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Childcare Exposure to Severe
Acute Respiratory Syndrome
Coronavirus 2 for 4-Year-Old
Presymptomatic Child, South Korea
Yoonsun Yoon,1 Gwang-Jun Choi,1 Ji Yeong Kim, Kyung-Ran Kim,
Hwanhee Park, Jae Kyung Chun,2 Yae-Jean Kim2

Data on transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from preschool-age
children to children and adults are limited. We investigated SARS-CoV-2 exposure at a childcare center in South
Korea. A 4-year-old child, probably infected by his grandmother, attended the center during the presymptomatic
period (February 19–21, 2020). Fever developed on
February 22, and he was given a diagnosis SARS-CoV-2
infection on February 27. At the center, 190 persons (154
children and 36 adults) were identified as contacts; 44
(23.2%) were defined as close contacts (37 children and
7 adults). All 190 persons were negative for SARS-CoV-2
on days 8–9 after the last exposure. Two close contacts
(1 child and 1 adult) showed development of symptoms
on the last day of quarantine. However, subsequent test
results were negative. This investigation adds indirect
evidence of low potential infectivity in a childcare setting
with exposure to a presymptomatic child.

T

he exact number of global confirmed cases of
coronavirus disease (COVID-19) in children is
unknown. Since the first case report in a child, 2.2%–
6.7% of reported cases from China, the United States,
the European Union, and the United Kingdom have
occurred in children (1–3). In South Korea, 14,305
SARS-CoV-2 cases were diagnosed as of July 31,
2020 (4). Of these cases, 1,028 were in children <19
years of age; the proportions of cases for persons <19
years of age was 7.2% and for persons for <9 years of
age was 1.7% (4). The proportion of COVID-19 cases
Author affiliations: Samsung Medical Center, Sungkyunkwan
University School of Medicine, Seoul, South Korea (Y. Yoon,
K.-R. Kim, H. Park, Y.-J. Kim); Division of Infectious Disease
Control, Daegu Metropolitan City, Daegu, South Korea
(G.-J. Choi); Miryang-si Public Health Center, Miryang,
South Korea (J.Y. Kim, J.K. Chun)
DOI: https://doi.org/10.3201/eid2702.203189

in children in South Korea was higher than that for
China (2.2%) and the United States (5.1%) (1,2). This
proportion was comparable to that for the European
Union and the United Kingdom (6.7%) (3).
Respiratory virus infection among young children in childcare settings is a major epidemiologic
consideration. Children are believed to be vectors
for transmission of many respiratory viral diseases,
including influenza and infection with respiratory
syncytial virus (5–7). However, there are few data on
SARS-CoV-2 transmission among young children.
In South Korea, the first imported case of SARSCoV-2 from Wuhan, China, was reported on January
20, 2020 (8). The first case in a child from South Korea
was diagnosed on February 18 (9). A religious group–
related large outbreak in Daegu (a city with a population of 2.4 million in the southeastern part of the country) started on February 18 (9); a total of 5,212 patients
were eventually found to have COVID-19 related to
the religious group outbreak (10). Social distancing
measures, including temporary closure of childcare
centers, were initiated in Daegu immediately. However, other regions with no confirmed patients with COVID-19 remained open, including Miryang-si (population 108,600, 60 km from Daegu). The first patient with
COVID-19 in Miryang-si was a 35-year-old man given
a diagnosis on February 26, when there were 710 confirmed cases in Daegu (11). Subsequently, his 4-yearold son was given a diagnosis of COVID-19. The child
had attended a childcare center during his presymptomatic period (February 19–21). In this study, we report the results of an epidemiologic investigation of
potential exposure to a presymptomatic child who attended a childcare center in South Korea.
1

These authors contributed equally to this article.

2

These senior authors contributed equally to this article.
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Materials and Methods
Setting

On February 27, 2020, the Miryang-si Public Health
Center was notified of a confirmed case of a 4-yearold child with COVID-19 and possible exposure of
children and adult staff by this child at a childcare
center. The childcare center consisted of 17 classes
divided by age group from <1 to 7 years. Children
usually stayed at the center from 8:00 am to 6:00 pm,
depending on schedules of parents. The index casepatient attended a class for 4- or 5-year-old children
that had 13 classmates and 2 teachers. Each classroom
had its own toilet, and children ate lunch and snacks
in their classrooms with classmates and teachers. The
center also has shuttle buses that can transport an average of 20 children, 2 teachers, and 1 driver.
Under the guidance of local health authorities,
wearing masks, more frequent hand hygiene, and
disinfection of the environment were required before the child tested positive. Adult staff at the center wore masks, but mask wearing by children were
not consistent.
Epidemiologic Investigation and Case Definition

An epidemiologic investigation was conducted. Close
contacts were identified by trained epidemic intelligence officers on the basis of surveillance by closedcircuit television, childcare schedules, and statements
from teachers. Close contact was defined as a person
who had face-to-face contact for >15 minutes or who
had direct physical contact with the index case-patient. Persons who used the same shuttle bus were
also considered to be close contacts.
Response Measures

After the index case-patient was identified, the center was closed. All potentially exposed persons were
quarantined at home for 14 days.
Symptoms of close contacts were actively monitored by the local health authority through phone
calls twice a day. For the remaining persons, passive
reporting through self-assessment for fever or a defined set of newly present symptoms indicative of
COVID-19 was conducted. Acute respiratory symptoms included fever, sore throat, rhinorrhea, myalgia,
dyspnea, or cough.
All children and staff members (n = 190) at the
center were tested 8–9 days after the last exposure
for SARS-CoV-2, which was the earliest time point
on which we could perform PCR considering the
median incubation period for COVID-19 (12). The
tests were performed at a drive-through test facility
342

(13) or the COVID-19 screening clinic of Miryangsi Public Health Center. All samples were collected
by obtaining nasopharyngeal swab specimens and
tested by using real-time reverse transcription PCRs
for SARS-CoV-2.
Data Collection and Analysis

We obtained information on demographic characteristics and presence of symptoms by using standardized epidemiologic investigation forms. The
investigation was a part of a public health response
and was not considered research subject to institutional review board approval; therefore, written informed consent was not required. Personal information was accessed only by the public health officer
of Miryang-si and epidemic intelligence officer of
Daegu. Participant confidentiality was maintained
throughout the study.
Results
Family Exposure

The index case-patient was a 4-year-old boy who
lived in Miryang-si and was suspected of contracting
the virus from his grandmother, who lived in Daegu. His grandmother attended the religious services
on February 12 and 16 that were related to the large
religious group outbreak in Daegu. He had contact
with his grandmother on February 12 and 15 when
he visited Daegu with his father. However, he and his
father did not attend the religious service. His grandmother also came to the child’s house and stayed in
Miryang-si during February 17–27.
The index case-patient showed development of
fever (temperature 39°C) on February 22 and a cough
on February 24. He was treated by a pediatrician on
February 23 and 25. His father also showed development of fever, cough, and myalgia. The father was
confirmed to have COVID-19 on February 26 (cycle
threshold [Ct] value for envelope gene 19.0, positive
cutoff value 40.0). The child and his asymptomatic
grandmother were confirmed to have COVID-19 on
February 27. The Ct value was 24.6 (positive cutoff
value 37.0) for the child and 32.7 (positive cutoff value 37.0) for the grandmother. His grandmother was
asymptomatic during this entire period (Figure 1).
Childcare Exposure

The index case-patient attended the childcare center
on February 19–21 during a presymptomatic period
before his fever developed (Figure 1). He traveled
to the center by shuttle bus; the bus ride took ≈30
minutes in each direction. On the shuttle bus from
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Figure 1. Timeline of family exposure and progress of symptoms until diagnosis of a 4-year-old child (index case-patient) and
adult family members, South Korea. The index case-patient attended a childcare center during February 19–21, 2020. He showed
development of fever on February 22. His father was given a diagnosis of COVID-19 on February 26. The index case-patient and his
grandmother were given a diagnosis on February 27. The asymptomatic grandmother was suspected to be the primary case-patient
in the family because she attended a religious service in Daegu, where a large outbreak occurred. Sundays are indicated in red.
COVID-19, coronavirus disease.

his house to the center, 9 children, 2 teachers, and 1
bus driver were exposed. On the shuttle bus from the
center to his house, an additional 15 children and 2
teachers were exposed. The boy attended the center
for an average of ≈8 hours/day, and he had lunch and
2 snack times/day with his classmates in his classroom. He used the toilet in the classroom ≈5 times/
day. There was no outside activity because of cold
weather. Thirteen classmates of similar ages and 2
teachers were exposed to the index case-patient in the
same classroom. Among these persons, 1 child was
also exposed on the shuttle bus. Closed-circuit television review additionally identified a friend from
another class who visited his classroom and played
with him.
A total of 190 persons (154 children and 36
adults) at the center were identified as potential contacts (Figure 2). The median age of exposed children
was 4.1 years (range 0.9–7.2 years), and 75 (49%)
were male. The median age of exposed adults was
42.0 years (range 22.1–64.8 years), and 3 (8%) were
male. Of the 190 contacts, 44 (23.2%) were exposed
to the index case-patient and considered close contacts: 37 (84.0%) children and 7 (16.0%) adults (1 bus
driver and 6 teachers).
After the investigation, all 190 exposed persons
had PCR testing for SARS-CoV-2 on the 8th and
9th days after the last exposure; 185 were tested in
a drive-through test center, and 5 were tested in
the COVID-19 screening clinic of Miryang-si Public

Health Center. Among close contacts, 1 classmate and
1 teacher in the class of the index case-patient showed
development of cough on the last day of quarantine
(14 days from the last exposure). However, subsequent testing of nasopharyngeal swab specimens
for these 2 persons showed negative results. The investigation and monitoring ended on March 6, 2020,
which was 14 days after the last day the child attended the center, which was 1 day before fever onset.
There were no laboratory-confirmed secondary cases
of COVID-19 during this exposure. Although 2 close
contacts showed development of symptoms during
the quarantine period and were retested, test results
for these close contacts were negative.
Discussion
We describe a childcare center exposure of SARSCoV-2 for a 4-year-old presymptomatic child and the
subsequent investigation, with detailed information
on exposure types and durations among exposed
children and adult staff members. Among all 190 persons at the center who were tested and monitored, no
secondary cases were identified.
There are few data on childcare exposure to
SARS-CoV-2 among young children. Recently, a few
reports were published from the United States and
Australia. In Rhode Island, USA, 666 of 891 childcare
programs reopened as of July 31, 2020 (14). Local
health authorities required strict regulations, including restricting the maximum number of persons in a
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Figure 2. Persons exposed to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (154 children and 36 adults) in a
childcare center and a shuttle bus, South Korea. All exposed persons underwent testing for SARS-CoV-2 and showed negative results.
Close contacts (37 children and 7 adults) were quarantined for 14 days, and persons who had symptoms during the quarantine period
were retested; all had negative results. *One child was exposed when she visited the classroom of the index case-patient.

class, limiting switching between classes, staff use of
masks, daily symptom monitoring of staff and attendees, and enhanced disinfection of the center (14). During June 1–July 31, a total of 52 laboratory-confirmed
or probable COVID-19 cases, including cases in 30
children, were identified. Among the 666 reopened
childcare centers, staff members and attendees from
29 (4.0%) centers were exposed to SARS-CoV-2 (14).
Epidemiologic investigation showed that there was
1 case without further transmission at 20 (69.0%) of
these 29 centers. In 5 (17.0%) of the 29 programs, 2–5
COVID-19 cases/program were identified; however,
there was no evidence of childcare-related transmission. Childcare-related transmission occurred at 4
(14.0%) of the 29 programs (2–10 COVID-19 cases/
program); 2 of these programs did not adhere strictly
to regulations (14). Therefore, of the 86% of childcare programs in the study that had COVID-19 cases,
there were no instances of secondary transmission. In
addition, a 2-year-old child attended childcare for 6
days while potentially infectious and did not produce
secondary transmission.
In Salt Lake City, Utah, USA, during April 1–
July 10, 2020, small-to-large outbreaks occurred in 3
childcare facilities for which complete investigation
data were available (15). All 3 outbreaks were linked
to index cases in adult staff members (15). Childcare-related transmission occurred; there were 2–15
344

COVID-19 cases/facility (15). The facility that had 15
patients given a diagnosis of COVID-19 did not require wearing masks for staff members and children.
A total of 12 children (age range 8 months–10 years)
were probably infected with SARS-CoV-2 at childcare
centers (15). A total of 83 household and nonhousehold contacts were exposed to these 12 case-patients.
Among those 83 contacts, 5 probable and 7 confirmed
patients with COVID-19 were identified, including
parents and siblings (15).
In New South Wales, Australia, 10 childcare centers for children age 6 weeks–5 years had exposure
to COVID-19 cases during January 25–April 10, 2020
(16). The primary cases were defined as initial infectious cases in this setting (16). Of those 10 centers, the
exposure occurred by primary pediatric cases in 3
centers (30.0%). At these 3 centers, 85 children and 37
adults were defined as being close contacts and quarantined (16). Among these persons, 17 (20.0%) of 85
children and 11 (30.0%) of 37 adults were tested, and
all showed negative results (16). Overall, secondary
transmission occurred in only 1 center, in which the
primary case-patient was a 49-year-old woman (staff
member). Of 37 close contacts at that childcare center,
6 staff and 7 children were infected with SARS-CoV-2
(16). However, there was little evidence of child-tochild transmission or child-to-adult transmission in
that epidemiologic investigation (16).
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Our findings, along with literature discussed,
might suggest potential low transmissibility of SARSCoV-2 among young children in childcare settings.
However, there might be differences in background
COVID-19 situations between countries in which
studies were conducted. Our epidemiologic investigation was conducted at the early stages of the pandemic, when a large outbreak first started in Daegu
and the virus rapidly spread to nearby cities. Public
awareness, mitigation measures, and public health
responses were believed to be incomplete at that time.
The study from Australia was conducted in communities that had low transmission rates and good public health responses (17). Although the studies from
the United States showed that a few child-to-child
or child-to-adult transmissions probably occurred
in childcare centers, community transmission rates
were higher in that country, which might confound
true transmission rates from pediatric patients with
COVID-19 in childcare settings. In addition, less strict
adherence to precautions in some childcare facilities
could have also affected the childcare-related transmission (14,15).
There were also a few reports of school exposure
in older children during the early period of the COVID-19 pandemic. A report of a cluster in the French
Alps included a 9-year-old boy who did not transmit SARS-CoV-2 to any other persons, although 112
persons at 3 different schools had contact with him
(18). However, detailed information on exposure at
schools was not available for that study. In a report
from New South Wales, Australia, there were several
high schools and 1 primary school in which many
children and adolescents were exposed to a child (index-patient[s]) but few secondary cases resulted (19).
In 15 schools (10 high school and 5 primary schools),
18 COVID-19 cases (in 9 students and 9 staff) were
identified during March 5–April 3, 2020. Of 863 identified close contacts, only 2 secondary cases, both in
children, resulted from transmission in the school setting; 1 case-patient was infected by another child and
the other case-patient by an adult staff member. However, there were no details on exposure setting. In Ireland, for notifications of SARS-CoV-2 infection before
school closure in March 2020, there was no transmission from 3 children (index case-patients) among 905
contacts in the school settings (20). All children who
had COVID-19 in Ireland attended schools during the
presymptomatic and symptomatic periods, and other
children were exposed in a variety of settings, including music lessons (woodwind instruments) and choir
practice, both of which are high-risk activities for virus transmission. Studies in France (18) and Ireland

(20) performed laboratory tests only for symptomatic
persons and might have underestimated asymptomatic or paucisymptomatic patients. In comparison, we
collected test results on all persons at the childcare
center in our study.
There have been reports demonstrating that children are not the main drivers of the COVID-19 outbreak (21,22), but it is unclear whether these findings
are caused by low susceptibility, low transmissibility, or both. An age-structured mathematical model
estimated that persons <20 years of age have lower
susceptibility to SARS-CoV-2 infection than adults
(23). Different immune responses or host factors of
children have been also suggested as possible mechanisms of their low susceptibility (24,25). However, an
epidemiologic study from China reported a conflicting finding that SARS-CoV-2 exposure rates for children were comparable to those for adults (26).
Because children who had COVID-19 had milder
symptoms and a high proportion of subclinical infections, viral load and transmissibility during the asymptomatic or presymptomatic period is of particular interest (23,27,28). Several studies of adult patients
showed that viral shedding of SARS-CoV-2 peaked at
≈1–2 days before symptom onset, and a substantial
proportion of transmission probably occurred during presymptomatic or asymptomatic periods in the
index case-patient (29,30). In children, SARS-CoV-2
RNA was also detected at a comparably high level, as
in adults, at the time of diagnosis (31). However, more
data are needed on whether young children have a
high level of virus during the presymptomatic period,
as in adults, and can transmit the virus to others.
In our study, the index child was present at
a childcare for an average of 8 hours/day and had
several meals/snacks with his young classmates at a
close distance, with probable close physical contact.
However, there were no additional cases.
This study had a few limitations. First, this study
was a single epidemiologic investigation of SARSCoV-2 exposure at 1 childcare center. More data on
transmission from young pediatric index case-patients to other children and adults in educational settings are needed. Second, it was not proven that the
index case-patient in this report was shedding virus
during the presymptomatic period.
Closing childcare or schools has probably reduced transmission of SARS-CoV-2 in children (32).
However, decisions regarding reopening schools or
childcare centers are critical in many countries that
are considering the social, educational, and economic benefits to society and children (33). Our investigation adds indirect evidence of low potential
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infectivity among children in a childcare setting
when exposed to a presymptomatic child. Therefore,
there might be a chance to safely reopen childcares if
certain conditions are satisfied, including such infection prevention protocols as good personal hygiene
practices, wearing masks, daily symptom monitoring of staff members and attendees, and disinfection
of possibly contaminated surfaces and items.
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Co-infected with Severe Acute
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2 and Dengue Virus, Buenos Aires,
Argentina, March–June 2020
Lucila M. Carosella, Daniel Pryluka, Aldo Maranzana, Laura Barcan, Rosana Cuini,
Cristina Freuler, Alfredo Martinez, Tomás Rivero Equiza, Carolina Rodriguez Peria,
Diego Yahni, Martin E. Stryjewski, for the COVIDENGUE Study Group1

An epidemic of dengue virus and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) co-infections occurred in Argentina during 2020. We describe
the clinical characteristics and outcomes in a cohort of
patients hospitalized because of co-infection. We retrospectively identified 13 patients from different hospitals in Buenos Aires who had confirmed infection with
SARS-CoV-2 and dengue virus and obtained clinical
and laboratory data from clinical records. All patients
had febrile disease when hospitalized. Headache was
a common symptom. A total of 8 patients had respiratory symptoms, 5 had pneumonia, and 3 had rash.
Nearly all patients had lymphopenia when hospitalized.
No patients were admitted to an intensive care unit or
died during follow up. Co-infection with SARS-CoV-2
and dengue virus can occur in patients living in areas in
which both viruses are epidemic. The outcome of these
patients did not seem to be worse than those having
either SARS-CoV-2 or dengue infection alone.

S

evere acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which produces coronavirus disease (COVID-19), and dengue caused an epidemic in
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Argentina during 2020. During March 3–October 25,
2020, a total of 1,090,589 confirmed cases of infection
with SARS-CoV-2 were reported in this country. Of
these cases, 143,990 were reported in Ciudad Autónoma de Buenos Aires (1). During January 4–June 13,
2020, there were ≈7,300 confirmed cases of dengue
virus infection in this city (2).
Although co-infection with these 2 virus is a major concern, it has only been reported in individual
patients (3–5). Information from cohorts of co-infected patients is still lacking. We describe the clinical
characteristics and outcomes in a cohort of patients
co-infected with SARS-CoV-2 and dengue virus in
Buenos Aires.
Methods
Using a network of colleagues (COVIDENGUE Study
Group), we retrospectively identified patients coinfected with SARS-CoV-2 and dengue virus during
March–June 2020. Seven sites were in Buenos Aires,
and an additional site was in the surrounding area.
Through June 30, 2020, healthcare admission was
mandated in Argentina for any patient with confirmed COVID-19. Therefore, all patients had complete information regarding signs and symptoms at
hospitalization, as well as their hospital course. Clinical data were obtained in a predesigned clinical report form by reviewing medical records.
Infection with SARS-CoV-2 was diagnosed by using real-time PCR of nasopharyngeal swab specimens,
as approved by the Ministry of Health in reference
laboratories. Dengue was diagnosed by either detecMembers of the COVIDENGUE Study Group are listed at the end
of this article.

1
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tion of nonstructural protein 1 (NS1), real-time PCR,
or serologic conversion. Severe dengue was defined
by presence of respiratory distress, severe bleeding,
or organ impairment. Mild COVID-19 was defined
by absence of pneumonia or pneumonia without
impairment in oxygenation for otherwise stable patients. Patients requiring supplemental oxygen were
considered to have moderate-to-severe COVID-19.
Patients were followed up for 4 weeks from their initial hospitalizations. Descriptive statistics were used.
This study was approved by the Ethic Committee of
Centro de Educación Médica e Investigaciones Clínicas (Buenos Aires, Argentina).
Results
A total of 13 patients who had co-infections with
SARS-CoV-2 and dengue virus were identified. Most
patients were relatively young (median age 37 years),
46% were female, and 54% reported >1 concurrent
condition. All patients had febrile disease at hospitalization (Table). The median duration of fever was 7
days; 9 (69%) patients had fever for >5 days. Headache was a common symptom among co-infected
patients. A total of 8 patients (62%) had respiratory
symptoms. Symptoms of lower respiratory tract infection were present in 4 (31%) patients; 5 (38%) patients had ground glass opacities consistent with viral
pneumonia on computed tomography (CT) scans.
Two patients had bilateral infiltrates on a chest radiograph or computed tomography. Rash appeared
in 3 patients early in the course of the disease and
before resolution of fever. Two of these patients had
concomitant pneumonia and rash. Lymphopenia was
observed in all but 1 patient (92%), and thrombocytopenia was observed in 46%.
Among patients with fever <5 days, suspicion of
dengue was based on a history of recent mosquito
bite (2 patients), frontal headache (3 patients), intense myalgia (3 patients), or thrombocytopenia (2
patients). All patients had a diagnosis of COVID-19
by real-time PCR of nasopharyngeal swabs specimens. Dengue was diagnosed by detection of NS1 in
>50% of co-infected patients; 4 cases were diagnosed
by real-time PCR of serum and 1 by serologic conversion. The patient who had serologic conversion
had a first serum sample negative for IgM and IgG.
One week later, a second serum sample was positive
for both antibodies. All but 1 patient (92%) had mild
COVID-19. No patients had severe dengue infection,
required admission to an intensive care unit, or died
during follow up. All patients fully recovered from
their symptoms after 4 weeks.

