare 
settings. A recent study from Finland that reported 
life-threatening fungal bloodstream infections associ-
ated with consuming probiotic supplements that con-
tain Saccharomyces boulardii reveals a route of infection 
that may represent another mycological issue. 

Fungi also have beneficial medicinal and culinary 
attributes. They were used in traditional medicine long 
before Alexander Fleming identified and extracted the 
therapeutic ingredient penicillin from Penicillium in 
1928. They have subsequently been used to develop 
antibiotics, fungicides, anticancer drugs, and choles-
terol inhibitors. Mushrooms and truffles are highly 
desirable foods; yeast is essential for baking, brewing, 
and fermenting; and molds flavor and color cheeses.  

Another attribute of fungi, spalted wood―that 
is, wood colonized and stained by certain species of  

fungi―was a prized commodity among European ar-
tisans who practiced the form of wood inlaying called 
intarsia. Spalted wood may be naturally created or 
stained by an artist; colors may be green, red, yellow, 
brown, or black. Writer David Elkind explains that 
green wood discolored by the green elf cup fungus 
Chlorociboria aeruginascens “happened to fill a lucrative 
niche in a burgeoning luxury trade, and that made it, 
for a time at least, as precious as some rare metals.” 

Intarsia, described as painting with wood to create 
mosaics as opposed to painting directly onto wood, is 
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Mattia di Nanni di Stefano (1403–1433), Scipio Africanus  ca. 
1425–1430. Poplar, bog oak and other wood inlay, rosewood, tin, 
bone, traces of green coloring, 24.19 in x 17.13 in/61.5 cm x 43.3 
cm. Public domain image courtesy of The Metropolitan Museum of 
Art, New York, NY, USA.
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thought to have originated before the seventh century 
ce. Its zenith was in Italy during the Renaissance (c. 
1400−1600). The Tuscan city of Siena, Italy, known for 
producing many accomplished painters, was home 
to several intarsiatori, including Domenico di Niccolo 
and his apprentice Mattia di Nanni. Intarsiatori in-
layed varied shapes, sizes, and species of wood―each 
with distinct patterns and tones―to fashion decora-
tive items, panels, and elaborate pieces of furniture.

Featured on this month’s cover is a wooden panel 
depicting Roman general Scipio Africanus, crafted 
by Mattia. According to the Metropolitan Museum 
of Art, this panel came from what must have been 
a quite large intarsia bench created for the council 
chamber of the Palazzo Pubblico in Siena and placed 
under Simone Martini’s fresco the Maestà, a 7.62 m × 
9.98 m painting that fills the north wall of the cham-
ber. The bench comprised several panels depicting 
figures from Roman Republican history considered 
to be “models of civic virtue, such as the illustrious 
general Publius Cornelius Scipio Africanus.” Scipio 
is remembered for the strategic and diplomatic skills 
that enabled him to defeat Hannibal in the Battle of 
Zama and end the Second Punic War in 202 bce. 

Mattia portrays Scipio gesturing with his hands―
perhaps making the point that a leader must follow 
his head and his heart―and fixing  an unyielding 
gaze on the viewer. The whorls and details in the 
interlocked wood pieces show muscles, eyes, hair, 
a draped tunic. A rich, patterned background adds 
contrast and texture. Noted woodworker Silas Kopf 
writes that Mattia’s skills surpassed those of Do-
menico, from whom he had learned “how to create a 
strong graphic presentation through contrast, devel-
oping the craft further by laminating small pieces of 
wood into larger shapes.”  

Intarsiatori mapped out patterns and colors on pa-
per and then created a matrix or framework to be filled 
in with different types, shapes, and sizes of wood. 
Their toolbox included saws, planes, chisels, clamps, 
knives, pigments, and varnishes. Intarsia projects re-
quired large amounts of different colored and textured 
types of wood, including  oak, cypress, walnut, fruit-
woods, boxwood, and spindle-wood. The artist would 
attach sections and pieces of wood called tesserae to the 
frame, following the paper template, incorporating 
larger pieces, and filling in with smaller ones to add 
details and depth. Mattia was among those who used 
additional materials: his Scipio Africanus features teeth 
made from bone and a helmet inlaid with metal strips.