Discussion
This report of patients co-infected with SARS-CoV-2
and dengue virus provides several useful observations. First, in geographic areas in which both viruses
Table. Clinical characteristics and laboratory parameters at
hospitalization for 13 patients co-infected with SARS-CoV-2 and
dengue virus, Buenos Aires, Argentina, March–June 2020*
Characteristics
Value
Age, y
37 (29–50)
Sex
F
6 (46)
M
7 (54)
Concurrent condition†
7 (54)
Signs or symptoms
Fever at hospitalization
13 (100)
Median temperature at hospitalization, °C
38.0 (38.0–38.8)
Median duration of fever, d
7 (4–9)
Cough
3 (23)
Headache
8 (61)
Myalgia
7 (54)
Rash
3 (23)
Chills
3 (23)
Dyspnea
2 (15)
Diarrhea
2 (15)
Odinophagia
2 (15)
Nasal congestion
2 (15)
Anosmia
1 (8)
Dysgeusia
1 (8)
Arthralgia
1 (8)
Nausea or vomiting
1 (8)
Pneumonia
5 (38)
Bilateral
2 (15)
Laboratory findings
Median hematocrit, %
44 (36–46)
Median hemoglobin, g/dL
14.1 (13.0–15.0)
4.3 (2.26–7.9)
Median leukocytes × 103 cells/L
4 (31)
Leukopenia, <4 × 103 cells/L
0.81 (4.1–1.16)
Median lymphocyte count × 103 cells/L
12 (92)
Lymphopenia, <1.5 × 103 cells/L
172 (116–196)
Platelets ×103/L
6 (46)
<150 ×103/L
3 (23)
<100 ×103/L
Abnormal AST level
6 (46)
Abnormal ALT level
6 (46)
Diagnosis of dengue
NS1 detection
8 (61)
Real-time PCR
4 (31)
Serologic conversion
1 (8)
Clinical outcomes
Need for supplemental oxygen
1 (8)
ICU
0
Median length of stay in hospital, d
12 (10–14)
Severe dengue
0
Hospital discharge
13 (100)
Full recovery at follow-up at 4 wk
13 (100)
Rehospitalization at 4 wk
0
Death
0
Therapy for infection with SARS-CoV-2
Lopinavir/ritonavir
3 (23)
Hydroxychloroquine
1 (8)
Antimicrobial drug therapy
6 (46)
*Values are no. (%) or median IQR. ALT, alanine aminotransferase; AST,
aspartate aminotransferase, ICU, intensive care unit; IQR, interquartile
range; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Includes obesity 3; chronic obstructive pulmonary disease 2;
hypertension 2; smoking 2; diabetes 1; and cirrhosis 1.
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are circulating, co-infections can occur. This concerning possibility, which might impose an additional
burden on healthcare systems, has been reported
previously (6). In Latin America, >3 million cases of
dengue were reported during 2019 (7). Dengue virus
circulates epidemically in Argentina, particularly in
the northeastern region of this country (8). The most
recent epidemic occurred in 2016 (2). In Buenos Aires, the number of cases reported during 2017–2019
was relatively low. For example, during 2018 only 151
cases were reported and during 2019 only 51 cases in
this city. However, during 2020, the magnitude of
the dengue epidemic in Buenos Aires surpassed case
counts for the preceding 10 years. Therefore, given
the current circulation of SARS-CoV-2 at high levels,
a new epidemic of dengue virus during early 2021
(warm months) could substantially increase the risk
for co-infections.
Second, in this scenario of concomitant circulation of SARS-CoV-2 and dengue virus, the distinction between clinical diseases among febrile patients
is crucial. Certain clinical characteristics among these
co-infected patients are relevant. All patients who had
co-infections had fever at hospitalization, and most
had fever duration for ≥5 days. Also, >50% of patients
with COVID-19 did not have fever at admission (9).
Prolonged fever has been associated with more severe
disease in patients with COVID-19 (10). Therefore, for
most patients with mild COVID-19 in this study, prolonged fever was a clinical clue for suspecting co-infection. Other than fever, headache was the most common symptom in patients with co-infection. Although
headache is common in patients who have dengue infection (>90%) (11) it is less commonly observed in patients with COVID-19 (≈13%) (9). For some co-infected
patients, a clinical overlap based on hallmarks of both
diseases was also noted. For example, 2 patients had
pneumonia, suggesting COVID-19, as well as a rash,
which can be a hallmark of dengue virus infection.
The duration of fever longer than expected for mild
COVID-19, headache, rash, or absence of respiratory
symptoms should raise the suspicion of a concomitant
infection with dengue virus. Therefore, clinical suspicion based on epidemiologic grounds might alert clinicians to order tests for both viruses.
Third, all patients had favorable outcomes for
both COVID-19 and dengue virus infections. There is
conflictive data on the clinical outcome of co-infection
with dengue and other viruses (12–14). All but 1 of our
patients had mild COVID-19, and none had severe
dengue. Our preliminary findings, based on limited
data, do not suggest that co-infection with dengue
and SARS-CoV-2 viruses worsens clinical outcomes.
350

Our study had several limitations. False-positive
IgM results for dengue have been described for 2 patients who had COVID-19 (15). However, only 1 of
our patients had a serologic diagnosis of dengue, and
this diagnosis was based on serologic conversion for
IgM and IgG. Almost all our patients had positive results for virus NS1 tests or real-time PCR of serum
for dengue. Because these tests for dengue have high
specificity for acute infection (16), a false-positive
diagnosis is unlikely (17). Immune response was
not evaluated in our study. Analyzing the immune
activation for these co-infected patients would help
to clarify the clinical outcomes of these patients who
have simultaneous viral infections.
Finally, our data are limited by a small sample
size. Our observation on the unaltered clinical course
of COVID-19 concomitant with dengue infection
needs to be confirmed in larger cohorts of patients,
including a comparative analysis of persons infected
only with SARS-CoV-2 or dengue virus, and patients
who are co-infected with both viruses.
In conclusion, co-infection with SARS-CoV-2 and
dengue virus can occur in patients living in areas in
which both viruses are epidemic. Some clinical clues
can orient physicians to suspect both diseases. Based
on limited data, our study suggests that the clinical
outcome of these co-infected patients may not be
worse than for patients who have either SARS-CoV-2
or dengue infection alone.
Members of the COVIDENGUE Study Group: Claudio
Basile, Pablo Bonvehi, Patricia Chabay, Mariana De Paz,
Cecilia Ezcurra, Diana Ferreño, Margarita Gaset, Daniel
Lopez, Cecilia Losada, Veronica Paz, Sandra Paz, and
Pedro Wainer.
M.E.S. is a consultant to Basilea and a speaker for Pfeizer.
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World Malaria
Day, March 25

T

he massive scale-up of malaria efforts
from 2000–2015 saved 6.2 million lives
and decreased the number of malaria deaths
by 60% worldwide and by 66% in Africa, according to the World Malaria Report 2015.
However, malaria killed an estimated 438,000
in 2015, mainly children under five years of
age in sub-Saharan Africa. The ever-evolving
challenges of drug and insecticide resistance,
changes in the malaria landscape, and aspirations for elimination will all require new interventions and new science.

https://wwwnc.cdc.gov/eid/page/
world-malaria-day
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Virus shedding in severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) can occur before onset
of symptoms; less is known about symptom progression or infectiousness associated with initiation of viral
shedding. We investigated household transmission in
5 households with daily specimen collection for 5 consecutive days starting a median of 4 days after symptom
onset in index patients. Seven contacts across 2 households implementing no precautionary measures were infected. Of these 7, 2 tested positive for SARS-CoV-2 by
reverse transcription PCR on day 3 of 5. Both had mild,
nonspecific symptoms for 1–3 days preceding the first
positive test.SARS-CoV-2 was cultured from the fourthday specimen in 1 patient and from the fourth- and fifthday specimens in the other. We also describe infection
control measures taken in the households that had no
transmission. Persons exposed to SARS-CoV-2 should
self-isolate, including from household contacts, wear a
mask, practice hand hygiene, and seek testing promptly.

T

he coronavirus disease (COVID-19) outbreak first
recognized in Wuhan, China, in December 2019 is
now a global pandemic (1). Serial intervals for transmission have been estimated (2,3), and presymptomatic transmission from confirmed case-patients to
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others has been documented (4–8). In addition, studies suggest that virus shedding can begin before the
onset of symptoms (7,8) and extend beyond the resolution of symptoms (9). However, data on the initiation and progression of viral shedding in relation to
symptom onset and infectiousness are limited. Intensive early monitoring of household members through
serial (i.e., daily) collection of a respiratory tract specimen for testing by real-time reverse transcription
PCR (rRT-PCR), which could clarify the characteristics of initial viral shedding, has rarely been implemented, although serial self-collection of nasal and
saliva samples was used in a recent study (10). To examine the transmission dynamics of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
guide public health recommendations, we describe
initial detection and progression of SARS-CoV-2 viral shedding, as indicated by rRT-PCR positivity for
SARS-CoV-2 and cycle threshold (Ct) values, in relation to exposure to an index patient, symptom onset
and duration, and transmission to household contacts who underwent intensive early monitoring with
viral cultures.
Methods
Index patients with laboratory-confirmed SARSCoV-2 infection were reported to 2 health departments
in the Salt Lake City, Utah, USA, metropolitan area
during April 19–25, 2020. Households were recruited
through convenience sampling with assistance from
health department staff and were considered eligible if the index patient was not hospitalized, lived
with >2 additional persons, and tested positive for
SARS-CoV-2 by rRT-PCR in a respiratory tract specimen collected <5 days before enrollment. A sample
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size of 5 households was chosen because of time constraints and workload capacity; we also took into
consideration the likelihood of observing secondary
transmission within households, on the basis of the
estimated secondary attack rate in a larger household
transmission investigation conducted by the Centers
for Disease Control and Prevention (CDC) (11). CDC
investigation staff visited all enrolled households
(day 0) within 2–4 days of diagnosis (within 3–5 days
of symptom onset) and conducted daily visits on 4
subsequent days (days 1–4) and a final visit on day 14.
Before the day 0 visit, questionnaires were administered to all index patients and household contacts by telephone to request demographic information and data on symptoms, exposure to the index
patient and others outside the household, and any
previous SARS-CoV-2 testing. A household-level
questionnaire, completed by the index patient or selfdeclared head of household, documented the home’s
square footage; the number of persons per bedroom
and bathroom; isolation measures undertaken by the
index patient; and extent of household use of gloves,
masks, or cloth face coverings after symptom onset in
the index patient. A household-level closeout questionnaire reassessing isolation measures and glove
and face mask use during the observation period was
completed on the day 14 visit. In addition, during the
day 0 and day 14 visits, nasopharyngeal swab specimens and blood samples were collected from all index patients and household contacts. During day 1–4
follow-up visits, nasopharyngeal swab specimens
were collected daily from non–index patient household members, including those with SARS-CoV-2
test results pending or confirmed from specimens
collected at other facilities before the investigation.
If symptoms occurred in a household contact during
days 1–14 that were not reported on day 0, investigation staff conducted an interim household visit,
during which nasopharyngeal swab specimens were
collected from all household members, including the
index patient.
During days 1–4, if a household contact had an
inconclusive result (1 of 2 target gene regions positive for SARS-CoV-2 by rRT-PCR assay) or positive
result (both target gene regions positive) after an rRTPCR–negative test (i.e., first detection of viral shedding), the associated specimen and all subsequent
daily specimens from the person were submitted for
viral culture to evaluate infectiousness. Results that
were inconclusive by rRT-PCR were categorized as
negative unless a positive viral culture was obtained
from the same specimen. Specimens positive by rRTPCR that were collected on day 14 with Ct values

<35 were also cultured. For household contacts, the
date of first positive test was defined as the day on
which the first SARS-CoV-2–positive specimen was
collected. The Utah Public Health Laboratory (UPHL)
tested specimens by using the CDC 2019 novel coronavirus (2019-nCoV) real-time RT-PCR assay (12);
viral cultures were performed at CDC (13). Nasopharyngeal specimens were transported at 4○C in viral transport media, first from households to UPHL
and then (if applicable) onward to CDC for viral
culture. Blood samples were processed by UPHL;
serum samples were subsequently shipped to CDC
and tested by using a CDC-developed SARS-CoV-2
ELISA kit (B. Freeman, unpub. data, https://doi.
org/10.1101/2020.04.24.057323).
During days 0–14, all index patients and household members completed a daily symptom diary.
Symptoms were grouped according to Council of
State and Territorial Epidemiologists (CSTE) categories of classic (cough, shortness of breath, or discomfort while breathing), nonclassic (>2 of measured
or subjective fever, chills, headache, myalgia, sore
throat, loss of taste, or loss of smell), and asyndromic
(symptoms other than CSTE classic or nonclassic)
(14). Symptom onset was defined as the first day of
any reported symptom. Onset of viral shedding was
defined as the date of first detection of SARS-CoV-2
by rRT-PCR in the nasopharynx. Presymptomatic
shedding was defined as symptom onset >1 day after
the first positive SARS-CoV-2 result by rRT-PCR. Ct
values were categorized as low (<20), medium (20–
30), and high (>30). Lower Ct values indicated that
more viral RNA was detected in the specimen.
This protocol was reviewed by CDC human subjects research officials, and the activity was deemed
nonresearch as part of the COVID-19 public health
response. Verbal assent to participate was initially
obtained by telephone during questionnaire administration, and written consent was collected during the
first visit.
Results
During April 19–25, 2020, a total of 5 households were
enrolled, each consisting of an index case-patient and
a median of 3 household members (range 2–4 persons). All index patients had the earliest symptom
onset in their households. The day 0 visit occurred a
median of 4 days (range 3–5 days) after symptom onset in the index patient. Secondary transmission was
observed in 2 (40%) of the 5 households (HH-02 and
HH-05), consisting of 7 (100%) of 7 contacts in these
2 households and 7 (47%) of 15 total household contacts in the study. The 8 contacts from the remaining
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3 households did not become infected during the investigation (Figure 1). The median number of days
between symptom onset in index patients and symptom onset in SARS-CoV-2–positive household contacts was 4 days (range 2–5 days). Eighty percent of
index patients (4/5) were men and boys, and 80% of
household contacts (12/15 [80%]) were women and
girls (Table). The median age of index patients was
35 years (range 16–46 years). Of household contacts
who tested positive, median age was 16 years (range
7–45 years); of household contacts who tested negative, median age was 45 years (range 14–67 years).
Forty percent (2/5) of index patients, 43% (3/7) of

SARS-CoV-2–positive household contacts, and 75%
(6/8) of SARS-CoV-2–negative contacts reported >1
underlying medical condition.
Participants with a COVID-19 diagnosis had
similar symptom profiles: headache was reported
by 12/12 (100%); subjective fever, chills, fatigue,
and nasal congestion were each reported by 10/12
(80%); myalgia was reported by 8/12 (67%); and
partial loss of smell was reported by 7/12 (58%)
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/27/2/20-3517-App1.pdf). Classic symptoms
were less common: dry cough was reported by 6/12
(50%); and productive cough, shortness of breath, and
Figure 1. Results of rRT-PCR
for SARS-CoV-2 and symptom
onset among index case-patients,
SARS-CoV-2–positive household
contacts, and SARS-CoV-2–
negative household contacts in
study of initial virus shedding
in SARS-CoV-2, Utah, USA,
April–May 2020. The timelines of
symptom onset and testing dates
preceding and during the 15day study period are ordered by
individual households (HH-01–HH05). Sex and age (in parentheses)
are listed to the left. Symptom
onset date is only included for
household members who tested
positive at any time during the
study period or for whom onset
of symptoms consistent with
coronavirus disease prompted an
interim visit from investigators.
HH-05 opted out of day 14
nasopharyngeal specimen
collection. Ct, cycle threshold; HH,
household; rRT-PCR, real-time
reverse transcription PCR; SARSCoV-2, severe acute respiratory
syndrome coronavirus 2.
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Table. Characteristics and symptoms of index case-patients and household contacts testing positive or negative for severe acute
respiratory syndrome coronavirus 2 by real-time reverse transcription PCR in study of initial virus shedding in SARS-CoV-2, Utah,
USA, April–May 2020*
No. (%)
SARS-CoV-2–positive
SARS-CoV-2–negative
Characteristic
Index case-patients, n = 5
contacts, n = 7
contacts, n = 8
Age group, y
<18
1 (20.0)
4 (57.1)
2 (25.0)
18–49
4 (80.0)
3 (42.9)
3 (37.5)
50–64
0
0
1 (12.5)
>65
0
0
2 (25.0)
Sex
M
4 (80.0)
0
3 (37.5)
F
1 (20.0)
7 (100.0)
5 (62.5)
Race or ethnicity
Non-Hispanic white
5 (100.0)
7 (100.0)
7 (87.5)
Hispanic
0
0
1 (12.5)
Underlying medical conditions
Any underlying condition
2 (40.0)
3 (42.9)
6 (75.0)
Any chronic lung disease
1 (20.0)
0
2 (25.0)
Diabetes mellitus
0
1 (14.3)
0
Any cardiovascular disease
0
0
5 (62.5)
Any chronic renal disease
0
0
1 (12.5)
Any immunocompromised condition
1 (20.0)
0
1 (12.5)
Other chronic condition
1 (20.0)
2 (28.6)
1 (12.5)
No underlying medical condition
3 (60.0)
4 (57.1)
2 (25.0)
Smoking or vaping status
Former history of smoking or vaping
1 (20.0)
0
1 (12.5)
Interactions with index case-patient
Intimate physical contact
N/A
6 (85.7)
2 (25.0)
Close contact only
N/A
1 (14.3)
4 (50.0)
No interaction reported
N/A
0
2 (25.0)
Symptoms
Any symptom
5 (100.0)
7 (100.0)
7 (87.5)
CSTE categories
Classic†
4 (80.0)
5 (71.4)
2 (25.0)
Nonclassic‡
4 (80.0)
7 (100.0)
5 (62.5)
Asyndromic§
5 (100.0)
7 (100.0)
7 (87.5)
Other categories
Neurologic¶
5 (100.0)
7 (100.0)
4 (50.0)
Lower respiratory#
4 (80.0)
6 (85.7)
2 (25.0)
Upper respiratory**
4 (80.0)
6 (85.7)
7 (87.5)
Constitutional††
4 (80.0)
7 (100.0)
5 (62.5)
Gastrointestinal‡‡
3 (60.0)
2 (28.6)
3 (37.5)
*CSTE, Council of State and Territorial Epidemiologists; SARS-CoV-2, severe acute respiratory syndrome coronavirus disease 2.
†Cough, shortness of breath, or discomfort breathing.
‡>2 of fever, myalgia, headache, chills, loss of taste or smell, or sore throat.
§Any symptoms other than classic or nonclassic: fatigue, runny nose, nasal congestion, chest pain, wheezing, nausea or vomiting, or diarrhea.
¶Loss of taste (partial or complete), loss of smell (partial or complete), or headache.
#Discomfort while breathing, wheezing, shortness of breath, chest pain, or cough (dry or productive).
**Sore throat, nasal congestion, or runny nose.
††Chills, fever (measured or subjective), fatigue, or myalgia.
‡‡Abdominal pain, nausea or vomiting, or diarrhea.

discomfort while breathing were each reported by
<50% of those infected (Appendix Figure). Measured
fever, sore throat, partial or full loss of taste, runny nose,
chest pain, wheezing, nausea or vomiting, abdominal pain, and diarrhea were each reported by <33%.
Nonclassic and asyndromic symptoms were also reported by SARS-CoV-2–negative household contacts
(Appendix Figure). Median duration of illness was 7
days (range 2–14 days) among SARS-CoV-2–positive
contacts and 11 days (range 4–19 days) among index
case-patients. None of the 12 participants who tested

positive for SARS-CoV-2 were hospitalized or experienced complications from pneumonia. Four (33%) of
12 tested positive on day 14, 3 (25%) were negative
on day 14, and 5 (42%) refused swab tests on day 14.
Among the 4 participants (02-00, 02-01, 02-03, and 0300) with day 14 specimens positive for SARS-CoV-2
by rRT-PCR, 3 with Ct values <35 were cultured and
viable virus was detected in 0/3 (0%). None of the 8
household members who tested negative by rRT-PCR
tested positive by ELISA on day 0 or 14, suggesting no
previous or undetected infections.
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The 3 households (60%) that did not experience
transmission (HH-01, HH-03, and HH-04) instituted
household-level isolation practices. In HH-01, the
index patient (01-00) moved out of the family home
to a trailer on the property on the day of symptom
onset (day –4), which coincided with the collection
at a drive-through facility of the first specimen to
test positive by rRT-PCR. He did report having had

intimate contact (e.g., hugging or kissing) after symptom onset but before diagnosis with 1 household
member (01-01). The index patient wore gloves but
no face mask on the few occasions he entered the
family home. Household members also increased
handwashing after diagnosis in the index patient.
In HH-03, all household members had close contact
(i.e., >10 minutes within 6 feet) with the index patient

Figure 2. Symptom timing, symptom type, cycle threshold values,
and viral culture results among household contacts positive for
SARS-CoV-2 by rRT-PCR in study of initial virus shedding in
SARS-CoV-2, Utah, USA, April–May 2020. The symptom onset
and progression of 7 SARS-CoV-2–positive household contacts
in households 2 and 5 (HH-02 and HH-05), who tested positive
by real-time reverse transcription PCR, are detailed from first
symptom onset to the end of the daily swabbing period (days
0–4). Fading bars indicate symptoms persisting after day 5.
CSTE, Council of State and Territorial Epidemiologists; Ct, cycle
threshold; rRT-PCR, real-time reverse transcription PCR; SARSCoV-2, severe acute respiratory syndrome coronavirus 2
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(03-00) between her symptom onset and the diagnosis; however, after diagnosis, the index patient used
a separate bathroom (in addition to having her own
bedroom) and ate meals separately from household
contacts. Household contacts also increased disinfection of surfaces and handwashing after diagnosis in
the index patient. In HH-04, between symptom onset and diagnosis in the index patient, 2 household
contacts (04-02 and 04-03) had close contact with the
index patient, and 1 contact (04-01) had intimate contact with the index patient. After diagnosis, the index
patient stayed in a separate bedroom throughout the
day (including for meals) but did not have access to a
separate bathroom. He wore an N95 mask and gloves
when leaving his room. Household members also disinfected surfaces regularly.
The 2 households (40%) where all contacts became infected (HH-02 and HH-05) did not institute
household-level isolation practices, and all contacts
had ongoing exposure to the index patient (Figure 2).
During the investigation period, all members of both
households were out of work and school because of
school closures and stay-at-home recommendations in
Salt Lake County. During the period from symptom
onset in the index patient to enrollment in our study,
all 7 (100%) contacts in these 2 households reported
close contact with the index patient. During the same
period, 6/7 (85%) household contacts who tested positive also reported intimate contact with the index patient after symptom onset, compared with 2/8 (25%) of
household members who tested negative.
In HH-02, which consisted of a male index patient, his wife, and their 2 children, all 3 household
contacts tested positive within 5 days of symptom
onset in the index patient. Two of the contacts (0201 and 02-03) shed virus while presymptomatic, and
their symptoms did not occur until after their first
SARS-CoV-2–positive test by rRT-PCR. The 33-yearold wife (02–01), who had ongoing exposure to the
index patient for the duration of his illness, had Ct
values that progressed from high (i.e., lower viral
load) on her first positive test (day 0) to low (i.e.,
higher viral load) on her third test (day 2), when she
first reported a combination of classic and nonclassic
symptoms and fatigue. She remained SARS-CoV-2–
positive by rRT-PCR at day 14, with a medium Ct
value but no viable virus detected from culture. The
second household member with presymptomatic
virus shedding was a 7-year-old girl (02-03) whose
daily Ct values were consistently medium during
days 0–4. After testing positive for 2 days (days 0–1),
she first reported nonclassic symptoms on day 2 and
was symptomatic for only 2 days. She also remained

positive at day 14, with a high Ct value and no viable virus detected from culture. The third household
member, an 11-year-old girl (02-02), converted to
rRT-PCR–positive (day 2) after testing negative for 2
days (days 0–1). She reported classic and nonclassic
symptoms (dry cough and headache) on day 1. On
day 2, she tested positive with a high Ct value and
reported onset of a sore throat. On day 3, she tested
positive with a medium Ct value, reported onset of
chills and fatigue, and had a positive viral culture, before testing negative again on day 4.
Household 5 (HH-05) consisted of a male index
patient, his wife, an adult child, and 2 adolescent
children. All 4 household contacts tested positive for
SARS-CoV-2 by rRT-PCR within 6 days of symptom
onset in the index patient. Although all household
contacts sought drive-through testing the day before
the investigation began (day –1), only the 18-yearold woman (05-02) and the 16-year-old girl (05-03)
met symptom criteria for testing; consequently, both
had 1 positive test result before the investigation. The
16-year-old girl (05-03) reported nonclassic and asyndromic symptoms (day –2) starting the day before her
first positive test by rRT-PCR (day –1) administered
at the drive-through facility. Her next 2 positive tests,
administered by the investigation team on day 0 and
day 1, had low Ct values and coincided with the onset
of fatigue (day 0) and cough (day 1). The 18-year-old
woman (05-02) and 11-year-old girl (05-04) each reported symptoms starting the same day as their first
rRT-PCR–positive tests, with 1 (05-02) administered
at a drive-through facility (day –1) and the other (0504) by the investigation team (day 0). Although they
had a range of nonclassic and asyndromic symptoms
during illness, the 18-year-old female (05-02) had
a cough at onset (day –1) and low Ct values for her
first 2 team-administered tests (days 0–1), whereas
the 11-year-old girl had generally milder illness and
high Ct values (i.e., lower viral load) for 4 of 5 tests.
The 45-year-old woman (05-01) tested negative for 2
days (days 0–1) and had nonclassic and asyndromic
symptoms for 3 days (days –1 to 1) before her first
positive test on day 2; on that day, she tested positive
with a high Ct value and reported onset of a cough.
Her next 2 positive tests (days 3–4) had low Ct values,
coinciding with onset of additional symptoms (chest
pain, myalgia, and loss of taste and smell) and positive viral cultures on both days. All HH-05 members
refused testing by nasopharyngeal swab on day 14
because of concerns about the potential need to selfisolate beyond 14 days after an initial positive test,
which was the required isolation period at the time in
Salt Lake County.
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Discussion
In our study, we found that symptoms of secondary
SARS-CoV-2 infection occurred in 7 household contacts of index COVID-19 patients starting <2 days
before and <3 days after the observed initiation of viral shedding. The median interval of 4 days between
symptom onset in index patients and symptom onset
in their respective SARS-CoV-2–positive household
contacts was similar to that reported in other household studies (10,11,15). Timely enrollment in our investigation (median 4 days after symptom onset in
the index patient), however, allowed us to observe
the timing and characteristics of initial viral shedding
with a level of granularity not attained in previous
studies.
For the household members (02-02 and 05-01) in
whom we observed the initiation of viral shedding
(i.e., SARS-CoV-2–positive result by rRT-PCR after a
negative test), the first day of shedding corresponded
with a high Ct value, and the second day of shedding
corresponded with a lower Ct value, a positive viral
culture, and the onset of new symptoms. These observations suggest that although the initiation of shedding marks the beginning of potential infectiousness,
higher likelihood of virus transmission (indicated by
positive viral culture) might coincide with lower Ct
values and the appearance of additional symptoms
(16). Although 4 persons continued shedding virus
>12 days after onset of symptoms, no culturable and
potentially infectious virus could be isolated from the
specimens collected.
For the 2 household members (02-01 and 02-03) in
whom we observed presymptomatic viral shedding,
initial shedding corresponded with medium or high
Ct values and occurred for 1–2 days before symptom
onset. In 1 patient (02-01), the onset of symptoms coincided with a progression from high to medium Ct
value, and new, additional symptoms coincided with
further progression from medium to low Ct values.
These findings mirror previous observations of presymptomatic shedding but suggest that viral load
might increase as symptoms appear or progress.
Among all SARS-CoV-2–positive contacts, symptoms
were generally mild and sometimes transient. Of
note, only 4 of 7 cases reported classic lower respiratory symptoms. In HH-02, the 2 contacts (02-01 and
02-02) who reported lower respiratory symptoms had
them at illness onset, alongside several other symptoms. In HH-05, of the 3 contacts who had lower respiratory symptoms (05-01, 05-02, 05-03), two (05-01
and 05-03) reported them several days after symptom
onset. Reports of symptoms by household contacts
who remained SARS-CoV-2–negative could suggest
358

other viral illnesses, allergies, underlying medical
conditions, or stress-related effects of living with a
person with COVID-19 (17).
Our findings suggest that household-level isolation practices could have been effective in preventing transmission. Findings from the 2003 SARSCoV-1 epidemic showed that isolation of a patient
before peak shedding was effective in reducing
household transmission (18), and our results suggest that adopting precautionary measures can be
effective in preventing secondary household transmission. In the households where no transmission
was experienced, providing an index patient with
separate sleeping quarters and avoiding face-to-face
interactions (e.g., shared mealtimes) appeared sufficient to prevent transmission, even in households
where close or intimate contact had occurred before
diagnosis. Our findings show, however, that some
persons infected with SARS-CoV-2 could begin
shedding virus before being prompted to isolate by
the onset of symptoms. In contrast to the households
with no transmission, which consisted primarily of
adults, the 2 households with secondary transmission to all contacts consisted of parents and their adolescent or preadolescent children. In these households, childcare needs and difficulties maintaining
full isolation caused members to eschew precautionary practices, particularly after other household
members were known to be infected.
Our study has some limitations. First, our household case-series was small because of the intensive
nature of our early monitoring protocol; it was also
biased toward index patients who were sufficiently
symptomatic to be tested but whose disease was not
severe enough to require hospitalization. Second, although all SARS-CoV-2–positive contacts had symptom onset >2 days (the estimated minimum incubation period) after the corresponding index patient, we
cannot rule out the possibility of transmission from
1 presymptomatic household contact to another contact. Finally, symptom data relied on self-reporting,
and symptoms might have been present before or after they were reported by patients. Three (20%) of 15
household contacts were children <13 years of age,
who might have had more difficulty recognizing and
reporting symptoms. Patient subjectivity could contribute to whether virus shedding or symptom onset
is observed first.
In conclusion, our findings indicate that shedding of the SARS-CoV-2 virus might occur early in
the disease course before symptom onset and clinical
diagnosis, or it could occur when symptoms are mild
or even absent. Persons with confirmed COVID-19 or

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27 No. 2, February 2021

Initial Virus Shedding in SARS-CoV-2, Utah, USA

who have had close contact with someone with confirmed COVID-19 should limit close contact with others, including household members, for 14 days. Persons who have been exposed to SARS-CoV-2 should
be vigilant to the onset of mild symptoms; if they
have not already limited close contact with household members or other persons, the onset of even
mild symptoms should prompt additional caution
and efforts to limit close contact. In addition, wearing
masks or cloth face covers, practicing hand hygiene,
and disinfecting surfaces regularly might reduce risk
for transmission in households (19). Stay-at-home orders and at-home self-treatment of COVID-19 in the
United States requires clear communication of such
guidelines to prevent household transmission.
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After Zika virus (ZIKV) infection in Costa Rica was confirmed in January 2016, the national surveillance system
was enhanced to monitor associated birth defects. To
characterize the ZIKV outbreak among live-born infants
during March 2016–March 2018, we conducted a descriptive analysis. Prevalence of ZIKV-associated birth
defects was 15.3 cases/100,000 live births. Among 22
infants with ZIKV-associated birth defects, 11 were designated as confirmed (positive for ZIKV) and 11 were
designated as probable cases (negative for ZIKV or not
tested, but mother was exposed to ZIKV during pregnancy). A total of 91% had microcephaly (head circumference >2 SDs below mean for age and sex), 64% severe
microcephaly (head circumference >3 SDs below mean
for age and sex), 95% neurodevelopmental abnormalities, 82% brain anomalies, 41% eye abnormalities, and
9% hearing loss. Monitoring children for >1 year can increase identification of ZIKV-associated abnormalities in
addition to microcephaly.

Z

ika virus (ZIKV) is an RNA virus of the Flaviviridae family and is transmitted primarily by mosquitos of the genus Aedes (Stegomyia). The virus was
discovered in Uganda in 1947 (1) and isolated from
humans in Nigeria in 1953; in subsequent years, small
clusters of infection in humans from Africa and Asia
were reported (2). ZIKV outbreaks were identified in
Yap in 2007 and in French Polynesia in 2013–2014 (2–4).
In 2015, ZIKV reached the continental Americas, and
an outbreak in Brazil was identified (5). In September
2015, an increased number of children were born with
microcephaly and other central nervous system (CNS)
defects in countries where ZIKV was circulating (6–8).
An article published in early 2017 described the
most severe phenotype of ZIKV-associated birth defects (ZBD) (9). The 5 key characteristics of that phenotype are severe microcephaly with collapse of the
skull and redundancy of the scalp consistent with the
fetal brain disruption sequence (10), thinning of the
cerebral cortex and subcortical calcifications, macular
scarring with focal retinal pigment mottling, congenital joint contractures, and hypertonia with symptoms
of extrapyramidal involvement. These findings were
noted to be more characteristic of ZIKV infection than
other congenital infections; however, they did not
constitute a case definition. Several subsequent studies supported that these defects were associated with
ZIKV infection during pregnancy (11–13).
In Costa Rica, microcephaly has been monitored
by the national birth defects surveillance system
(NBDSS) since 1985. Before the ZIKV epidemic, Costa Rica was among countries with the highest prevalence of microcephaly in Latin America; microcephaly
prevalence during 2011–2015 was 4.2 cases/10,000 live

births (95% CI 3.6–4.9 cases/10,000 live births; n = 153;
annual median 31) (14). In January 2016, the National
Virology Reference Center (Cartago, Costa Rica), in
coordination with the NBDSS, implemented laboratory-based surveillance for ZIKV disease; in February
2016, the NBDSS, along with health authorities, initiated ZBD surveillance (Figure 1). To characterize the
effects of the Zika virus outbreak on live-born infants,
we reviewed enhanced surveillance data for birth defects and the clinical characteristics of infants with confirmed and probable ZBD born in Costa Rica during
March 2016–March 2018. In accordance with the Costa
Rican Biomedical Research Legislation, Article 7, the
analysis of surveillance data was registered in the National Council of Health Investigation.
Methods
Birth Defects Surveillance System

We conducted a descriptive analysis based on retrospective data collected for the NBDSS during the study
period. The Costa Rican Birth Defects Register Center is
an NBDSS that collects information on internal and external birth defects for all live-born infants up to 1 year
of age. Passive reporting is mandatory for public and
private hospitals; live-birth coverage is 96%. In February
2016, birth defect surveillance was enhanced by creation
of a protocol that established the follow-up of cases,
including laboratory tests for ZIKV and other differential diagnoses (18). Cases reported to the NBDSS were
reviewed and classified by a multidisciplinary team in
Costa Rica and by subject matter experts from the US
Centers for Disease Control and Prevention.
Microcephaly

Microcephaly is defined as head circumference measurement >2 SDs below the mean for a given age and
sex (19); it is severe when the circumference is >3 SDs
below the mean for a given age and sex. For infants
born at term, we used World Health Organization
growth charts (20). For preterm infants, microcephaly
was defined as head circumference below the third
percentile according to the Fenton Growth Charts
(https://live-ucalgary.ucalgary.ca/resource/preterm-growth-chart/preterm-growth-chart). Congenital and postnatal-onset microcephaly were included.
Suspected Cases

All potential cases of ZBD were reported to NBDSS.
These reports were reviewed to determine whether
they met the criteria for a suspected case of ZBD.
Suspected cases were those that met >1 of the following criteria:
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• Live-born infants with microcephaly, regardless
of laboratory findings in the mother or infant, or
maternal symptoms of ZIKV (rash and fever) during pregnancy
• Any live-born infant with >2 of the following
findings (or 1 + microcephaly), regardless of laboratory findings in the mother or infant or maternal ZIKV symptoms during pregnancy:
¡ C
 NS: intracerebral calcifications, cerebellar
hypoplasia, thinning of the cerebral cortex,
corpus callosum anomalies, ventriculomegaly or increased extra-axial fluid, abnormal
pattern of cerebral gyri (e.g., polymicrogyria,
lissencephaly), and specific neurodevelopmental findings (e.g., psychomotor development delay, spasticity, persistent irritability,
seizures, swallowing disorders, movement
abnormalities, or extrapyramidal changes)
¡ Sensorineural deafness
¡ E
 ye: structural abnormalities (e.g., microphthalmia, coloboma, cataracts or intraocular
calcifications; posterior pole anomalies such
as chorioretinal atrophy, optic nerve abnormalities, focal retinal pigment mottling)
¡ A
 rthrogryposis or multiple joint contractures affecting >1 major joint or talipes
equinovarus
• Live-born infants without microcephaly but with
any major birth defect not consistent with a ZBD
(e.g., significant cardiac defect) or with specific
neurodevelopmental findings mentioned above,
born to a mother with probable or confirmed
ZIKV infection during pregnancy (defined as a
mother with symptomatic ZIKV infection during
pregnancy and/or a strong epidemiologic link to

ZIKV during pregnancy [lives in high ZIKV–endemic area or has close contact with ZIKV–positive person] with or without positive laboratory
test result for ZIKV during pregnancy)
For all suspected case-patients, a serum sample,
urine sample, or both were collected from the infant before hospital discharge. Samples were tested for ZIKV
RNA by using established singleplex real-time reverse
transcription PCR (rRT-PCR) (3). Serum was tested in
parallel with Zika IgM Antibody Capture ELISA (3,21).
The NBDSS was immediately notified, the case was reviewed, and the infant was referred to a pediatrician
and the congenital infection clinic (CIC). A multidisciplinary assessment of the child was conducted and included evaluation by pediatricians and the CIC; laboratory testing for syphilis, toxoplasmosis, rubella, and
cytomegalovirus infection; cranial ultrasonography;
and indirect ophthalmologic examination and neonatal
auditory screening by otoacoustic emissions, followed
by auditory brainstem response. Referral to a geneticist,
pediatric cardiologist, neurodevelopmental specialist,
or pediatric neurologist was dependent on examination
findings. Thus, some of the children underwent complementary testing such as chromosomal or fluorescence in
situ hybridization analysis, cardiac or abdominal ultrasonography, computerized tomography, and specialized neurodevelopmental assessments.
Classification and Characterization of
Suspected Cases

All clinical, epidemiologic, and laboratory data for
suspected cases were reviewed. Cases were classified
as confirmed, probable, excluded, and not classifiable
(Figure 2) as follows:

Figure 1. Key events involving ZBD surveillance, Costa Rica, March 2016–March 2018. In Costa Rica, laboratory testing using real-time
reverse transcription PCR was implemented in late January 2016 (15–17). Although the first autochthonous case in Costa Rica was
detected in a pregnant woman in February 2016 (16), a case was published in the United States about a traveler infected in December
2015 in Costa Rica (17). ZBD, Zika virus–associated birth defects.
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•C
 onfirmed case-patients were infants with ZBD (clinical criteria) for whom a sample taken before hospital
discharge was positive for ZIKV by rRT-PCR or IgM
ELISA (laboratory criteria) and who had an epidemiologic link (mother with ZIKV symptoms or was
ZIKV positive by rRT-PCR during pregnancy or was
from a highly ZIKV–endemic community).
• Probable case-patients were infants with ZBD (clinical criteria) who had negative ZIKV results by rRTPCR or IgM ELISA or were not tested but whose
mother had laboratory-confirmed ZIKV infection or
symptoms compatible with ZIKV infection or had
an epidemiologic link, and no other cause for the
birth defect was identified.
• Excluded case-patients were infants with birth defects not related to ZIKV infection, who had negative
laboratory results for ZIKV by rRT-PCR and IgM
ELISA or were not tested and whose mother had
negative ZIKV results, no symptoms of ZIKV infection, or no clear exposure to ZIKV during pregnancy.
Excluded cases also included infants who had other
known etiologies for microcephaly or the birth defect or had a presumed syndrome of undetermined
cause. This group also included infants with a
diagnosis of microcephaly at birth whose head

circumference by 1 year of age was <2 SDs below
the mean (and did not have any other birth defects).
Not classifiable case-patients were infants with
insufficient information to be appropriately included
in the previous categories.
Analysis

We calculated population-based birth prevalence and
95% CI for confirmed and probable cases of ZBD and
microcephaly during the period of enhanced surveillance and compared the prevalence ratio for microcephaly with the baseline prevalence during 2011–
2015. We also calculated the distributions of specific
birth defects and neurodevelopmental abnormalities
among infants with ZBD. Total births for the period
were obtained from the National Institute of Statistics
and Censuses (http://www.inec.go.cr). To characterize infants with ZBD, we used the mother’s province
of origin; mother’s history of exposure to ZIKV during pregnancy (associated symptoms or laboratory
confirmation); and the infant’s head circumference,
weight, length, gestational age, ZIKV molecular and
serologic test results, other reported birth defects, and
neurodevelopmental anomalies.

Figure 2. Reported cases and classification of suspected cases of ZBD according to protocol, Costa Rica, March 2016–March 2018.
rRT-PCR, real-time reverse transcription PCR; STORCH, syphilis, toxoplasmosis, rubella, cytomegalovirus, and hepatitis B (note that
Costa Rica does not include hepatitis B in its standard evaluations); ZBD, Zika virus–associated birth defects.
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Results
Of 373 potential cases reported to the NBDSS, 243 met
the criteria for a suspected case (Figure 2); 150 (62%)
of the 243 infants were female. Compared with microcephaly baseline data for Costa Rica (22), the birth
prevalence of microcephaly increased from 4.2 (95%
CI 3.6–4.9) cases/10,000 live births during 2011–2015
to 15.5 (95% CI 13.5–17.5) cases/10,000 live births
Table 1. Distribution of 204 excluded cases according to
exclusion criteria for Zika virus–associated birth defects, Costa
Rica, March 2016–March 2018*
Category, cause
No. cases
Chromosome anomaly, n = 11
Ring chromosome 4. Possible Wolf-Hirschhorn
1
Mosaic 47,XYY/46,XY
1
Trisomy 13
5
Trisomy 18
1
Trisomy 21
3
STORCH, n = 13
Congenital syphilis
2
Congenital toxoplasmosis
6
Rubella
0
Congenital cytomegalovirus
4
Congenital hepatitis B
1
Birth defects (isolated, multiple nonsyndromic), n = 38
Anencephaly and rachischisis
3
Congenital heart defect
7
Craniosynostosis
1
Gastroschisis
2
Hydranencephaly and hydrocephaly
4
Microcephaly, constitutional or familial
11
Multiple malformations of unknown cause
8
Partial agenesis of the corpus callosum
1
Cleft palate
1
Diseases, maternal conditions, or problems at delivery, n = 27
Maternal alcoholism or drug use
7
Hypoxic encephalopathy or acute fetal distress at
birth
5
Maternal ossifying myositis
1
Maternal hyperthyroidism
1
Pregnancy-induced hypertension with or without
pre-eclampsia
9
Maternal chronic arterial hypertension
2
Maternal tuberculosis
1
Maternal epilepsy
1
Other genetic diseases or other specific syndromes
of the infant, n = 16
Crouzon syndrome
1
Septo-optic dysplasia
1
Holoprosencephaly
8
Cystic fibrosis
1
Roberts syndrome (possible)
1
Meckel Gruber syndrome (possible)
1
Aicardi Goutières syndrome (probable)
1
Russel Silver syndrome
1
Familial syndrome not specified
1
Newborn with microcephaly with subsequent normal
head circumference and no other findings, n = 99†
Term newborns‡
86
Premature newborns
13
Total excluded cases
204
*STORCH, syphilis, toxoplasmosis, rubella, cytomegalovirus, and
hepatitis B. Note that Costa Rica does not include hepatitis B in its
standard evaluations.
†Newborns that do not belong to any other category of causes.
‡Includes 56 with and 30 without intrauterine growth restriction.
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during the Zika outbreak (March 2016–March 2018);
prevalence ratio was 3.7 (95% CI 3.0–4.5).
Evaluation of Suspected ZBD Cases

A pediatric infectious disease specialist at the CIC
examined 40% (96/243) of the infants with suspected
ZBD >1 time; a pediatrician evaluated the rest. The
most frequent birth defect was microcephaly; 88%
(213/243) had microcephaly at birth. Among those,
26% (55/213) had severe microcephaly. Postnatalonset microcephaly developed in 5% (12/243), and
no microcephaly but other criteria that met the definition of suspected ZBD was found for 7% (18/243).
A total of 9% (22/243)of suspected cases-infants were
classified as having confirmed or probable ZBD, 84%
(204/243) were excluded, and 7% (17/243) were not
classifiable (Table 1; Figure 2).
For 79% (193/243) of newborns, >1 ZIKV laboratory test was performed by urine or serum rRT-PCR
or by serum IgM ELISA. Cerebrospinal fluid from 4
infants was available for testing. Serologic tests for
other congenital infections were completed for syphilis (65%, 159/243), rubella (87%, 211/243), cytomegalovirus infection (69%, 168/243), and toxoplasmosis
(68%, 166/243).
Among infants with suspected ZBD, 68%
(165/243) underwent head ultrasonography or computed tomography (CT), 56% (136/243) underwent
indirect ophthalmologic evaluation, 46% (113/243)
had hearing screened by otoacoustic emissions, and
31% (75/243) underwent auditory brain response
testing. Diagnostic auditory brain response testing
was also performed for those with confirmed and
probable ZBD.
Confirmed and Probable Cases of
ZIKV-Associated Birth Defects

The prevalence of ZBD during March 2016–March
2018 was 15.3 (95% CI 8.9–21.7) cases/100,000 live
births, based on 22 confirmed and probable cases
among 143,930 live births (Figure 3). Proportion of
deaths within the first year of life among infants with
ZBD was 13.6% (3/22). All death cases were classified as probable. These infants had cerebral anomalies, microcephaly, hypertonia, multiple joint contractures (n = 2), and optic nerve hypoplasia (n = 1), and
were born to immigrant mothers from highly ZIKVendemic areas.
Most infants with ZBD were full-term newborns (95%, 21/22) and had weight appropriate for
gestational age (68%, 15/22). The average weight (±
SD) at birth was 2,818 g (± 657 g, range 1,560–3,940 g),
and height was 44.2 cm (± 3.1 cm, range 41–53 cm).
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Figure 3. Distribution of infants with reported ZBD and pregnant women with Zika virus infection, by month, Costa Rica, March 2016–
March 2018. The peak of Zika virus infection among pregnant women occurred in September 2016; the highest number of suspected
cases of ZBD occurred 6 months later, March–October 2017. ZBD, Zika virus–associated birth defects.