Art historian Antoine Wilmering notes that Mat-
tia meticulously tapered the ends of the tesserae, 
“enabling precise and smooth interweaving of the 

different, naturally coloured woods. This technique 
allowed Mattia to create images with carefully mod-
elled details, and some of the inlaid slivers are as fine 
as a painter’s brush.” The greenish tints in this panel 
may be slivers of naturally spalted wood, likely griin-
faule or “green oak.” As intarsia expanded across Eu-
rope, such wood became highly prized. Elkind notes 
that green wood discolored by the green elf cup fun-
gus C. aeruginascens was “a mycological rarity."

The craft of intarsia continued to evolve, but 
spalted wood fell into disfavor once inorganic dyes 
and stains were readily available. Interest in incor-
porating spalted wood into intarsia was rekindled in 
the 1950s, and Professor Sara C. Robinson oversees 
a laboratory at Oregon State University focused on 
finding new uses for spalted wood not limited to the 
creative arts. A recent article by Hyde et. al. in the 
journal Fungal Diversity takes a broader view and 
examines 50 ways to exploit fungi as an untapped 
resource, including applications as antibacterials, an-
timycotics, fungicides, and biofilm inhibitors. Ubiqui-
tous and unique, fungi have a fascinating array of yet 
unexplored uses.
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•  Bloodstream Infection Risk, Incidence, and Deaths for 
Hospitalized Patients during Coronavirus  
Disease Pandemic 

•  Direct and Indirect Effectiveness of mRNA Vaccination 
against Severe Acute Respiratory Syndrome 
Coronavirus 2 in Long-Term Care Facilities, Spain 

•  Epidemiology of the Early COVID-19 Epidemic in 
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•  Fatal Cowpox Virus Infection in Human Fetus,  
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•  Breakthrough Infections of SARS-CoV-2 Gamma 
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•  SARS-CoV-2 Neutralization Resistance Mutations in 
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•  Rapid Increase in Lymphogranuloma Venereum 
among HIV-Negative Men Who Have Sex with Men, 
England, 2019 

•  Genomic Sequencing of SARS-CoV-2 E484K Variant 
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•  Multiple Transmission Chains within COVID-19 
Cluster, Connecticut, USA, 2020 



Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 9, September 2021 2513

Earning CME Credit
To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-

ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape. 
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in 
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies 
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed 
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national 
medical association for review.

Article Title

Maternal Carriage in Late-Onset Group B Streptococcus Disease, Italy

CME Questions

1. Your patient is a 29-year-old woman found to have
group B Streptococcus (GBS) colonization at her
prenatal screening. According to the retrospective
study by Berardi and colleagues, which of the
following statements about the dynamics of GBS
mother-to-infant transmission based on maternal
vaginal-rectal (VR) colonization at prenatal screening
and at time of commencement of late-onset disease
(LOD), and on additional maternal urine and breast
milk cultures collected at LOD onset, is correct?
A. One-third of mothers with full assessment of VR

carriage (at prenatal screening [APS] and at the
time of late-onset disease onset [ATLO]) had VR
colonization at either time point

B. Most women given adequate intrapartum antibiotic
prophylaxis (IAP) were not GBS carriers at the time
of LOD diagnosis

C. Mothers with VR colonization ATLO had high rates
of GBS bacteriuria (33.9%) and positive breast milk
culture (27.5%), independent of VR status at
prenatal screening

D. Most women with positive breast milk culture had
mastitis (1 million colony-forming units [CFU]/mL)

2. According to the retrospective study by Berardi and
colleagues, which of the following statements about
the dynamics of GBS mother-to-infant transmission
based on molecular typing and antibiotic resistance
is correct?
A. GBS strains from mother-infant pairs were serotype II
B. All but 1 GBS strain from mother-infant pairs belonged

to clonal complex 17
C. Antimicrobial susceptibility differed widely among

mother-infant pairs
D. Strains from most mother-infant pairs were resistant to

both erythromycin and clindamycin

3. According to the retrospective study by Berardi and
colleagues, which of the following statements about
clinical implications of the dynamics of GBS
mother-to-infant transmission is correct?
A. The study proves that mother-to-infant GBS

transmission occurs via breastfeeding
B. The findings suggest that maternal transmission after

delivery is relatively unlikely
C. Findings regarding GBS bacteriuria suggest that

mothers are a relatively minor source of GBS
exposure for their infants

D. The findings may facilitate predicting the impact of
maternal GBS vaccination
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