Eleven infants classified as confirmed were positive for
ZIKV (9 by IgM ELISA and 2 by IgM ELISA and rRTPCR; Figure 2); among 11 infants classified as probable, 7 had negative test results (4 by rRT-PCR and IgM
ELISA and 3 by rRT-PCR alone) and 4 did not undergo
laboratory testing.
The provinces registering the highest prevalence of ZBD were Limón (58.8 cases/100,000 live
births) and Puntarenas (37.1 cases/100,000 live
births) (Figure 4). Among mothers of infants with
ZBD, 64% had symptoms, 27% during the first trimester and 37% during the second trimester; 23%
of the mothers had positive ZIKV rRT-PCR results
during pregnancy (Table 2). Among infants with
ZBD, 91% (20/22) had microcephaly (Table 3); onset was postnatal for 9% (2/22 cases). Two infants
who did not have microcephaly were born to mothers who had confirmed ZIKV infection during the
second trimester of pregnancy. One of these infants
had cortical atrophy seen with head ultrasonography, scarring of the macula, strabismus, central
hypotonia and peripheral hypertonia, swallowing
difficulties, epilepsy and global neurodevelopmental delay; the other infant had normal brain images
and neurodevelopment, but atrophic scarring involved the macula of both eyes.
Head ultrasonography was performed for 21 of
the 22 infants classified as confirmed and probable
cases (6 of them also underwent CT, magnetic resonance imaging, or both), and the other underwent
head CT. Among these infants, 82% (18/22) had evi-

dence of >1 brain defect. Those without brain defects
evident by imaging had defects in the eye, body tone,
or neurodevelopment.
Ophthalmologic evaluation was performed for
91% (20/22) of infants classified as confirmed and
probable cases; eye anomaly was detected for 45%
(9/20). Sensorineural deafness was present in 9%
(2/22); however, only 15/22 (68%) underwent audiologic evaluation with diagnostic auditory brain
response testing. At least 1 neurodevelopmental
anomaly was present in 95% (21/22) of infants; most
(82%) had body tone anomalies (mainly hypertonia
or spasticity) and possible neurodevelopmental delay. Other frequent manifestations included multiple
contractures, seizures, movement anomalies, swallowing anomalies, and possible visual impairment
(strabismus, nystagmus, or failure to fix and follow).
Discussion
In Costa Rica, most infants with ZBD were born ≈1
year after the onset of autochthonous circulation of
ZIKV and 6 months after peak incidence of ZIKV
infection among pregnant women. Similar findings
have been observed in Brazil, Colombia, and the United States, where the peak incidence was observed ≈6
months after the ZIKV epidemic, corroborating a
temporal link between ZIKV infection and associated
birth defects (7,23,24). Most infants with ZBD were
born to mothers who reported symptoms in the first
and second trimesters of pregnancy (64%), consistent
with other reports (25–29); however, because 36%
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were born to mothers who were asymptomatic, the
proportion of infections in early to mid-pregnancy is
probably greater.
The birth prevalence of infants with confirmed and probable ZBD during the enhanced
surveillance period was 15.3 (95% CI 8.9–21.7)
cases/100,000 live births. Birth prevalence of microcephaly, which was monitored before the ZIKV
outbreak in Costa Rica, increased by almost 4-fold
after the ZIKV outbreak, from 4.2 cases/10,000 live
births to 15.5 cases/10,000 live births. Although we
recognize that the birth prevalence of this defect
may be underreported during non–ZIKV-epidemic
times, these data are consistent with the experience
in other countries, where the prevalence of microcephaly increased >4-fold (Colombia, French
Polynesia, United States) (7,24,25) and up to 9-fold

(Brazil) (30,31). Heightened awareness of the possible association between congenital ZIKV infection and microcephaly, as well as country-specific
protocols to improve identification of this traditionally underascertained birth defect, probably
contributed to increased prevalence estimates (32).
Additional efforts were necessary to differentiate
microcephaly as a component of ZBD from microcephaly from other causes in Costa Rica and
in other ZIKV-affected locations. Consistent with
published case series from Brazil (11,12) and from
the US Zika Pregnancy and Infant Registry (26), we
found that the most frequent clinical finding was
microcephaly and most cases were classified as
severe. The percentage of brain abnormalities was
similar to what has been published (11,26,33), and
among infants who underwent neuroimaging, the

Figure 4. Prevalence of Zika-virus–associated birth defects (no. cases/100,000 live births), by province, Costa Rica, March 2016–March
2018. Cases are distributed by place of residence of the mother, not by place of birth. The 2 provinces in which prevalence of Zika virus–
associated birth defects was highest (Puntarenas and Limón) are on the coast and have a humid tropical climate.
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Table 2. Distribution of confirmed and probable ZIKV-associated birth defects, by trimester of infection for presence of ZIKV symptoms
and laboratory confirmation for the mother, Costa Rica, March 2016–March 2018*
Mothers by trimester of symptom onset
ZIKV positive through rRT-PCR of
Without laboratory evidence in
maternal sample
maternal sample
Trimester
Trimester
Asymptomatic
Cases
I
II
III
Subtotal
I
II
III
Subtotal
mothers, subtotal
Total
Confirmed†
2
1
0
3
4
2
0
6
2
11
Probable‡
0
2
0
2
0
3
0
3
6
11
Total, no. (%)
2 (9)
3 (14)
0
5 (23)
4 (18)
5 (23)
0
9 (41)
8 (36)
22 (100)

*Samples were taken only from pregnant women with symptoms. rRT-PCR, real-time reverse transcription PCR; ZIKV, Zika virus.
†Designated as an infant with ZIKV-associated birth defects (clinical criteria), who was positive for ZIKV by rRT- PCR or IgM-ELISA in a sample taken
before hospital discharge (laboratory criteria) and had an epidemiologic link (mother with ZIKV symptoms or positive rRT-PCR during pregnancy or from a
high ZIKV-endemic community).
‡Designated as an infant with ZIKV-associated birth defects who was negative for ZIKV by rRT-PCR or IgM-ELISA or was not tested but whose mother
had laboratory-confirmed ZIKV infection or had symptoms compatible with ZIKV infection or had a clear exposure to ZIKV during pregnancy and no other
cause that could explain the birth defect.

most common findings were ventriculomegaly and
cerebral calcifications, consistent with results of a
recent meta-analysis (34). Two case-patients did
not have microcephaly; both were born to mothers who had confirmed ZIKV infection during the
second trimester of pregnancy, and both had other
clinical findings consistent with congenital ZIKV
infection. These findings have also been reported in
studies from Brazil (33), where up to 1 in 5 infants
with confirmed or probable ZBD had a normal
head circumference (12).
Anomalies of the eye have also been associated
with congenital ZIKV infection. Among the infants
with eye anomalies in our study, most common
were anomalies of the fundus, primarily chorioretinal scars or abnormal macular pigmentation and
papillary/optic nerve atrophy. Several case series
reported the same findings for 24%–55% of case-patients (9), mainly children of mothers infected with
ZIKV during the first trimester (35,36). ZIKV-associated eye defects were found without microcephaly
in 10/24 (42%) infants born to mothers with rRTPCR–confirmed ZIKV infection during pregnancy; 8
(33%) of these infants had no abnormal brain findings (36), consistent with what we found for 1 infant
with a confirmed case.
Sensorineural deafness was detected in 13% of
infants by diagnostic auditory brain response testing. One study that specifically evaluated hearing
loss in children with birth defects found sensorineural deafness in 6% by using auditory brain response testing (37); most cases also had neurodevelopmental anomalies previously described in the
literature (9–12,26,38). The most frequent neurodevelopmental anomalies were tone abnormalities
(primarily hypertonia), movement anomalies, and
congenital joint contractures. Some neurologic and developmental alterations associated with microcephaly are secondary to CNS damage caused by ZIKV.

Described in our case series and in other studies,
these alterations include movement abnormalities
and posturing (50%), swallowing abnormalities
(41%), and epilepsy (36%) (39).
Our descriptive analysis is subject to limitations. Findings are based on a passive surveillance
system enhanced with confirmation of the diagnosis; thus, information depends on the completeness
of reporting, case ascertainment, and workup of
suspected cases to verify microcephaly and determine which cases are probably ZIKV associated.
The NBDSS collects data on live births only; findings are not generalizable to stillbirths and miscarriages. Comparing the prevalence of ZBD among
countries is difficult because surveillance system
methods and definitions of microcephaly and
suspected cases vary and evaluations and criteria
used to define ZBD might differ substantially (40).
Another consideration is the known limitations of
ZIKV laboratory tests (41–43). Among infants with
ZBD, 50% had a positive ZIKV laboratory test result, all by ZIKV IgM ELISA and only 1 by rRTPCR. Nonspecific reactivity resulting in a false-positive IgM result might have led to misclassification
of cases as confirmed; however, false-positive IgM
results seem unlikely, given the timing of ZIKV
testing in these infants. Eleven infants with ZBD
but without laboratory evidence were classified as
probable cases. Of these, 7 had negative results by
rRT-PCR, IgM ELISA, or both. The low detection
of laboratory evidence for ZIKV infection in these
infants probably reflects recognized challenges of
laboratory testing, including the unknown sensitivity and specificity of testing of infants (41,42). In
addition, given possible cross-reactivity for other
flaviviruses and the need to prioritize resources,
we did not conduct plaque-reduction neutralization tests. To help address laboratory limitations,
we used the combination of clinical, epidemiologic,
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and laboratory data to classify cases. However, we
cannot exclude an alternate etiology for birth defects in infants classified as having probable cases.
The Pan American Health Organization recommends surveillance of ZIKV disease in pregnant
women and monitoring outcomes of infants born
with brain anomalies (44). Many countries have
implemented surveillance to monitor infants of
ZIKV-positive mothers to capture cases of ZBD, to
determine the risk for birth defects, and to examine
neurodevelopmental anomalies (25,30,32). Population-based birth defects surveillance programs along
with monitoring pregnant women with ZIKV disease
provide an example of a complementary approach to
ascertaining exposures and outcomes to better monitor new and emerging threats during pregnancy and
effects on infants (45). Costa Rica National Guidelines
established laboratory sampling and monitoring of
every child born to symptomatic women (46). In our
analysis, 23% of mothers of infants with confirmed

and probable ZBD had a positive laboratory test result for ZIKV (Table 2); had the enhanced birth defects surveillance system not been implemented, 77%
of cases would not have been linked to ZIKV. In addition, 60%–80% of ZIKV infections are asymptomatic, and in Costa Rica, the laboratory test for ZIKV
is performed only for symptomatic pregnant women.
Given these challenges, the benefit of combining an
intensified birth defects surveillance system with surveillance of pregnant women with laboratory-confirmed ZIKV infection, as was done in Costa Rica and
Colombia (29), is very useful, especially for countries
with few resources.
The success of surveillance for ZBD in Costa
Rica depended on the strict application of standard
operating procedures and the active participation
of healthcare personnel to enhance ascertainment
of component anomalies, such as microcephaly,
and to identify infants with sufficient evidence of a
confirmed or probable ZIKV etiology for their birth

Table 3. Cases of Zika virus–associated birth defects and neurodevelopmental abnormalities, Costa Rica, March 2016–March 2018*
No. (%) cases
Clinical and neuroimaging features
Confirmed, n = 11
Probable, n = 11
Total, n = 22
Brain defects
9 (82)
9 (82)
18 (82)
Ventriculomegaly/Hydrocephaly
8 (73)
4 (36)
12 (55)
Intracranial calcifications
8 (73)
3 (27)
11 (50)
Cerebral atrophy
4 (36)
6 (55)
10 (45)
Corpus callosum abnormalities
4 (36)
4 (36)
8 (36)
Abnormal cortical formation
3 (27)
3 (27)
6 (27)
Cerebellar abnormalities
2 (18)
0
2 (9)
Porencephaly
0
1 (9)
1 (5)
Other
0
2 (18)
2 (9)
No brain defects
2 (18)
2 (18)
4 (18)
Eye anomalies
5 (45)
4 (36)
9 (41)
Chorioretinal scarring in the macula
4 (36)
2 (18)
6 (27)
Optic nerve
3 (27)
2 (18)
5 (23)
Other
0
0
0
No eye anomalies
6 (55)
5 (45)
11 (50)
No data reported†
0
2 (18)
2 (9)
Microcephaly
11 (100)
9 (82)
20 (91)
Severe
9 (82)
5 (45)
14 (64)
Mild–moderate
2 (18)
4 (36)
6 (27)
No microcephaly
0
2 (18)
2 (9)
Hearing abnormalities, ABR evaluation
2 (18)
0
2 (9)
Sensorineural hearing loss
2 (18)
0
2 (9)
No hearing abnormalities
7 (64)
6 (55)
13 (59)
Not evaluated by ABR‡
2 (18)
5 (45)
7 (32)
Neurodevelopmental abnormalities
11 (100)
9 (82)
21 (95)
Body tone abnormalities
10 (91)
8 (73)
18 (82)
Possible developmental delay§
10 (91)
8 (73)
18 (82)
Possible visual impairment
8 (73)
4 (36)
12 (55)
Congenital contractures
5 (45)
5 (45)
10 (45)
Seizures, excluding febrile
7 (64)
1 (9)
8 (36)
Movement abnormalities
6 (55)
5 (45)
11 (50)
Swallowing abnormalities
6 (55)
3 (27)
9 (41)
No abnormalities
0
1 (9)
1 (5)
No data reported†
0
1 (9)
1 (5)
*ABR, auditory brain response test.
†These infants had a normal result for newborn hearing screening by otoacoustic emissions testing and were not evaluated by ABR because they were
lost to follow-up. Three infants did not have any hearing screening because they died soon after birth.
‡Includes infants for whom an evaluation was not performed or records were not obtainable.
§For 4 children (1 with a confirmed case and 3 with a possible case), developmental delay was not evaluated by any specific method.
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defects. Thus, global establishment and strengthening of NBDSS is essential, as recommended by the
World Health Organization at its 63rd World Health
Assembly (Resolution WHA63.17, https://apps.
who.int/gb/ebwha/pdf_files/WHA63-REC1/
WHA63_REC1-en.pdf). Microcephaly is not the only
congenital anomaly that should be monitored after
ZIKV infection; other birth defects, such as congenital brain and eye defects and joint contractures,
should also be monitored. Monitoring children born
to ZIKV-positive mothers and those with ZBD or
neurodevelopmental anomalies through at least the
first year of life can increase identification of additional associated abnormalities such as deafness, eye
or vision anomalies, postnatal onset of microcephaly, and substantial neurodevelopmental abnormalities. Other neurodevelopmental disabilities might
become apparent after 1 year of age; thus, following
children to 3 years of age is valuable and may enhance surveillance of ZBD and neurodevelopmental
outcomes in Costa Rica.
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We retrospectively analyzed epidemiologic, clinical, and
biologic characteristics of 368 Plasmodium ovale wallikeri
and 309 P. ovale curtisi infections treated in France during January 2013–December 2018. P. ovale wallikeri infections displayed deeper thrombocytopenia and shorter
latency periods. Despite similar clinical manifestations,
P. ovale wallikeri–infected patients were more frequently
treated with artemisinin-based combination therapy.
Although the difference was not statistically significant,
P. ovale wallikeri–infected patients were 5 times more frequently hospitalized in intensive care or intermediate care
and had a higher proportion of severe thrombocytopenia
than P. ovale curtisi–infected patients. Rapid diagnostic
tests that detect aldolase were more efficient than those
detecting Plasmodium lactate dehydrogenase. Sequence
analysis of the potra gene from 90 P. ovale isolates reveals an insufficient polymorphism for relapse typing.

M

alaria is a vectorborne disease caused by Plasmodium, a parasite transmitted by Anopheles
mosquitoes. In 2018, malaria was responsible for ≈228
million cases and 405,000 deaths worldwide (1). Plasmodium ovale is endemic in Africa and represents
the main agent of relapsing malaria (2). In mainland
France, P. ovale was responsible for ≈6% of imported
malaria cases in 2018 (3). Since the 2017 France updates
for Plasmodium infection management recommendations, first-line treatment of P. ovale infections is based
on chloroquine- or artemisinin-based combination
therapy (ACT), instead of atovaquone/proguanil (4).
Because of low parasite density and poor efficiency of rapid diagnostic test (RDT) detection (5), P. ovale
infections are difficult to diagnose. Consequently, infections caused by P. ovale remain poorly studied, and
little is known about the global burden of the disease
worldwide or its geographic distribution.
Since 2010, P. ovale has been divided into 2 species, Plasmodium ovale wallikeri and P. ovale curtisi, on
the basis of gene polymorphisms (6–8). P. ovale wallikeri
appears to cause malaria infections with a shorter latency period (9,10) and with deeper thrombocytopenia
than P. ovale curtisi (11,12). Both P. ovale wallikeri (13)
and P. ovale curtisi (14) can be responsible for a clinical
relapse event, defined as renewed asexual parasitemia
originating from liver dormancies (2). Relapse characterization relies on microscopic diagnosis and medical
history. No consensus molecular method for P. ovale
spp. relapse typing is reported. However, P. ovale tryptophan–rich antigen (potra) gene sequencing has previously been used for genotyping purpose (13,14).
At the microscopic level, the only observable difference between the species is a lack of Schüffner granulations in P. ovale wallikeri infected erythrocytes (15). However, this feature is rare and difficult to see, which makes

P. ovale species distinction almost impossible even for an
experienced microscopist. Molecular biology is a promising tool and is both sensitive and specific for the differentiation of P. ovale wallikeri from P. ovale curtisi. The
first nested PCR that discriminates P. ovale wallikeri and
P. ovale curtisi was developed in 2007 (16), and the first
quantitative PCR (qPCR) was developed in 2013 (17).
In this study, we conducted a large retrospective
multicenter analysis of imported P. ovale cases. Epidemiologic, clinical, and biologic characteristics of 309
P. ovale curtisi– and 368 P. ovale wallikeri–infected patients treated in France during January 2013–December 2018 were analyzed. The effectiveness of Rapid
Diagnostic Test (RDT) and the polymorphism of potra
gene were also investigated.
Methods
Sample Selection

France’s National Malaria Reference Center (FFNMRC) is in charge of epidemiologic surveillance
of imported malaria in France. Whole blood samples
of patients with Plasmodium infections were received
from hospital correspondents in France. FNMRC correspondents also reported demographic, epidemiologic, clinical, and biologic data through a reporting
website. We retrospectively selected all the reported
and PCR-confirmed P. ovale infections that occurred
during January 2013–December 2018.
DNA Extraction

DNA was extracted from 200 µL of whole blood
samples by using Magnapure automaton (Roche Diagnostics, https://diagnostics.roche.com) and eluted
in 100 µL of elution buffer, =according to the manufacturer’s instructions. DNA was stored at –20°C until
further analysis.
Diagnosis of P. ovale Infection

The diagnosis of P. ovale infection was made by the
hospital correspondent and confirmed by FNMRC
with a thin blood smear reading, a thick blood smear
reading, or both. Thick blood smears were considered
positive if >1 trophozoïtes was visualized after examination of 1,000 leukocytes. Thin blood smears were
used to confirm Plasmodium species identification.
Parasite density was calculated by using the formula
parasite density (parasites per μL) = patient leukocyte
count (per µL) × (no. parasites counted)/(no. leucocytes counted), according to World Health Organization (WHO) recommendations (18). Parasitemia was
calculated by counting the percentage of infected red
blood cells on thin blood smears according to WHO
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recommendations (18). All P. ovale infections were
confirmed with nested PCR (19,20) during 2013–2014,
with qPCR–Taqman (Launch Diagnostics, https://
www.launchdiagnostics.com) during 2015–2017, and
with Bio-Evolution (https://www.bio-evolution.net/
index.php) in 2018.
P. ovale curtisi and P. ovale wallikeri differentiation

qPCR–high-resolution melting (HRM) targeting the
18S rRNA gene was performed to differentiate P. ovale
wallikeri from P. ovale curtisi by using Plasmo1_F and
Plasmo2_R primers. The method development and validation was described previously (21). In brief, qPCRHRM results were compared with nested PCR results
from Calderaro et al. (16), and they displayed similar
species determination. In all studied samples, P. ovale
wallikeri and P. ovale curtisi melting plots displayed 2
specific melting temperatures (Tm) as Tm1 and Tm2,
and the ΔTm between the 2 Tm was calculated.
For uncertain results (i.e., only 1 Tm on melting
plot analysis [21]), nested PCR was performed by using rPLU1 and rPLU5 primers in the first PCR reaction
and rOVA1/rOVA2 for P. ovale curtisi amplification
or rOVA1v/rOVA2v for P. ovale wallikeri amplification in second PCR reaction (16). PCR products were
visualized on 1% agarose gel stained with GelRed
(https://biotium.com). We used P. ovale wallikeri and
P. ovale curtisi isolates as positive controls and water
as a negative control for each qPCR-HRM run.
RDT Efficiency in P. ovale wallikeri and
P. ovale curtisi Detection

We evaluated the efficiency of 4 different RDTs detecting pan-Plasmodium proteins (aldolase or Plasmodium
lactate dehydrogenase [pLDH]) for the detection of
P. ovale wallikeri and P. ovale curtisi. Vikia Malaria Ag
Pf/Pan (bioMérieux, https://www.biomerieux.com)
(22) and Binax Now Pf/Pan (Abbott, https://www.
abbott.com) (23) were used for aldolase detection
(aldolase-RDT). Palutop+4 Pan/Pv/Pf (Biosynex,
https://www.biosynex.com) (24) and Core Malaria
Pan/Pv/Pf (Core Diagnostics, https://www.corediagnostics.net) were used for pLDH protein detection
(pLDH-RDT). Results were interpreted according to
the manufacturer’s instructions.
Data Collection

Each hospital correspondent sent an EDTA blood
sample of a patient infected with P. ovale to FNMRC.
This process was completed by using the online
patient form containing multiple data, including
demographic data (place of birth, ethnicity, age, and
sex), epidemiologic data (trip purpose, visited country,
374

duration of travel, and use of prophylaxis or bed
nets), biologic data (parasite count, RDT results,
leukocytes, hemoglobin and platelet counts, with
severe thrombopenia defined as <50 G/L [25], and
date of diagnosis), and clinical data (date of symptom onset, fever, headache, asthenia, and arthralgia
or myalgia, as well as free symptomatology description for other symptoms, antimalarial treatment
used, hospital or ambulatory regimen, and duration of hospitalization). Severe malaria biologic and
clinical signs, adapted from the severe P. falciparum
WHO recommendations (4,26), and relapsing P. ovale infection, defined as new P. ovale infection after a
first completed and effective antimalarial treatment
(27), were reported.
The latency period was calculated for each infection by subtracting the date of return from travel to
the onset of the symptoms as defined by Rojo-Marcos
et al. (11,12). The period of high malaria transmission
in West Africa was defined as August–November on
the basis of Nabarro et al. definition (10). The delay
between symptom onset and diagnosis was also determined. We looked for false or incomplete microscopic diagnosis (Plasmodium spp.) to estimate the potential effect on P. ovale microscopic diagnosis of the
described lack of Schüffner granulations in P. ovale
wallikeri–infected erythrocytes (15).
No specific consent was required from patients
because the parasitologic data were collected from
the FNMRC database and analyzed in accordance
with the common public health mission of all National Reference Centers in France, in coordination
with the Santé Publique France organization for malaria surveillance and care. The study of the biologic
samples obtained from routine medical care was considered as noninterventional research accordingly to
article L1221–1.1 of the public health code in France
and only requires the nonopposition of the patient
during sampling (per article L1211–2 of the public
health code). All data collected were anonymized before analysis.
potra Sequencing and Analysis

We amplified potra fragments as previously described (28). Bidirectional sequencing reaction was
performed for the secondary potra fragment. Gene
sequences were analyzed with Sequencher 5.0
(Genecodes, http://www.genecodes.com). Isolates
from GenBank under accession nos. HM594183 (28),
MG588152, and MG588154 (29) were used as P. ovale curtisi reference sequences; HM594180 (28) and
MG588148–150 (29) were used as P. ovale wallikeri
reference sequences.
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Statistical Analysis

P. ovale wallikeri and P. ovale curtisi infections were
compared in terms of demographic, epidemiologic,
clinical, and biologic characteristics. The KolmogorovSmirnov test with the Lilliefors correction was used
to verify the normality of variables distributions, and
the Levene test was used to verify the homogeneity
of the variances. If both criteria were validated, a Student t-test was used; otherwise, a Mann-Whitney Utest was performed to compare medians. Proportions
were compared by using the χ2 or Fisher exact test
according to sample size (>5 or ≤5). R software was
used to perform statistical tests (30).
Results
P. ovale Sample Selection

During January 2013–December 2018, 15,028 Plasmodium spp. infection cases were reported to FNMRC,
including 765 P. ovale infections. Seventeen cases were

excluded from the analysis because blood sample were
unavailable. After exclusion of co-infections and inclusion of 59 P. ovale initially misdiagnosed (confirmed by
PCR), 677 P. ovale cases from 63 different hospitals in
France were finally included (Figure 1). By using qPCR-HRM for species differentiation, we identified 368
P. ovale wallikeri and 309 P. ovale curtisi infections. The
2 species segregated perfectly in qPCR-HRM; P. ovale
wallikeri had a ΔTm of 1.62–2.69, and P. ovale curtisi had
a ΔTm of 2.84–4.22.
Patients’ Demographic and
Epidemiologic Characteristics

P. ovale wallikeri and P. ovale curtisi showed similar repartition by month, except for October, which
showed an increase in P. ovale wallikeri infections and
a decrease in P. ovale curtisi cases (Figure 2, panel A).
Among P. ovale cases, the proportion of P. ovale wallikeri infections increased from 44% to 59% during January 2013–December 2018 (Figure 2, panel B).

Figure 1. Flow-chart of the retrospective study analyzing characteristics of Plasmodium ovale wallikeri and P. ovale curtisi infections
treated in France during January 2013–December 2018. All reported P. ovale infection cases were confirmed with microscopy and
PCR analysis, and co-infections were excluded. A total of 59 P. ovale isolates initially misdiagnosed by the hospital correspondent were
added. A total of 677 P. ovale infection cases were included in the study.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27 No. 2, February 2021

375

SYNOPSIS
Figure 2. Number of Plasmodium
ovale infection cases included in
a study analyzing characteristics
of P. ovale wallikeri and P. ovale
curtisi infections treated in France
during January 2013–December
2018, by month of inclusion (A)
and year of inclusion (B).

P. ovale wallikeri– and P. ovale curtisi–infected patients
did not display any differences in demographic and
epidemiologic characteristics (Table 1). Countries of
contamination were not statistically different between
imported P. ovale curtisi and P. ovale wallikeri cases (p
= 0.52) (Figure 3; Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/27/2/20-2143-App1.pdf).
For well-followed chemoprophylaxis (n = 77), the
main treatments used were doxycycline (48%), atovaquone/proguanil (25%), and mefloquine (18%). No
statistically significant differences were observed in
the percentage of infection between those treatments.
P. ovale Diagnosis

Parasite densities for P. ovale curtisi and P. ovale wallikeri infections were similar (median 4,500 para376

sites/μL [interquartile range (IQR) 1,094–10,197
parasites/μL] for P. ovale curtisi vs. median 3,970
parasites/µL [IQR 598–9,240 parasites/µL] for P.
ovale wallikeri). We noted 8.5% of species misidentification for P. ovale curtisi and 9% for P. ovale wallikeri (Figure 1).
Aldolase and pLDH-RDT Efficiency

We compared the diagnostic performance of aldolase-RDTs and pLDH-RDTs for P. ovale diagnosis.
Aldolase-RDTs detection were more efficient in P.
ovale spp. detection than pLDH-RDTs (p<0.001); no
differences between the 2 species were observed.
P. ovale wallikeri was more frequently detected with
pLDH-RDT than P. ovale curtisi (p<0.001) (Table 2).
The positivity of aldolase and pLDH-RDTs were
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Table 1. Demographic and epidemiologic characteristics of patients infected with Plasmodium ovale wallikeri and P. ovale curtisi,
France, January 2013–December 2018*
Characteristic
P. ovale curtisi, n = 309
P. ovale wallikeri, n = 368
p value
Age, y, median (IQR)
31 (21–47)
34 (21–47)
0.973
Sex, %
0.716
M
63.4
61.4
F
36.6
38.6
Ethnicity
0.502
Black
200 (74.3)
239 (75.7)
White
64 (23.8)
68 (21.5)
Asian
2 (0.7)
1 (0.3)
Other
3 (1.2)
8 (2.5)
If African, place of birth
0.420
Africa
144 (83.2)
164 (80)
Nonendemic country
29 (16.8)
41 (20)
Type of patient
0.192
Immigrant†
23 (11.6)
21 (8.6)
Traveler‡
137 (68.8)
187 (77.3)
Visiting friends or relatives
109 (79.6)
152 (81.3)
Tourism
6 (4.4)
8 (4.3)
Work
22 (16)
27 (14.4)
Resident
19 (9.5)
20 (8.3)
Expatriate
6 (38.6)
10 (50)
Humanitarian
13 (61.4)
10 (50)
Military
20 (10.1)
14 (5.8)
Duration of travel, d, median (IQR)
58 (29–91)
50 (24–91)
0.106
Chemoprophylaxis
0.882
Yes
97 (40)
123 (39.3)
Complete
35 (44.9)
42 (43.8)
Incomplete
43 (55.1)
54 (56.2)
Prematurely stopped
26 (60.5)
36 (66.7)
Occasionally taking
17 (39.5)
18 (33.3)
No data
19 (NA)
27 (NA)
No
146 (60)
190 (60.7)
Using bed nets
0.119
Yes
48 (26.7)
41 (20.2)
No
130 (73.3)
162 (79.8)
*Values are no. (%) patients except as indicated. IQR, interquartile range; NA, not available.
†A person who was born and lived in Africa.
‡A person who lived in a non–Plasmodium-endemic country.

strongly associated with parasite density. Percentage
of positive RDT results increased with parasite density for both pLDH-RDT and aldolase-RDT (Table 2).
A positive aldolase-RDT result was associated with a
parasite density significantly higher than with a negative aldolase-RDT result for both species (median 6,612
parasites/µL [IQR 2,410–14,175 parasites/µL] for P.
ovale wallikeri vs. median 1,287 parasites/µL [IQR 450–
4,500 parasites/µL] for P. ovale curtisi; p<0.001) (Figure
4). Similarly, the parasite density of positive pLDHRDT P. ovale wallikeri samples were significantly higher than those of negative pLDH-RDT (median 11,000
parasites/µL [IQR 3,960–52,910 parasites/µL] vs. median 3,227 parasites/µL [IQR 551–7,118] parasites/
µL; p<0.001). Vikia (bioMérieux) aldolase-RDT had a
greater accuracy for detecting P. ovale infections compared than did Binax Now (Abbott) (59.3% vs. 40.9%;
p<0.001) and a better sensitivity (median 4,230 parasites/µL [IQR 1,205–9,450 parasites/µL] for positive
Vikia vs. median 8350 parasites/µL [IQR 4,032–16,166
parasites/µL] for positive Binax Now; p<0.001).

Biologic and Clinical Characteristics

Patients infected with P. ovale wallikeri displayed
deeper thrombocytopenia than those with P. ovale curtisi (Table 3), but reported symptomatology and disease severity did not differ. P. ovale wallikeri infections
had shorter latency periods and a higher proportion
of latency periods <50 days (p<0.001) (Table 3). Compared with patients who did not take prophylactic
treatment, patients who reported well-managed prophylactic treatment had longer latency periods (median 90 days [IQR 47–177 days] vs. median 30 days
[IQR 8–125 days]; p<0.001). Uncompleted prophylactic treatment did not extend latency period (median
33 days [IQR 17–112 days] vs. median 30 days [IQR
8–125 days]; p = 0.34). Military patients had longer
latency periods than other patients (median 109 days
[IQR 57–159 days] vs. median 40 days [IQR 12–142
days]; p = 0.0018), as did Caucasian versus African
patients (median 84 days [IQR 28–140 days] vs. median 42 days [IQR 12–147 days]; p = 0.005 days). In
the African population, no differences were found
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Figure 3. Geographic repartition of the origin countries of imported Plasmodium ovale wallikeri and P. ovale curtisi infection cases into
France, January 2013–December 2018. Pie charts showed the repartition of cases between both species in each country.

between African-born patients and others (mean 53
days [IQR 12–170 days] vs. mean 35 days [IQR 11–
117 days]). The latency period was shorter in symptomatic patients returning from West Africa during
the malaria season than in low-transmission or notransmission seasons (median 27 days [IQR 10–67
days] vs. median 90 days [IQR 17–158 days]; p<0.001)
(Appendix Figure). P. ovale wallikeri infections and P.
ovale curtisi infections were each responsible for 16 reported clinical relapses.

Patient Care

A similar proportion of patients were hospitalized in
the P. ovale curtisi and P. ovale wallikeri groups. Eight
malaria case-patients with WHO-defined severe criteria (26) were reported during the period analysis
(Table 3). P. ovale wallikeri–infected patients were 5
times more likely to be hospitalized in intensive or intermediate care than P. ovale curtisi–infected patients
(Table 3). A higher percentage of P. ovale wallikeri
infections were treated with ACT (29.2% vs. 17.1%;

Table 2. Comparison of aldolase and pLDH-RDT efficiency in Plasmodium ovale wallikeri and P. ovale curtisi infection diagnosis,
France, January 2013–December 2018*
Parasite density,
LDH
Aldolase
RDT
parasites/L
result
P. ovale
P. ovale wallikeri P. ovale curtisi
P. ovale
P. ovale wallikeri P. ovale curtisi
Positive
55 (10.6)
45 (16)
10 (4.2)
211 (47.8)
120 (50)
91 (45.3)
<1,000
5 (3.9)
3 (3.9)
2 (3.9)
25 (19.5)
16 (20)
9 (17.6)
1,000–5,000
15 (9.4)
14 (15)
1 (1.5)
65 (40.6)
42 (54.5)
23 (33.8)
5,000–10,000
6 (7.8)
5 (12)
1 (2.8)
44 (57.1)
24 (66.7)
20 (57.1)
10,000–50,000
16 (16.2)
11 (20)
5 (11.4)
67 (67.7)
29 (78.4)
38 (86.4)
>50,000
13 (86.7)
12 (86)
1 (100)
10 (100)
9 (100)
1 (100)
Negative
465 (89.4)
237 (84)
228 (95.8)
230 (52.2)
120 (50)
110 (54.7)
p value
<0.001
0.322
*Values are no. (%) patients except as indicated. LDH, lactate dehydrogenase; pLDH, plasmodium lactate dehydrogenase; RDT, rapid diagnostic test.
†Proportions of positive and negative LDH or aldolase-RDT were compared for P. ovale wallikeri and P. ovale curtisi by using a 2 test.
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p<0.001), but no association was found between ACT
treatment and parasite density, between ACT treatment and platelet count, or between ACT treatment
and positive and negative RDTs. Patients treated with
ACT did have shorter latency periods than other patients (median 33 days [IQR 11–111 days] vs. 54 days
[IQR 15–170 days]; p = 0.025) and patients with latency periods <50 days were more often treated with
ACT than others (28.6% vs. 20.3%; p = 0.048). This
high proportion of ACT prescription was highest in
patients with latency periods <50 days and platelet
counts <60 G/L (52.3% vs. 22.7%; p = 0.002).
New recommendations from the Infectious Diseases Society in France (La Société de Pathologie Infectieuse de Langue Française) edited in 2017 (4) had
a clear effect on P. ovale infection treatment (Figure
5), including replacement of atovaquone/proguanil
by artemisinin-based combination therapy. However,
little change in rates of chloroquine prescription occurred (52.5% before the revisions and 47.2% after).
For the period analyzed, no statistically significant relationship was found between the number of
included P. ovale infection cases per hospital and the
percentage of patients receiving ACT treatment. We
also analyzed the relation between the total number
of included Plasmodium infection cases per hospital
and the percentage of intensive care or intermediate
care hospitalizations and did not find any statistically
significant relation (data not shown).
potra Sequencing and Analysis

In total, 49 potra genes were sequenced from P. ovale wallikeri and 41 potra genes were sequenced from
P. ovale curtisi. Three different genotypes (299, 317,
and 335 bp) were identified in P. ovale curtisi and
4 different genotypes (245, 263, 263′, and 281 bp)
in P. ovale wallikeri (Table 4). The major genotypes
were (MANPIN)1(AITPIN)2 for P. ovale wallikeri and
(TINPIN)3(TITPIS)1 for P. ovale curtisi. No association
was found between country of contamination and
potra genotype.
Discussion
Our findings show that patients infected with P. ovale
wallikeri displayed deeper thrombocytopenia than those
infected with P. ovale curtisi (p<0.001) and had a shorter
latency period (p<0.001). Those features of P. ovale wallikeri infection are currently debated in the literature,
with some studies describing deeper thrombocytopenia
(11,12) and shorter latency periods (9) and other finding
refuting any differences between the 2 species (31).
We reported 1.2% of patients with diagnosed
P. ovale infection having severe criteria of malaria

Figure 4. Comparison of parasite count according to RDT
results in study analyzing characteristics of Plasmodium ovale
wallikeri and P. ovale curtisi infections treated in France during
January 2013–December 2018. Upper half of each box indicates
quartile 3, and lower half indicates quartile 1. Horizontal bar
dividing each box indicate median. Error bars range from 10th
to 90th percentile. Ald, aldolase RDTs; pLDH, plasmodium
lactate dehydrogenase RDTs; Poc, P. ovale curtisi; Pow, P. ovale
wallikeri; RDT, rapid diagnostic test.

(26), a similar percentage to the data reported by
the malaria surveillance in the United States (32) or
by Kotepui et al. (33). Seven P. ovale wallikeri– and
1 P. ovale curtisi–infected patients were hospitalized in intensive or intermediate care. Six of those
patients did not have WHO-defined severe malaria
criteria (26). Hospitalization in intensive or intermediate care for non–WHO-defined severe malaria
was previously described in uncomplicated malaria
patients with P. falciparum (34) or P. vivax (35) infections. We examined the hospitalization information
of 5,227 uncomplicated malaria patients (all infected
with Plasmodium species) for the study period in the
FNMRC database. Among these patients, 180 (3.6%)
were hospitalized in intensive or intermediate care
with a median length of hospital stay shorter to
that observed with severe malaria patients (median
2 days [IQR 1–3 days] vs. median 3 days [IQR 2–4
days]; p<0.001).
In June 2017, La Société de Pathologie Infectieuse
de Langue Française updated malaria management
recommendations (4) and proposed the use of ACT
as first-line treatment for all Plasmodium spp. infections and placed atovaquone/proguanil as a secondline treatment. Our data confirmed that physicians
followed the new guidelines with a clear change
between ACT and atovaquone/proguanil prescription frequency (Figure 5). P. ovale wallikeri infections
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Table 3. Biologic and clinical characteristics of Plasmodium ovale wallikeri and P. ovale curtisi infections, France, January 2013–
December 2018*
Characteristic
P. ovale curtisi, n = 309
P. ovale wallikeri, n = 368
p value
Parasite density, parasites/µL, median (IQR)
4,500 (1,094–10,197)
3,970 (598–9,240)
0.112
Leucocyte count, G/L, median (IQR)
5.6 (4.4–7.1)
5.2 (4.1–6.5)
0.0501
Hemoglobin, g/L, median (IQR)
127 (113–140)
126 (114–139)
0.855
Platelet count, G/L, median (IQR)
111 (84–145)
94 (70–130)
<0.001
<75
56 (19.4)
104 (31)
75–150
168 (58.1)
174 (51.9)
0.003
>150
65 (22.5)
57 (17.1)
Severe thrombocytopenia
13 (4.5)
25 (7.5)
0.123
Diagnostic delay, d, median (IQR)
5 (3–7)
4 (2–7)
0.583
Delay between return from endemic country and onset of
72 (18–208)
34 (10–95)
<0.001
symptoms, d, median (IQR)
<50 days
87 (42.4)
150 (59.5)
<0.001
Symptoms
Fever
262 (95.6)
316 (97.8)
0.125
Arthralgia or myalgia
120 (54.8)
138 (57.7)
0.525
Asthenia
108 (58)
133 (61.3)
0.506
Headache
151 (68.6)
201 (75.3)
0.103
Anorexia
5
4
Diarrhea
13
18
Abdominal pain
28
29
Nausea
16
20
Vomiting
24
13
Cough
6
12
Clinical categorization
0.927
Uncomplicated malaria
293 (97.7)
335 (97.4)
Severe malaria
3 (1)
5 (1.5)
Asymptomatic
4 (1.3)
4 (1.1)
Admission to hospital
158 (55.4)
196 (60.3)
0.243
Duration of hospitalization, d, median (IQR)
2 (1–3)
3 (1–4)
0.0732
Intensive- or intermediate-care hospitalization
1 (2.2)
7 (11.3)
0.134
Conventional hospitalization
46 (97.8)
55 (88.7)
Treatment
0.00359
Chloroquine
147 (54.8)
152 (47.8)
Artemisinin therapy
46 (17.1)
93 (29.2)
Artemeter/lumefantrine
11 (25.5)
39 (41.9)
Artesunate
2 (4.3)
5 (5.4)
Arteminol/piperaquine
33 (70.2)
49 (52.7)
Atovaquone/proguanil
64 (23.9)
64 (20.1)
Mefloquine
3 (1.2)
0 (0)
Quinine
8 (3)
9 (2.9)
*Values are no. (%) patients except as indicated. IQR, interquartile range.

were treated more often with ACT. To explain this
phenomenon, we compared the antimalarial treatment used according to the platelet counts, parasite
density, pLDH-RDTs results, and latency period
duration. No association was observed between the
type of antimalarial treatment and platelet counts,
parasite density, or pLDH-RDTs results, but we
highlighted a relationship between ACT treatment
and shorter latency period (p = 0.048). The combination of low platelet count and short latency delay in
Plasmodium infections are suggestive of P. falciparum
infection (36). In the context of emergency care before species confirmation, those features might have
influenced the prescription of ACT. Because they
were seen more frequently in P. ovale wallikeri infections, we assumed that this tendency could partially
explain that most of the ACT treatment administered
occurred in the P. ovale wallikeri group.
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About 44% of patients that took a prophylactic
treatment reported taking their medication regularly,
as prescribed. The latency period was longer in those
patients (p<0.001). Because prophylactic treatments
are not effective against liver-dormant forms of P.
ovale (2) and did not protect patients from relapsing
malaria, those results are not surprising. This phenomenon is well-illustrated in military patients, a
population with a higher rate of chemoprophylaxis
treatment (85%) and greater compliance with the
drug regimen (62%) who had longer latency periods
than other patients (p<0.001).
Most of the P. ovale cases we analyzed were originally diagnosed by microscopic analysis. Species misidentification occurred for 8.8% of the samples, and the
main misidentification was between P. malariae and P.
ovale. In endemic settings, microscopic analysis or PCR
diagnosis are not always available in remote setting.
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Simple and affordable point-of-care compatible diagnostic tools are required. Although RDTs are widely
spread nowadays in malaria-endemic countries, their
efficiency for P. ovale diagnosis is not sufficiently studied
compared with that for P. falciparum of P. vivax diagnosis. To supplement this deficiency, we analyzed the ability of aldolase and pLDH-RDTs to detect P. ovale wallikeri and P. ovale curtisi infection (Table 2). Aldolase-RDTs
detection was definitively more accurate for P. ovale diagnosis than pLDH-RDTs (p<0.001). pLDH-RDTs used
in this study (Palutop+4 [Biosynex] and Core Malaria
[Core Diagnostics, https://www.corediagnostics.net])
were more efficient in diagnosing P. ovale wallikeri than
P. ovale curtisi infection, but their performance remained
extremely low (≈16% of infections diagnosed). This discrepancy might be explained by lactate dehydrogenase
protein polymorphisms in P. ovale (37) affecting affinity of RDT-antibodies for P. ovale lactate dehydrogenase
(38). Tang et al. (39) compared the efficiency of several
pLDH-RDTs and confirmed variable diagnostic performance for P. ovale. In contrast, aldolase-RDTs had
similar efficiency in detection of both species (50% for
P. ovale wallikeri and 41.2% for P. ovale curtisi) that increased with parasite density (Table 2; Figure 4). Vikia
demonstrated better performances than BinaxNow in P.
ovale spp. detection (p<0.001).
The ability of P. ovale to establish liver-dormant
forms (hypnozoïtes) induces relapse episodes of fever and parasitemia (2,40). Relapsing malaria was observed in only 3.5% of the included patients, a lower
prevalence than previously reported (14). This difference is probably linked to the recommendations in
France that advises systematic primaquine treatment
of all P. ovale–infected patients, even for the first episode (except for major contraindication such as G6PD
deficiency, pregnancy, and breastfeeding) (4). Currently, diagnosis of P. ovale infection relapse is mainly
based on clinical data. potra gene sequencing has been
used to distinguish reinfection from relapse by genotyping the initial and corresponding relapse sample
(13,14). We evaluated the polymorphism of potra
genes in 80 samples and, as previously described,
identified a limited number of polymorphisms

Figure 5. Effects of the new ACT treatment recommendations
for Plasmodium spp. infections from La Société de Pathologie
Infectieuse de Langue Française, revised in June 2017. ACT,
chloroquine- or artemisinin-based combination therapy.

(Table 4) (28). Our results, combined with those of
Zhou et al. (29), demonstrate that the potra gene is not
a satisfying genetic marker of relapse. New genetic
markers, such as microsatellite typing, need to be
developed for P. ovale genotyping, as was previously
done for P. falciparum (41,42) and P. vivax (43,44).
A limitation of our study is that, because of uncompleted online patient form filling (Appendix Table
2), we might lack statistical power to highlight differences in some rare infections features, such as hospitalization in intensive or intermediate care. In addition,
our study is retrospective and might suffer from missing data about infection characteristics. Furthermore,
we collected P. ovale isolates from Africa only.
In conclusion, our large retrospective study on P.
ovale wallikeri and P. ovale curtisi infections confirmed
that patients infected with P. ovale wallikeri display
deeper thrombocytopenia and shorter latency periods. In addition, we found that physicians in France
used more ACT to treat P. ovale wallikeri than P. ovale
curtisi infections. This difference might be linked to
the lower platelet level and shorter latency period
seen with P. ovale wallikeri infections. in addition, we
described a higher rate in intensive or intermediate

Table 4. Analysis of the potra fragment polymorphisms sequenced for Plasmodium ovale wallikeri and P. ovale curtisi, France,
January 2013–December 2018
GenBank accession no. of
Species
Size, bp
Dominant amino acid repeat
No. (%) samples
reference sequence
P. ovale wallikeri
245
(MANPIN)1(AITPIN)2
43 (88)
HMG594180
263
(MANPIN)1(AITPIN)3
2 (4)
MG588149
263
(MANPIN)2(AITPIN)2
1 (2)
MG588148
281
(MANPIN)2(AITPIN)3
3 (6)
MG588150
P. ovale curtisi
299
(TINPIN)3(TITPIS)1
26 (63)
MG588152
317
(TINPIN)3(TITPIS)2
13 (32)
HM594183
335
(TINPIN)4(TITPIS)2
2 (5)
MG588154
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27 No. 2, February 2021

381

SYNOPSIS

care admission in P. ovale wallikeri–infected patients.
Because of missing data and lack of power, this observation was not statistically significant and needs to be
confirmed by a large, prospective study.
Additional members of the French National Reference
Center for Imported Malaria Study Group who
contributed data: Chantal Garabedian (Aix-en-Provence),
Alain Domergue (Aix-en-Provence), Sylvain Clauser
(Boulogne), Patrice Agnamey (Amiens), Céline Damiani
(Amiens), Ludovic de Gentile (Angers), Marc Pihet
(Angers), Anne Marfaing-Koka (Clamart), Anthony
Marteau (Avicenne Hospital, Bobigny), Izri Arezki
(Avicenne Hospital, Bobigny), Cecile Ficko (Bégin Hospital,
Vincennes), Sébastien Larréché (Bégin Hospital,
Vincennes), Adela Enache Angoulvant (Kremlin-Bicêtre),
Nadia Guennouni (Kremlin-Bicêtre), Thierry Pistone
(Bordeaux), Valérie Fuster-Dumas (Bordeaux), Denis
Malvy (Bordeaux), Dorothée Quinio (Brest), Gilles Nevez
(Brest), Didier Raffenot (Chambéry), Olivier Rogeaux
(Chambéry), Céline Nourrisson (Clermont-Ferrand),
Naima Dahane (Cochin Hospital, Paris), Angèle Li (Creil),
Bernadette Cuisenier (Dijon), Louise Basmacyan (Dijon),
Annie Motard-Picheloup (Fréjus St-Raphaël), Cécile
Garnaud (Grenoble), Céline Dard (Grenoble), Dominique
Maubon (Grenoble), Eric Dannaoui (Hôpital Européen
Georges Pompidou Hospital, Paris), Françoise Botterel
(Créteil), Dieudonné Bemba (Bondy), Isabelle Poilane
(Bondy), Ana Mendes-Moreira (La Rochelle), Gauthier
Pean-de-Ponfilly (Lariboisière Hospital, Paris), Bruno
Megarbane (Lariboisière Hospital, Paris), Céline Mesnil
(Lariboisière Hospital, Paris), Muriel Silva (Le Havre),
Céline Malassigne (Le Havre), Pascal Penn (Le Mans),
Anne-Sophie Deleplancque (Lille), Boualem Sendid (Lille),
Marie-Laure Darde (Limoges), Marie-Fleur Durieux
(Limoges), Martine Bloc’h (Colombes), Luce Landraud
(Colombes), Stéphane Picot (Lyon), Pauline Tirard-Collet
(Lyon), Léo Vidoni (Lyon), Marie-Laure Bigel (Mantes-laJolie), Hélène Savini (HIA Laveran, Marseille), Coralie
l’Ollivier (Marseille), Nicole Desbois-Nogard Nicole
(Martinique), Hélène Broutier (Meaux), Patrick Bastien
(Montpellier), Alain Gravet (Mulhouse), Caroline
Lohmann (Mulhouse), Anne Debourgogne (Nancy), Fakhri
Jeddi (Nantes), Rose-Anne Lavergne (Nantes), MarieElisabeth Bougnoux (Necker Hospital, Paris), Emilie
Sitterle (Necker Hospital, Paris), Christelle Pomares Estran
(Nice), Pascal Delaunay (Nice), Milène Sasso (Nîmes),
Victor Mercier (Nîmes), Laurence Lachaud (Nîmes)
Bernadette Buret (Niort), Didier Poisson (Orléans), Jérôme
Guinard (Orléans), Aurélie Guigon (Orléans), Oussama
Mouri (Pitié-Salpétrière Hospital, Paris), Estelle PerraudCateau (Poitiers), Gwénaël le Moal (Poitiers), Antoine
Huguenin (Reims), Sorya Belaz (Rennes), Anne Delaval
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Symptom Profiles and
Progression in Hospitalized
and Nonhospitalized Patients
with Coronavirus Disease,
Colorado, USA, 2020
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To improve recognition of coronavirus disease (COVID-19) and inform clinical and public health guidance,
we randomly selected 600 COVID-19 case-patients in
Colorado. A telephone questionnaire captured symptoms
experienced, when symptoms occurred, and how long
each lasted. Among 128 hospitalized patients, commonly
reported symptoms included fever (84%), fatigue (83%),
cough (73%), and dyspnea (72%). Among 236 nonhospitalized patients, commonly reported symptoms included
fatigue (90%), fever (83%), cough (83%), and myalgia
(74%). The most commonly reported initial symptoms
were cough (21%–25%) and fever (20%–25%). In multivariable analysis, vomiting, dyspnea, altered mental status, dehydration, and wheezing were significantly associated with hospitalization, whereas rhinorrhea, headache,
sore throat, and anosmia or ageusia were significantly
associated with nonhospitalization. General symptoms
and upper respiratory symptoms occurred earlier in disease, and anosmia, ageusia, lower respiratory symptoms,
and gastrointestinal symptoms occurred later. Symptoms
should be considered alongside other epidemiologic factors in clinical and public health decisions regarding potential COVID-19 cases.

S

evere acute respiratory syndrome coronavirus
2 (SARS-CoV-2), the virus that causes coronavirus disease (COVID-19), was first detected in China
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in December 2019 (1,2). Within 1 month, COVID-19
cases were reported in numerous countries, including
the United States (3). By the end of January 2020, the
World Health Organization (WHO) declared the COVID-19 outbreak a public health emergency of international concern (4). After WHO’s declaration, rapid
acceleration of virus transmission in many parts of the
world led WHO to characterize COVID-19 as a global
pandemic in March (5). As of December 4, the United
States had reported >14 million COVID-19 cases and
≈275,000 associated deaths (6). The large number of
cases and deaths has created an unprecedented burden on the nation’s healthcare system, necessitating
triage of patients and the prioritization of testing.
Initially, the most common symptoms of COVID-19 were reported to be fever, cough, and dyspnea
(7–9). However, asymptomatic infections and additional symptoms common to other viral respiratory
illnesses have been reported, including chills, fatigue,
myalgia, sore throat, nasal congestion, rhinorrhea,
nausea, vomiting, and diarrhea (10). Persons with
COVID-19 have also reported anosmia (loss of smell)
and ageusia (loss of taste) more frequently than with
other viral respiratory diseases (11).
Although ≈80% of persons with COVID-19 experience mild disease (12), to date most published
reports of COVID-19 symptoms are derived from
case-series and cross-sectional analyses of medical
record reviews, primarily among hospitalized patients. Literature regarding symptoms experienced
by nonhospitalized COVID-19 patients is growing,
but information summarizing symptom duration,
1
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progression, and statistical comparison to hospitalized patients remains limited. To improve COVID-19 disease recognition, which can help mitigate
its spread, particularly for mild cases, and inform
clinical and public health guidance, we interviewed
hospitalized and nonhospitalized COVID-19 patients in Colorado to determine the symptoms they
experienced and when these symptoms occurred
during their course of illness.
Methods
Sample

Hospitalized and nonhospitalized patients were identified from laboratory-confirmed COVID-19 cases reported to the Colorado Electronic Disease Reporting
System (CEDRS) as of April 5, 2020. Based on data
available in CEDRS, patients were considered eligible
if they had known hospitalization status; had self-reported illness onset during March 9–31, 2020; and resided in 1 of the 9 counties (Adams, Arapahoe, Boulder, Denver, Douglas, El Paso, Jefferson, Larimer, and
Weld) that account for ≈80% of Colorado’s population. March 9 was selected because it was the date on
which testing for SARS-CoV-2 became more widely
available in Colorado and was no longer restricted
to suspected cases requiring hospitalization or having an epidemiologic link to a confirmed case, though
travel to an area with ongoing community transmission was required for testing early in this period. To
obtain interviews from at least 300 patients (200 nonhospitalized and 100 hospitalized), we used stratified,
simple random sampling to select 600 patients (using
a 2:1 ratio) from 1,738 COVID-19 cases meeting inclusion criteria.
Data Collection

At least 3 attempts were made to contact each selected patient on at least 2 separate days, at different times of the day, during April 10–30, 2020.
For contacted patients who consented, a trained
public health official administered a standardized
questionnaire by telephone to obtain demographic
information, verify hospitalization status and date
of illness onset, and determine whether the patient
had experienced any of 30 symptoms during their
illness. For patients whose hospitalization status
differed between CEDRS data and interview, we
confirmed status using electronic medical records.
For all deceased patients, minors, and persons unable to be interviewed (e.g., those with dementia), a
proxy (i.e., relative or caregiver) was interviewed.
Patients were asked what their first and subsequent
386

symptoms were, and for each reported symptom,
when it occurred relative to onset of illness and
how long it lasted. No follow-up contact was made
once the questionnaire was completed.
Statistical Analysis

Data were entered into a Research Electronic Data
Capture database (13,14). Frequencies and percentages were calculated and stratified by hospitalization status. We calculated odds ratios (ORs), 95%
CIs, and p values to identify COVID-19 symptoms
associated with hospitalization. Multivariable logistic regression was conducted to construct a model
examining association of all symptoms with hospitalization status, while adjusting for demographic
variables associated with hospitalization for COVID-19 (i.e., male sex, age >65 years, and Hispanic ethnicity) (Appendix Table, https://wwwnc.cdc.gov/
EID/article/27/2/20-3729-App1.pdf). A reduced
multivariable model was constructed by using purposeful selection to identify a subset of symptoms
from the full model that had statistically significant
association (15). In multivariable models, anosmia
and ageusia were combined because of a high degree of collinearity; no other significant collinearity
was identified.
Median and interquartile ranges (IQRs) were calculated for duration and timing of individual symptoms in relation to overall onset of illness. To account
for patients who died and the large proportion of patients who were still symptomatic at the time of interview, we used survival analysis to calculate estimated
median illness duration compared by hospitalization
status. For participants still experiencing symptoms at
interview, individual symptom duration was truncated to the date of interview because a low proportion
(<10%) of patients reported individual symptoms still
occurring at that time. Symptoms were categorized
by organ system based on codes from the International Classification of Diseases, 10th Revision, Clinical
Modification. Statistical analyses were conducted by
using SAS 9.4 (SAS Institute, https://www.sas.com)
and R version 3.6.3 software (https://r-project.org)
(16). Significance was defined as α = 0.05, and all testing was 2-sided.
Ethics Considerations

This investigation received a nonresearch determination as a public health response from human subjects
advisors at the Centers for Disease Control and Prevention. The investigation was considered a public
health response to a notifiable disease by the Colorado Department of Public Health and Environment.
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Results
The Patients

Of 600 randomly selected case-patients, 364 (61%)
completed the interview, 46 (8%) were ineligible
(because onset date was before March 9 or they
were asymptomatic), 57 (10%) declined to participate, and 133 (22%) were unreachable. Median age
of the 364 participating patients was 50 years (range
2 months–94 years); 187 (51%) were male, 288 (79%)
identified as white, and 75 (21%) identified as Hispanic. Almost all patients (345 [95%]) reported having
health insurance; 128 (35%) patients were hospitalized, and 18 (5%) died. Compared with nonhospitalized patients, hospitalized patients were older and
more likely to be Black; they were also more likely
to be male (Table 1). Compared with patients who
declined to participate or were unreachable, investigation participants resided proportionately in the
same counties and had similar hospitalization rates
(35% vs. 31%) and case-fatality ratios (5% vs. 8%),
but they were older than nonparticipating patients
(median age 50 vs. 43 years).
Among 364 participating patients, interviews
were conducted with 322 (88%) patients and proxies
for 42 (12%) patients. Patients who were interviewed
directly reported a higher median number of symptoms (13 [IQR 9–16]) than proxies reported (6 [IQR
4–10]). Proxies were interviewed more frequently for
hospitalized patients than for nonhospitalized patients (Table 1) and more often for participants >65
years of age (30/85 [35%]) than for those <65 years
(12/279 [4%]). Median number of days from illness
onset to interview (33 days) did not differ by hospitalization status.
Frequency of Symptoms

Based on International Classification of Diseases,
Tenth Revision, Clinical Modification, categorization
of symptoms, general systemic symptoms (i.e., fever,
chills, myalgia, headache, or anorexia) were commonly reported among both hospitalized (122 [95%]) and
nonhospitalized (234 [99%]) patients (Table 2). Symptoms associated with potential lower respiratory tract
infection (cough, dyspnea, wheezing, or chest pain)
were reported by 116 (91%) of hospitalized patients
and 213 (90%) of nonhospitalized patients. Cognition
and perception symptoms (altered mental status, anosmia, or ageusia) were reported by 87 (68%) hospitalized and 165 (70%) nonhospitalized patients. More
nonhospitalized patients (158 [67%]) reported upper
respiratory tract infection symptoms (i.e., rhinorrhea,
nasal congestion, or sore throat) than were reported

by hospitalized patients (60 [47%]). Gastrointestinal
symptoms (i.e., nausea, vomiting, diarrhea, or abdominal pain) were reported by 58% of participants,
regardless of hospitalization status.
The most frequently reported symptoms were
similar for hospitalized and nonhospitalized participants (Table 2). Among 128 hospitalized patients, the
most commonly reported symptoms were fever (108
[84%]), fatigue (106 [83%]), cough (93 [73%]), and dyspnea (92 [72%]). Among 236 nonhospitalized patients,
the most commonly reported symptoms were fatigue
(213 [90%]), fever (196 [83%]), cough (196 [83%]), and
myalgia (175 [74%]). Ageusia was reported by 149
(63%) nonhospitalized and 63 (49%) hospitalized patients, and anosmia by 131 (56%) nonhospitalized and
45 (35%) hospitalized patients. A total of 123 (96%)
hospitalized patients and 229 (97%) nonhospitalized
Table 1. Demographics, interview information, hospitalization
status, and outcome of 364 patients with laboratory-confirmed
coronavirus disease by hospitalization status, Colorado, USA,
March 2020
No. (%)
Hospitalized,
Nonhospitalized,
Characteristic
n = 128
n = 236
Sex
M
79 (62)
108 (46)
F
49 (38)
127 (54)
Other
0 (0)
1 (<1)
Age group, y
<18
3 (2)
1 (<1)
19–44
23 (18)
118 (50)
45–64
50 (39)
84 (36)
>65
52 (41)
33 (14)
Race*
White
95 (74)
193 (82)
Black
13 (10)
12 (5)
Asian
9 (7)
9 (4)
Pacific Islander
1 (1)
3 (1)
American Indian
2 (2)
2 (1)
Other
9 (7)
18 (8)
Unknown
4 (3)
4 (2)
Ethnicity
Non-Hispanic or Latino
86 (67)
163 (69)
Hispanic or Latino
29 (23)
46 (19)
Unknown
13 (10)
27 (11)
Health insurance status and type
Insured*
118 (92)
227 (96)
Private
64 (50)
184 (78)
Medicare
41 (32)
21 (9)
Medicaid
22 (17)
13 (6)
Military or Tricare
5 (4)
11 (5)
Not specified
1 (1)
2 (1)
Not insured
8 (6)
6 (3)
Unknown
2 (2)
3 (1)
Interview type
Patient interview
96 (75)
226 (96)
Proxy interview
32 (25)
10 (4)
Outcome
Survived
113 (88)
233 (99)
Died
15 (12)
3 (1)
*Options were not mutually exclusive.
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patients reported fever, cough, or dyspnea. Of the 12
participants not reporting these symptoms, the most
commonly reported symptoms were fatigue (7 patients), anosmia (6 patients), ageusia (6 patients), anorexia (6 patients), and diarrhea (5 patients).
Participants who reported altered mental status
and vomiting had at least twice the odds of being hospitalized (Table 2). Patients reporting wheezing and
dyspnea also had higher odds of hospitalization. In
contrast, patients who reported lymphadenopathy,
anosmia, rhinorrhea, myalgia, headache, sore throat,

or nasal congestion had less than half the odds of hospitalization. Patients reporting fatigue, dry cough,
and ageusia also had lower odds of hospitalization.
When we controlled for all reported symptoms
and characteristics included in the reduced multivariable logistic regression model, we found that
participants who reported vomiting (OR 2.46 [95%
CI 1.2–5.06]), dyspnea (OR 2.32 [95% CI 1.26–4.37]),
altered mental status (OR 2.12 [95% CI 1.18–3.83]),
dehydration (OR 1.88 [95% CI 1.1–3.26]), and wheezing (OR 1.88 [95% CI 1.03–3.43]) had higher odds of

Table 2. Frequency and duration of symptoms reported by 364 hospitalized and nonhospitalized patients with laboratory-confirmed
coronavirus disease, Colorado, USA, March 2020*
Hospitalized, n = 128
Nonhospitalized, n = 236
Median symptom
Median symptom
Crude OR
Symptoms
No. (%)
duration (IQR)
No. (%)
duration (IQR)
(95% CI)
p value
Symptom groups
Any general symptom†
122 (95)
NC
234 (99)
NC
NC
NC
Any LRI symptom‡
116 (91)
NC
213 (90)
NC
NC
NC
Any cognitive or perception
87 (68)
NC
165 (70)
NC
NC
NC
symptom§
Any URI symptom¶
60 (47)
NC
158 (67)
NC
NC
NC
Any GI symptom#
74 (58)
NC
136 (58)
NC
NC
NC
Individual symptoms
Fever**
108 (84)
**
196 (83)
**
1.10 (0.61–2.01)
0.74
Fatigue
106 (83)
14 (9–27)
213 (90)
12 (7–15)
0.52 (0.28–0.98)
0.04
Any cough††
93 (73)
NC
196 (83)
NC
NC
NC
Dry cough
79 (62)
10 (7–22)
175 (74)
10 (5–18)
0.56 (0.35–0.89)
0.01
Chills
84 (66)
7 (3–10)
169 (72)
3 (2–7)
0.76 (0.48–1.20)
0.24
Myalgia
72 (56)
11 (7–15)
175 (74)
5 (3–9)
0.45 (0.28–0.71)
<0.01
Anorexia
89 (70)
12 (7–17)
150 (64)
7 (4–11)
1.31 (0.83–2.09)
0.25
Dyspnea
92 (72)
10 (5–19)
144 (61)
10 (6–14)
1.63 (1.03–2.62)
0.04
Headache
66 (52)
8 (4–14)
166 (70)
7 (3–14)
0.45 (0.29–0.70)
<0.01
Ageusia
63 (49)
14 (8–21)
149 (63)
10 (7–20)
0.57 (0.37–0.87)
0.01
Sweats
70 (55)
7 (3–10)
134 (57)
3 (2–7)
0.92 (0.60–1.42)
0.70
Anosmia
45 (35)
14 (7–24)
131 (56)
10 (7–21)
0.43 (0.28–0.67)
<0.01
Diarrhea
60 (47)
7 (3–13)
104 (44)
3 (2–6)
1.12 (0.73–1.73)
0.61
Arthralgia
45 (35)
13 (7–17)
100 (42)
5 (4–10)
0.74 (0.47–1.15)
0.18
Dehydration
54 (42)
10 (4–14)
76 (32)
5 (3–10)
1.54 (0.98–2.40)
0.06
Chest pain
42 (33)
10 (5–16)
85 (36)
7 (4–14)
0.87 (0.55–1.36)
0.54
Rhinorrhea
31 (24)
7 (3–12)
97 (41)
7 (4–14)
0.46 (0.28–0.73)
<0.01
Sore throat
28 (22)
8 (4–15)
91 (39)
4 (2–7)
0.45 (0.27–0.72)
<0.01
Nasal congestion
28 (22)
7 (3–14)
86 (36)
7 (5–14)
0.49 (0.29–0.79)
<0.01
Nausea
41 (32)
7 (3–12)
69 (29)
4 (2–7)
1.14 (0.71–1.81)
0.58
Wheezing
44 (34)
12 (5–16)
54 (23)
9 (6–14)
1.77 (1.10–2.84)
0.02
Productive cough
37 (29)
10 (7–28)
58 (25)
10 (5–16)
1.25 (0.77–2.02)
0.37
Altered mental status
39 (30)
7 (3–16)
39 (17)
6 (3–12)
2.21 (1.33–3.69)
<0.01
Abdominal pain
18 (14)
9 (7–20)
49 (21)
3 (2–5)
0.62 (0.34–1.11)
0.12
Conjunctivitis
16 (13)
7 (3–12)
36 (15)
5 (3–10)
0.79 (0.41–1.47)
0.47
Vomiting
24 (19)
4 (2–6)
24 (10)
2 (1–4)
2.04 (1.10–3.77)
0.02
Lymphadenopathy
7 (5)
7 (6–13)
37 (16)
6 (3–10)
0.31 (0.12–0.68)
<0.01
Rash
9 (7)
4 (2–7)
24 (10)
5 (3–10)
0.67 (0.29–1.44)
0.32
Hemoptysis
8 (6)
7 (4–9)
7 (3)
3 (3–9)
2.18 (0.77–6.36)
0.14
Seizures
3 (2)
7 (4–10)
0
NC
NC
NC

*GI, gastrointestinal; IQR, interquartile range; LRI, lower respiratory tract infection; NC, not calculated; OR, odds ratio; URI, upper respiratory tract
infection.
†General symptoms included fever, chills, sweats, myalgia, headache, fatigue, arthralgia, dehydration, anorexia, and lymphadenopathy.
‡ LRI symptoms included cough (dry and productive), dyspnea, wheezing, hemoptysis, and chest pain.
§Cognition and perception symptoms included anosmia, ageusia, and altered mental status.
¶URI symptoms included nasal congestion, rhinorrhea, and sore throat.
#GI symptoms included nausea, vomiting, diarrhea, and abdominal pain.
**Fever was collected individually as subjective or measured. Values were combined given potential bias because hospitalized patients were more likely
to have their temperature measured compared with nonhospitalized patients, who more commonly reported subjective fever only. The median duration of
both subjective and measured fevers in nonhospitalized patients was 4 d (IQR 2–7 d). In hospitalized patients, the median duration of measured fever
was 7 d [IQR 3–11 d] and subjective fever was 8 d (IQR 4–13 d).
††Any cough is a combination of dry cough, productive cough, and hemoptysis, which are also reported individually.
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hospitalization, as did participants who were male
(OR 2.13 [95% CI 1.27–3.62]) or >65 years of age (OR
3.93 [95% CI 2.16–7.27]) (Figure 1). Patients reporting
rhinorrhea (OR 0.43 [95% CI 0.24–0.74]), headache
(OR 0.47 [95% CI 0.27–0.82]), sore throat (OR 0.5 [95%
CI 0.28–0.87]), and anosmia or ageusia (OR 0.57 [95%
CI 0.33–0.96]) had lower odds of hospitalization.
Temporal Occurrence of Symptoms

The most common initial symptoms for hospitalized and nonhospitalized patients were cough (25%
for hospitalized and 21% for nonhospitalized patients) and fever (25% for hospitalized and 20% for
nonhospitalized patients) (Table 3). No participants
reported conjunctivitis, rash, or lymphadenopathy as
an initial symptom of their illness. Patients reporting
sore throat as their initial symptom had lower odds
of being hospitalized (OR 0.28 [95% CI 0.11–0.74]); no
other initial symptom was associated with hospitalization status.
Little variation was observed between hospitalized and nonhospitalized patients in terms of symptom progression (Figure 2). Upper respiratory symptoms and general systemic symptoms were reported
early in the course of disease; many patients reported
these types of symptoms within 1 day of illness onset.
Symptoms related to cognition, perception, and lower respiratory tract (except cough) were generally reported to occur 2–4 days after illness onset. Gastrointestinal symptoms were reported to occur ≈3–6 days
after illness onset, and rash generally appeared last.
Among 346 surviving patients, 134 (39%) were
still symptomatic at time of interview. The estimated
median duration of illness was 18 days longer in hospitalized patients (36 days; p<0.01) than in patients
who were not hospitalized (18 days; p<0.01) (Appendix Figure). The median duration of most individual

symptoms was <10 days; notable exceptions were fatigue for both hospitalized (14 days [IQR 9–27 days])
and nonhospitalized (12 days [IQR 7–15 days]) participants and, among hospitalized patients, anosmia
(14 days [IQR 7–24 days]), ageusia (14 days [IQR 8–21
days]), arthralgia (13 days [IQR 7–17 days]), anorexia
(12 days [IQR 7–17 days]), wheezing (12 days [IQR
5–16 days]), and myalgia (11 days [IQR 7–15 days])
(Table 2). The median durations of chills, myalgia,
sweats, diarrhea, arthralgia, dehydration, sore throat,
abdominal pain, vomiting, and hemoptysis for hospitalized patients were >2 times those of nonhospitalized patients.
Discussion
We found that persons with COVID-19 in Colorado
commonly reported fever, cough, or dyspnea, similar
to findings in previous reports (7–9,17). However, we
also identified several other symptoms (i.e., fatigue,
chills, myalgia, anorexia, and headache) that occurred
with similar frequency, and we noted differences in
the frequency of symptoms reported by hospitalized
and nonhospitalized participants.
In general, we found higher frequencies of symptoms than previously reported (18–21). This discrepancy is likely in part a result of our approach of
collecting symptom data through standardized interviews compared with other reports that are based on
data extracted from medical records. Data taken from
medical records generally capture the most prominent symptoms reported when a patient seeks care
and might not capture initial nonspecific symptoms or
symptoms that occur later in the course of illness. For
example, a medical chart review of 242 hospitalized
patients with symptomatic COVID-19 in China found
the most common symptoms at admission were fever
(90%), cough (38%), and fatigue (16%), compared with

Figure 1. Coronavirus disease symptoms significantly associated with hospitalization in reduced multivariable model (n = 364 patients),
Colorado, March 2020.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27 No. 2, February 2021
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Table 3. Initial symptom reported by 364 hospitalized and
nonhospitalized patients with laboratory-confirmed coronavirus
disease, Colorado, USA, March 2020*
No. (%)
Hospitalized,
Nonhospitalized,
Symptom
n = 128
n = 236
Cough
32 (25)
49 (21)
Fever
32 (25)
47 (20)
Fatigue
17 (13)
44 (19)
Headache
14 (11)
45 (19)
Myalgia
14 (11)
38 (16)
Sore throat†
5 (4)
30 (13)
Chills
11 (9)
19 (8)
Nasal congestion
2 (2)
12 (5)
Dyspnea
8 (6)
6 (3)
Ageusia
1 (1)
7 (3)
Diarrhea
2 (2)
6 (3)
Anosmia
1 (1)
6 (3)
Rhinorrhea
2 (2)
5 (2)
Chest pain
1 (1)
5 (2)
Abdominal pain
3 (2)
2 (1)
Altered mental status
4 (3)
1 (<1)
Sweats
2 (2)
2 (1)
Wheezing
1 (1)
2 (1)
Vomiting
2 (2)
1 (<1)
Dehydration
1 (1)
1 (<1)
Anorexia
1 (1)
1 (<1)
Nausea
0
1 (<1)
Seizures
1 (1)
0
Conjunctivitis
0
0
Rash
0
0
Lymphadenopathy
0
0
*Reported symptoms are not mutually exclusive.
†Indicates statistical significance with nonhospitalization.

rates of fever (84%), cough (73%), and fatigue (83%)
in the hospitalized participants in our analysis (18).
However, the higher frequencies of certain symptoms
in our analysis might also be because of differences
in the populations studied and their disease severity.
For instance, the frequency of ageusia and anosmia
among nonhospitalized patients in this analysis was
similar to previous reports of patients with mild COVID-19 (22–26) but was higher than a smaller cohort
of hospitalized patients in another study (19).
Patients in our cohort reported high frequencies
of general symptoms and lower respiratory tract
symptoms, including cough. More than half of our
patients reported >1 gastrointestinal symptom regardless of hospitalization status, which was similar
to findings from previous reports examining symptoms through interviews with hospitalized and nonhospitalized patients (17,26). The rates of gastrointestinal symptoms in this analysis are higher than a
previous report that found 35% of persons receiving
outpatient care for COVID-19 had diarrhea, nausea,
or vomiting documented in their charts (27) and another study in which 19% of hospitalized COVID-19
patients had chart-documented diarrhea or abdominal pain at admission (28). One explanation for the
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differences in reported gastrointestinal symptoms is
that these symptoms occur later in illness and might
be absent when the patient initially seeks care. This
progression was documented recently in a prospective investigation of nonhospitalized COVID-19 patients, in which only 23% of patients reported gastrointestinal symptoms at the time of their first positive
SARS-CoV-2 test but 53% of all patients experienced
gastrointestinal symptoms at some point in their illness (22). Other studies have found patients with
gastrointestinal symptoms were more likely to seek
medical care >1 week after onset of illness, compared
with those without gastrointestinal symptoms, who
were more likely to seek care <1 week after illness
onset (27,28).
When comparing the frequency of reported
symptoms between hospitalized and nonhospitalized patients, we found that patients reporting certain lower respiratory symptoms (wheezing and
dyspnea), altered mental status, vomiting, and dehydration had higher odds of hospitalization. This
finding is not surprising, because many of these
symptoms would likely prompt a clinician to recommend inpatient management. Similarly, in a
convenience sample of symptomatic persons with
COVID-19 from 16 US states, dyspnea was more
commonly reported by hospitalized patients, and
anosmia, ageusia, and rhinorrhea were more commonly reported by nonhospitalized patients (17).
Among all symptoms we associated with hospitalization, only dyspnea has been statistically associated with more serious disease, as measured by
intensive-care unit admission (29).
A notable finding from our analysis was that upper respiratory tract symptoms were more commonly reported by nonhospitalized patients. This finding could aid in clinicians’ recognition of less severe
disease and therefore help mitigate the spread of infection. Other nonspecific symptoms reported very
commonly or rarely (namely, fatigue, dry cough,
myalgia, and lymphadenopathy) were no longer
significantly associated with nonhospitalization on
multivariable analysis. Our findings among nonhospitalized patients are consistent with recent reports
from Europe, South Korea, and the United States
that found that upper respiratory symptoms, such
as nasal congestion and rhinorrhea, were common
among persons with mild or moderate COVID-19
(22,30,31). These findings suggest that potential differences in route of infection (i.e., contact with respiratory droplets vs. inhalation of aerosolized viral
particles) could be related to the pathogenesis and
severity of COVID-19, although other factors also
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Figure 2. Days from coronavirus disease onset to individual symptom onset, by hospitalization status (n = 364 patients), Colorado,
March 2020. Symptom progression is shown for hospitalized patients (A) and nonhospitalized patients (B). Lines within boxes indicate
median for each symptom, and boxes represent interquartile range. Outliers (defined as >1.5× interquartile range >75th percentile) not
shown in figure. SQ, subcutaneous.
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likely contribute, such as age, underlying medical
conditions, and viral strain. These findings also support the concept that COVID-19 manifests in 1 of
3 general patterns of illness: mild illness primarily
consisting of upper respiratory symptoms, non–lifethreatening pneumonia, and severe pneumonia with
acute respiratory distress syndrome (32).
We found the most commonly reported initial
symptoms for COVID-19 patients were cough or fever. These symptoms were also the most common
initial symptoms reported by 48 healthcare personnel
with COVID-19 in King County in Washington state
(33). However, no single symptom was reported by
more than one quarter of our participating patients
as their initial symptom, suggesting the absence of a
hallmark symptom at the beginning of disease.
In regards to symptom progression over the
course of illness, upper respiratory symptoms, general systemic symptoms, and cough were reported
to have occurred early in illness. These symptoms
were followed by other lower respiratory symptoms,
altered mental status, anosmia, ageusia, and, finally,
gastrointestinal symptoms and rash. The timing of
anosmia and ageusia in our analysis is similar to previous reports, which found a mean of 3 days from
illness onset to anosmia and ageusia in hospitalized
and nonhospitalized COVID-19 patients (34,35). The
later occurrence of gastrointestinal symptoms and
rash among our participants could be related directly
to the virus, linked to interventions (e.g., use of antimicrobial drugs or other medications), or, in the case
of gastrointestinal symptoms, related to hypoxia (36–
39). We identified an overall progression of reported
symptoms that is consistent with, although more
detailed than, a recent metaanalysis of symptoms
among persons with COVID-19 (20). In addition,
symptom onset and progression in this investigation
is similar to what has been described for severe acute
respiratory syndrome (SARS), caused by SARS-CoV
(40,41). SARS has been described to manifest with an
initial phase of fever, cough, sore throat, and myalgia,
followed by dyspnea, hypoxia, and diarrhea, and, in
some patients, a final phase of acute respiratory distress syndrome (42).
In our investigation, the median duration of most
symptoms was <10 days. However, estimated duration of illness was >1 month in hospitalized patients,
twice as long as in nonhospitalized patients; this pattern was also observed for many individual symptoms. Duration of individual symptoms experienced
by nonhospitalized patients was slightly longer in our
analysis than in 2 previous reports of nonhospitalized
COVID-19 patients; however, the symptoms with the
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longest duration were similar (cough, anosmia, and
ageusia) and methods differed slightly between analyses (24,43). A report on symptoms experienced by
nonhospitalized COVID-19 patients in Utah found a
median duration of symptoms of 16 days, which is
similar to our findings for nonhospitalized patients
(22). Published data on COVID-19 symptoms in 2
studies of hospitalized patients in China found that
fever duration was substantially longer in those with
more severe disease (18,44).
Our investigation has some limitations. First,
interviews were conducted several weeks after illness onset, which enabled accurate classification of
patients by hospitalization status and data collection
on all symptoms and their duration (45). However,
this timing might result in incomplete recall and recall bias, which could affect the accuracy of reported
symptoms and their timing, particularly among hospitalized patients, who might be more likely to remember more severe symptoms (46). Future prospective studies using methods such as symptom diaries
or serial interviews could reduce recall bias. Second,
a higher proportion of proxies were interviewed on
behalf of hospitalized case-patients. However, when
proxies were removed from the reduced multivariable model, the ORs were relatively stable, indicating
the proxies did not affect the association of symptoms
with hospitalization. In addition, although clinical
manifestation of viral respiratory diseases can differ
by age, we were unable to compare symptoms across
different age groups because of the high percentage
of proxy interviews for patients >65 years of age,
which resulted in fewer symptoms being reported
in that age group. Our findings might not apply to
all populations because of differences in age distribution, disease severity, testing practices, and socioeconomic status. Finally, because symptoms such as
seizure and hemoptysis were experienced by a small
number of participants, we were limited in our ability
to draw conclusions about their duration and associations with hospitalization status.
Overall, in this study, patients with COVID-19
commonly reported fever, cough, or dyspnea. However, other symptoms occurred frequently, less than
one quarter of participants reported any 1 individual
symptom as their initial symptom, and the frequency
of symptoms reported by hospitalized and nonhospitalized patients was notably different. A person’s
symptoms should be considered alongside local
disease prevalence and other epidemiologic factors
(e.g., age, underlying conditions, and exposures to
known and suspected COVID-19 cases) for clinical decision-making, such as testing and differentia
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diagnosis, and for determining appropriate public
health action for persons with potential COVID-19.
Clinicians should consider COVID-19 in addition
to other common respiratory pathogens in patients
with mild or nonspecific symptoms to help mitigate
the spread of the disease. Furthermore, public health
messaging should continue to encourage social distancing, use of masks, and good hand hygiene for
everyone and self-isolation for anyone with potential COVID-19 symptoms.
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Tickborne Ehrlichia in North Carolina
While caring for patients in North Carolina,
Dr. Ross Boyce began to suspect that tickborne
Ehrlichia was being underdiagnosed. His study
showed that Ehrlichia, despite being relatively
common, was only tested for in about a third of
patients thought to have a tickborne illness.
In this EID podcast, Dr. Ross Boyce, an infectious
disease physician at the University of North Carolina
at Chapel Hill, examines the prevalence and
diagnosis of Ehrlichia in North Carolina.
Visit our website to listen:

https://go.usa.gov/xy6UH
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Addressing COVID-19
Misinformation on Social Media
Preemptively and Responsively
Emily K. Vraga, Leticia Bode

Efforts to address misinformation on social media have
special urgency with the emergence of coronavirus disease (COVID-19). In one effort, the World Health Organization (WHO) designed and publicized shareable
infographics to debunk coronavirus myths. We used an
experiment to test the efficacy of these infographics,
depending on placement and source. We found that exposure to a corrective graphic on social media reduced
misperceptions about the science of 1 false COVID-19
prevention strategy but did not affect misperceptions
about prevention of COVID-19. Lowered misperceptions about the science persisted >1 week later. These
effects were consistent when the graphic was shared
by the World Health Organization or by an anonymous
Facebook user and when the graphics were shared preemptively or in response to misinformation. Health organizations can and should create and promote shareable
graphics to improve public knowledge.

T

he uncertainty around the emergence of severe
acute respiratory syndrome coronavirus 2, a novel coronavirus that causes coronavirus disease (COVID-19), has led to the rapid and widespread diffusion
of misinformation about the virus, its origins, and effective prevention and treatment strategies (1,2). Misinformation is not a new problem, but it poses particular challenges for infectious disease management
when public acceptance is required for prevention behaviors such as social distancing or wearing a mask.
As part of the effort to promote good information
over misinformation, the World Health Organization
(WHO) has created and publicized shareable infographics (“mythbusters”) that debunk specific myths
about COVID-19 (3). Research regarding the efficacy
of health organization websites designed to debunk
misinformation has yielded mixed results. Material
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from the Centers for Disease Control and Prevention
(CDC) regarding the influenza vaccine successfully
reduced misperceptions that the vaccine can cause
influenza or is unsafe but also reduced intentions to
get the vaccine among those concerned about its side
effects (4). Likewise, WHO material debunking Zika
virus rumors did not affect most targeted misperceptions and also reduced the accuracy of related beliefs
about Zika virus (5). These examples reinforce concern that repeating false information, even to correct
it, can strengthen belief in the myths (6,7).
In this study, we considered the effectiveness of
sharing WHO’s myth correction graphics on social
media specifically. This project differed from previous research in 2 ways. First, the graphic used in
every correction was clearly labeled as coming from
WHO, which may boost effectiveness compared with
research that did not prominently display the source
of the corrective material (4,5). Second, we considered exposure to someone sharing a specific correction graphic on social media, rather than to website
material more generally. Previous research has found
that observational correction, which occurs when
persons see misinformation being corrected on social
media and update their own attitudes in response, is
effective for emerging infectious disease topics such
as Zika virus (8,9) and for infectious diseases such as
influenza (10). We aimed to determine the effectiveness of social media sharing of a graphic that debunks
2 related coronavirus myths.
Methods
Study Design

In this study we considered the effectiveness of sharing a WHO graphic (on social media) that debunks 2
related coronavirus myths: that taking a hot bath both
raises body temperature and prevents coronavirus infection (Figure). Scientific evidence suggests that hot
baths can minimally affect body temperature; studies
have found a change of roughly 0.5°C –1.0°C in body
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Figure. Original World Health Organization myth buster graphic used in study of addressing COVID-19 misinformation on social media.
COVID-19, coronavirus disease.

temperature (11,12). Temperatures needed to deactivate coronavirus are typically >56°C (13–15), which
exceed safe bath temperatures; scalding is likely within 10 minutes at 48°C (16). In other words, this graphic explains the science for why hot baths do not prevent COVID-19 and directly disputes the prevention
efficacy of baths. The graphic follows many best practices for combating misinformation: it is fact-based,
colorful, simple, and easy to understand; focuses on
the fact rather than the myth; and includes a label
signaling that it comes from an expert source (7,9,10).
These aspects fulfill many of the 5 Cs of correction:
is consensus based, includes corroborating evidence,
and is consistent, coherent, and credible (6). Addressing the science behind why hot baths do not prevent
COVID-19 infection also corroborates the argument
with a science-based alternative explanation shown
to boost correction effectiveness (6,7,17). Therefore,
we expected that exposure to a post containing this
graphic would reduce the 2 misperceptions among
persons targeted by the graphic as compared with
persons who did not see any information on the topic.
Such a graphic might be shared in multiple ways,
which we also tested. The first factor manipulates
whether the graphic was shared preemptively on
a social media feed, compared with whether it was
shared in response to misinformation on the topic
(we refer to this as placement). When offered preemptively, a user shares the graphic as a social media
post without addressing the misinformation directly.

In this case, it might function like a fact check, addressing an inaccurate claim made elsewhere but
not directly linking to that claim on the social media
platform (18–20). Alternatively, the graphic could be
shared in response to someone posting misinformation. These responsive corrections are a relatively
common behavior (21) and reduce belief in misinformation among other social media users who witness
the correction (8,9,22). Given the relative dearth of research in this space, we explored whether preemptive
or responsive posting strategies are more effective in
reducing misperceptions.
The second factor manipulates who shares the
information. Previous research on correction has emphasized the ability of an expert source like WHO to
address misinformation (7,22,23) but offers mixed
evidence about the effectiveness of a single user in
correcting misinformation on social media (22,24).
Therefore, we expect that a graphic shared by WHO
will more effectively reduce misperceptions than the
same graphic (still with WHO branding) shared by an
unknown Facebook user.
In addition, we explored the combination of these
2 elements: who shared a graphic and whether it was
shared in response or preemptively. Although it is
not clear how these 2 elements interact, several possibilities seem plausible. For instance, it might seem
strange to see a powerful organization like WHO
responding directly to misinformation, making this
form of correction less effective for WHO but not for
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users. Alternatively, research suggests that a user
debunking a myth preemptively using facts might
be less effective than when sharing a correction after
misinformation (24), but we do not have research to
determine whether this pattern should similarly hold
for organizations. Although research does not clearly
specify what to expect, the interaction between source
and type of sharing is worth exploring.
Finally, not enough correction research has
been done to investigate the enduring effect of exposure to misinformation and its correction. Some
research suggests that corrections fade over time,
and the myth could actually be reinforced through
an illusory truth effect of seeing misinformation repeated (6,7). Alternatively, if the correction follows
best practices by emphasizing facts and providing
an alternative explanation, as we believe the WHO
graphic does, lowered misperceptions may endure
over time. Therefore, we tested whether the effects
of correction endure over 1 week.
Experimental Design

An experimental design enabled us to best consider
the effects of who corrected and whether the correction was in response to misinformation or independent of it. This experiment received approval from
the Institutional Review Board at the University of
Minnesota on April 27, 2020.
We fielded a survey experiment to 1,596 participants during May 4–5, 2020 (wave 1) using Amazon’s
Mechanical Turk service (https://www.mturk.com).
Of these, 1,453 were willing to continue participation
and 1,419 passed an attention check in the first wave
of the study; these participants were contacted 1 week
later (on May 12, with a recontact on May 14) for a follow-up survey (wave 2). A total of 1,122 participants
(79%) completed wave 2 an average of 7.5 days later
(mean 7.54, SD 0.75).
Each participant viewed a screenshot of a Facebook feed and was asked to read it as if it were on
their own feed (Appendix 1, https://wwwnc.cdc.
gov/EID/article/27/2/20-3139-App1.pdf).
The
experiment consisted of 6 experimental conditions (Appendix 2, https://wwwnc.cdc.gov/EID/
article/27/2/20-3139-App2.pdf): a pure control condition, a misinformation-only condition, and 4 correction conditions manipulated in a crossed factorial
design with the 2 factors we described earlier: placement (preemptive versus responsive) and source
(WHO versus user).
In the pure control condition, participants
viewed 5 control posts on the simulated feed. In
the misinformation-only condition, they viewed the
398

same 5 posts, with the addition of a misinformation
post: a status posted by a user saying “This is such
an easy thing to do! Take a hot bath to keep yourself healthy and protect you from coronavirus!” on a
bright pink background.
For all correction conditions, participants viewed
the same WHO infographic, which prominently labels the source, to isolate the effects of who is sharing
the graphic rather than the graphic itself. Those who
viewed the preemptive correction saw the correction
infographic as the second post in the feed, posted either by WHO or by a social media user but with no
misinformation post as part of the feed. Those who
viewed the responsive correction saw the misinformation post described earlier, with the corrective
graphic posted in response, either by a user or by
WHO in the form of a WHO “info bot.” Although no
such bot exists as far as we know, WHO and Facebook have partnered to offer a Facebook messenger
bot to answer user questions about coronavirus (25),
so this sort of correction is plausible, if not currently
being deployed. Moreover, a bot offers a scalable and
realistic responsive mechanism, rather than assuming
that WHO would directly respond to individual Facebook users on their official feeds.
After exposure to the simulated Facebook feed
in wave 1, participants answered questions regarding their beliefs regarding the myths targeted by the
WHO graphic to measure misperceptions about body
temperature and COVID-19 prevention (Appendix
3,
https://wwwnc.cdc.gov/EID/article/27/2/203139-App3.pdf). These questions were replicated in
wave 2 of the study.
Sample Characteristics

Of the 1,596 participants who completed our initial
survey, participants skewed male (62.9%) and highly
educated (72% had a bachelor’s degree or higher).
Participants averaged 37 years of age (mean 36.94
years, SD 11.31 years), were relatively diverse in
terms of race and ethnicity (18.5% African-American,
7.9% Asian-American, 70.6% White; 21.3% considered themselves Hispanic or Latino) and income (median $50,000–$75,000) and leaned Democratic (5-point
scale, mean 3.73, SD 2.00) and liberal (5-point scale,
mean 3.69, SD 1.93). These characteristics were consistent among participants who completed the second
wave of the study (Appendix 2 Table 1).
Statistical Analysis

We performed 2 sets of analyses based on our preregistration (26). First, we compared each of the experimental conditions to the pure control condition using
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linear regression to determine whether the corrections
reduced misperceptions as compared with baseline
beliefs (absent any information regarding hot baths
or COVID-19). We replicated these analyses for wave
2. Second, we isolated the effects of source and placement using a regression approach (not preregistered)
excluding both the control and misinformation-only
conditions, and entering 2 factors (placement and
source) as well as the interaction between the two.
Results
Wave 1

First, we tested the effects of correction on misperceptions related to the effects of a hot bath on body
temperature and COVID-19 prevention for wave
1. We limited these regression analyses to the 1,543
persons who passed a premanipulation attention
check (Appendix 4, https://wwwnc.cdc.gov/EID/
article/27/2/20-3139-App4.pdf). Exposure to the
WHO graphic in any condition reduced misperceptions that a hot bath will raise body temperature as
compared with the control, but had no effects on
misperceptions that a hot bath will prevent COVID-19 infection (Table 1). When comparing the types
of correction to each other, we found no differences
by either source or placement, nor by the interaction
between the 2 categories (Table 2). In other words,
corrections were equally effective for body temperature misperceptions (and ineffective for COVID-19
prevention misperceptions) whether they came from
a user or from WHO and when they were preemptive
as well as responsive.
Wave 2

We replicated these analyses with the 1,110 participants who completed the follow-up survey and
passed the attention check for wave 2 (12 participants failed the attention check in wave 2), controlling for the amount of time between taking the 2
waves of the survey. We found that exposure to the

WHO preemptive, WHO responsive, or user responsive corrections all produced lower misperceptions
than the control condition at wave 2 for body temperature misperceptions (Table 3). We also found
that those exposed to the WHO responsive correction had significantly lower COVID-19 prevention
misperceptions 1 week later than those in the control condition; results showed an average decline
of 11% in COVID-19 prevention misperceptions
from the control to the WHO responsive correction.
However, the overall model predicting COVID-19
misperceptions was not significant, meaning that
there were no differences in means averaged across
the 6 experimental conditions even though there
was a significant difference in directly comparing
the WHO responsive correction to control condition,
so this result must be interpreted with caution. We
again found no significant differences in either type
of misperceptions based on the source of the graphic
(WHO versus Facebook user) or whether it was offered preemptively or responsively (Table 4).
Discussion
Efforts to address misinformation on social media
have taken on special urgency with the emergence of
COVID-19. Mitigating the risks associated with COVID-19 requires sustained public action, so misinformation that promotes false preventives or cures can
hinder necessary behaviors to reduce the spread of
the disease. In this study, we tested whether sharing
graphics from WHO designed to address COVID-19
misinformation can reduce misperceptions. Our results suggest that although these graphics do not affect all misperceptions, reductions in misperceptions
that do occur persist over time.
Notably, exposure to the WHO graphic in any form
reduced immediate misperceptions about the science
of a false preventive for COVID-19 (that a hot bath can
raise body temperature), and this reduction was maintained for at least 1 week for 3 of the 4 correction conditions. This finding suggests that understanding of

Table 1. Comparing participants in correction conditions to control condition for wave 1 using regression analysis in study of
addressing COVID-19 misinformation on social media*
Body temperature
COVID-19 prevention
Condition
Beta
SE
Beta
SE
Pure control [reference]
–
–
–
–
Misinformation only
–0.06
0.08
–0.13
0.09
WHO preemptive
–0.40‡
0.09
–0.12
0.09
User preemptive
–0.26†
0.08
–0.10
0.09
WHO responsive
–0.46‡
0.08
–0.14
0.09
User responsive
–0.30‡
0.08
–0.05
0.09
Adjusted R2
0.028‡
0.000
*Adjusted R2 indicates the variance explained by the overall model. COVID-19, coronavirus disease; WHO, World Health Organization.
†p<0.01.
‡p<0.001.
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Table 2. Comparing participants among the 4 correction conditions for wave 1 using regression analysis in study of addressing
COVID-19 misinformation on social media*
Body temperature
COVID-19 prevention
Condition
Beta
SE
Beta
SE
WHO (vs. user)
–0.13
0.11
–0.03
0.11
Responsive (vs. preemptive)
–0.04
0.11
0.05
0.11
Interaction
–0.03
0.15
–0.06
0.16
Adjusted R2
0.002
0.000
*Adjusted R2 indicates the variance explained by the overall model. COVID-19, coronavirus disease; WHO, World Health Organization.

the science behind why hot baths do not prevent COVID-19 prevention does not deteriorate rapidly.
Although these effects on reducing science-related misperceptions show the promise of the WHO
graphics as myth busters on social media, we did not
see a parallel reduction in the related misperceptions
regarding prevention efficacy (that a hot bath will prevent COVID-19 infection). We offer several post hoc
explanations for these findings. First, we suspect that
a floor effect may partially explain these null effects;
even in the control condition in wave 1, participants
were largely well informed, rating the argument that
a hot bath can prevent COVID-19 infection as at least
probably false (55.8% had an average score <2 or less
on a scale of 1, definitely false, to 5, definitely true). In
contrast, only 17.5% believed that the claim that a hot
bath can raise body temperature was probably false,
offering more leverage to change beliefs. Second,
motivated reasoning may make persons more resistant to updating beliefs as issues around COVID-19
and the WHO become more politicized in the United
States (27); this motivated reasoning is likely less operant for the science of why such prevention is not
effective. Third, persons may have thought that the
science regarding hot baths and their effects on body
temperature is better established given longstanding
research (11,12), boosting confidence in the validity of
the correction. Given high levels of scientific as well
as public uncertainty regarding COVID-19 (28), the
public may have been less convinced regarding the
scientific evidence that a hot bath does not prevent
COVID-19.

Finally, the fact that a hot bath does not raise
body temperature may not be the only (or even the
most prominent) reason that persons may believe that
taking a hot bath decreases the risk of COVID-19 infection. A supplemental analysis (Appendix 5 Table
1,
https://wwwnc.cdc.gov/EID/article/27/2/203139-App5.pdf) provides some evidence for this explanation. In the pure control condition, the correlation between misperceptions that a hot bath raises
body temperature and a hot bath can prevent COVID-19 is not significant (Pearson’s correlation coefficient r = 0.06; p = 0.16). In the misinformation-only
condition, the correlation is not significantly stronger
than in the control condition (p = 0.27). However, for
both WHO correction conditions, the correlation is
significantly stronger than both the pure control and
misinformation conditions (p<0.05). This preliminary
evidence suggests that the correction, especially when
shared by WHO, helps participants mentally link the
science claim and the prevention claim; however, this
explanation accounts for, at most, 18% of variance in
COVID-19 prevention beliefs. Therefore, the explanation for why hot baths do not prevent COVID-19 is
not the only factor in persons’ beliefs about prevention efficacy.
These effects were consistent whether the graphic was shared by WHO itself or by another user. We
suspect the similar effects between users and WHO,
in contrast to earlier research suggesting experts were
more effective than users (22,23), may result from
the prominent labeling of WHO within the graphic
itself, boosting the credibility of the post. Therefore,

Table 3. Comparing participants in correction conditions to control condition for wave 2 using regression analysis in study of
addressing COVID-19 misinformation on social media*
Body temperature
COVID-19 prevention
Condition
Beta
SE
Beta
SE
Time gap
0.05
0.04
–0.01
0.04
Pure control [reference]
–
–
–
–
Misinformation only
–0.09
0.10
–0.20
0.10
WHO preemptive
–0.29†
0.11
–0.13
0.11
User preemptive
–0.08
0.11
–0.09
0.10
WHO responsive
–0.35†
0.11
–0.22‡
0.10
User responsive
–0.21‡
0.11
–0.10
0.11
Adjusted R2
0.010†
0.001
*Adjusted R2 indicates the variance explained by the overall model. COVID-19, coronavirus disease; WHO, World Health Organization.
†p<0.01.
‡p<0.05.
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Table 4. Comparing participants among the 4 correction conditions for wave 2 using regression analysis in study of addressing
COVID-19 misinformation on social media*
Body temperature
COVID-19 prevention
Condition
Beta
SE
Beta
SE
Gap
0.09
0.06
–0.01
0.06
WHO (vs. user)
–0.21
0.13
–0.05
0.13
Responsive (vs. preemptive)
–0.14
0.13
–0.01
0.13
Interaction
0.08
0.19
–0.07
0.18
Adjusted R2
0.006
0.000
*Adjusted R2 indicates the variance explained by the overall model. COVID-19, coronavirus disease; WHO, World Health Organization.

mobilizing users to share WHO’s graphics may produce similar effects in reducing misperceptions.
We found limited evidence that preemptive corrections differ in their effectiveness from reactive corrections. Preemptive and responsive corrections are
equally effective when considering whether hot baths
affect body temperature, both immediately and over
time. Likewise, both are unsuccessful in affecting
misperceptions about the efficacy of hot baths to prevent COVID-19 infection immediately after exposure
to the correction. If preemptive corrections are effective in reducing misperceptions for (some) myths,
persons need not wait until seeing someone share
misinformation but can share the posts created by official expert organizations to address misperceptions
in society at large. Thus, more attention is needed to
find ways to motivate persons to share those types of
corrections on their feeds.
However, the reactive correction addresses both
the prevention efficacy of a hot bath (which is raised
by the misinformation post) and the science behind
this explanation, which is not addressed in the misinformation post. If the misinformation had also offered an explanation for why a hot bath supposedly
reduces COVID-19 risk through raising body temperature, perhaps a reactive correction would be more
effective. Although research suggests that false cures
and preventives are a major subset of COVID-19
misinformation (2), these studies do not elaborate
on whether the misinformation contains false claims
about the science behind the myth. We suspect that
providing false explanations is a subset of misinformation claims and therefore chose to have the misinformation post include only the COVID-19 prevention myth to enhance external validity. Best practices
for correction suggest that including an alternative
explanation and corroborating evidence enhances the
power of corrections (6,7,17). Furthermore, emerging
research suggests that correcting a related myth not
raised in the misinformation can reduce misperceptions on that related myth, serving as an alternative
form of preemptive correction (29).
We did find 1 case in which a responsive correction from WHO may be more effective than the other

corrections: exposure to the WHO responsive condition reduces misperceptions that a hot bath can prevent COVID-19 infection as compared with the control condition 1 week later, although this result must
be interpreted with caution given the insignificance
of the model overall and the limited amount of variance explained. If this result holds, it could be that the
WHO responsive condition is the most memorable,
and therefore had the most lasting effect on misperceptions, which future research should test.
We also found that both body temperature and
COVID-19 prevention misperceptions were lower
in wave 2 than in wave 1 for both the control and
misinformation conditions (Appendix 5 Table 2).
We suspect that the debriefing that all participants
viewed at the end of wave 1 of the study, which included the WHO graphic and explained the myth,
functioned as a correction itself (as intended to reduce potential misperceptions). Therefore, it is noteworthy that some correction conditions reduced hot
bath misperceptions even further in wave 2 compared with the control, which reinforces the value of
multiple corrections (7,22).
This study’s limitations suggest caution in interpreting our findings. First, we relied on a diverse
but unrepresentative sample of the US public, most
notably skewing educated and male. Future research
should explore these effects among a representative
sample and samples outside the United States, including countries where the worst of the pandemic has
passed and ones that are struggling to contain new
outbreaks, to examine how these contexts affect the
relationships we observed here. Second, although our
study suggests that the WHO graphics have potential
given their effects on body temperature misperceptions, low levels of initial belief that hot baths can prevent COVID-19 limited our ability to perceive potential effects on prevention efficacy. Similarly, the post
promoting misinformation about hot baths preventing COVID-19 was largely not persuasive in generating misperceptions. Future research should consider
efforts to debunk more prominent or plausible COVID-19 myths. Third, we selected a myth with little
partisan divide; we cannot speak to whether these
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graphics would be effective for politically polarized
myths (11). Fourth, the effect sizes explained were
relatively small, so corrections should be deployed
as part of a larger health communication strategy for
promoting accurate COVID-19 information.
Despite these limitations, this study offers several practical and theoretical advancements. First, we
found little evidence of a backfire effect in promoting
misperceptions of sharing the WHO’s infographics
on social media. This finding not only fits with increasing evidence about the rarity of backfire effects
(30) but is also reassuring that sharing the graphics
at least does no harm. Second, we find that preemptively sharing these graphics can be effective. Users
and organizations can debunk misinformation circulating in society by sharing high-quality information
on social media emphasizing the facts without waiting to see it shared directly in their feeds, which expands the opportunities for observational correction
to occur. Third, we found that a WHO bot that directly responds to misinformation may be a particularly effective technique. Partnerships with platforms
may enable these automated responses to prominent
myths, furthering the reach of expert organizations.
Creating easily shared graphics that promote facts
in spaces in which misinformation abounds appears
promising as part of a broader strategy to enable more
efficient and effective corrections on social media.
Funding for this project was provided by the University of
Minnesota and Georgetown University.
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Universal Admission Screening
for SARS-CoV-2 Infections
among Hospitalized Patients,
Switzerland, 2020
Thomas Scheier, Adrian Schibli, Geri Eich, Christian Rüegg, Frank Kube,
Adrian Schmid, Urs Karrer, Aline Wolfensberger, Hugo Sax, Peter W. Schreiber

Switzerland began a national lockdown on March 16,
2020, in response to the rapid spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). We assessed the prevalence of SARS-CoV-2 infection among
patients admitted to 4 hospitals in the canton of Zurich,
Switzerland, in April 2020. These 4 acute care hospitals
screened 2,807 patients, including 2,278 (81.2%) who
did not have symptoms of coronavirus disease (COVID-19). Overall, 529 (18.8%) persons had >1 symptom
of COVID-19, of whom 60 (11.3%) tested positive for
SARS-CoV-2. Eight asymptomatic persons (0.4%) also
tested positive for SARS-CoV-2. Our findings indicate
that screening on the basis of COVID-19 symptoms, regardless of clinical suspicion, can identify most SARSCoV-2–positive persons in a low-prevalence setting.

I

n late 2019, a pneumonia of unknown etiology
emerged in Wuhan, Hubei Province, China. In
early 2020, public health officials identified the illness
as coronavirus disease (COVID-19) and its causative
agent as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The World Health Organization
declared a pandemic on March 11, 2020 (1–3), in response to the rapid international spread of COVID-19.
The transmission mode of SARS-CoV-2 is not
fully understood; it is thought to be spread mostly
by respiratory droplets and direct contact (4–6). The
median incubation period is ≈5 days (7,8). Among
symptomatic patients, men are affected slightly
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more frequently than women (9,10). COVID-19 has
many manifestations, ranging from mild upper airway symptoms to acute respiratory distress syndrome. Common signs and symptoms of COVID-19
include fever, cough, sputum production, and fatigue (11,12). A high proportion of hospitalized COVID-19 patients have concurrent conditions such as
arterial hypertension, diabetes mellitus, or coronary
heart disease (13–17).
In March 2020, Rothe et al. published evidence
of asymptomatic SARS-CoV-2 transmission (18), and
evidence that asymptomatic or presymptomatic persons can transmit SARS-CoV-2 infection has continued to increase (19,20). In many healthcare settings,
the number of persons with asymptomatic SARSCoV-2 infection is unknown. Asymptomatic persons
and healthcare workers can contract and spread the
infection among hospitalized patients. Many hospitalized patients, who frequently are >65 years of age,
have concurrent conditions, or both, are at risk for severe COVID-19.
In consideration of these circumstances, hospitals must take precautions to prevent the spread of
SARS-CoV-2. For example, some hospitals might
screen patients for SARS-CoV-2 infection within
24 hours before an elective intervention (21). Some
well-resourced healthcare settings in high incidence
areas might benefit from testing patients without
COVID-19 symptoms (22). In the canton of Zurich,
Switzerland, 4 hospitals introduced universal admission screening of all hospitalized patients in
April 2020. We used the results of this screening to
assess SARS-CoV-2 prevalence among hospitalized
patients and to evaluate the additional yield of a universal screening strategy compared to a symptomdriven approach.
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Methods and Materials
Study Population Characteristics

The canton of Zurich is a region in northeast Switzerland that has a population of ≈1.5 million inhabitants. The canton has 32 registered hospitals, of which
31 publicly report annual discharge numbers. These
31 hospitals discharged 237,919 patients in 2018 (23).
During April 1–24, 2020, four hospitals conducted
universal admission screening for SARS-CoV-2 (Table 1). The participating sites included the 3 largest
hospitals in the canton, which accounted for ≈44%
of discharges in 2018 (Table 1). Screening periods
ranged from 11–24 days. The Zurich Cantonal Ethics
Commission (Req-2020–00441) waived the requirement for a formal ethical evaluation according to the
Swiss Human Research Act.
Testing for SARS-CoV-2

During the screening period, the hospitals tested all
patients >16 years of age for SARS-CoV-2 infection,
regardless of signs or symptoms. At the time, the
health authorities of the canton supported the policy
of universal admission screening. Hospital staff informed admitted patients about SARS-CoV-2 testing
as a new routine diagnostic procedure. Staff collected
a nasopharyngeal swab sample from each patient
and tested the samples by PCR. A single laboratory
conducted diagnostic procedures for the University
Hospital of Zurich (USZ) and GZO Wetzikon (GZO).
The other 2 hospitals, City Hospital Triemli (STZ) and
Cantonal Hospital Winterthur (KSW), sent samples to
separate laboratories. The laboratory that conducted
diagnostic procedures for USZ and GZO also tested
and confirmed all SARS-CoV-2–positive samples
from patients at STZ and a random subset of SARSCoV-2–positive samples from patients at KSW. PCR
methods varied among the participating study sites
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/2/20-2318-App1.pdf).
Symptom Information Collection

Hospital staff assessed each patient for signs and
symptoms of COVID-19 at admission. In accordance
with guidance provided by the Swiss Federal Office
for Public Health, staff considered cough, dyspnea,

temperature >38.0°C or feeling feverish, sore throat,
and myalgia as possible signs and symptoms of
COVID-19 (24). The assessment focused on symptoms at the time of the nasopharyngeal sample.
Staff also noted whether suspected COVID-19 was
the primary reason for admission. Before beginning
the study, all participating sites agreed to prospectively collect these variables and document them in
medical records. Staff extracted these data from the
medical records and entered them into an electronic
case report form. When information in the medical
chart was inconclusive, we contacted the treating
physician or the patient for clarification. At admission, patients were categorized as asymptomatic,
(i.e., absence of all COVID-19 signs or symptoms) or
symptomatic (i.e., presence of >1 COVID-19 sign or
symptom). We compared our results with cantonal
data (COVID-19 Informationen Schweiz, https://
www.corona-data.ch).
Statistical Analyses

We analyzed deidentified patient data submitted
through an electronic case report form. We conducted
statistical analysis using R version 3.3.2 (The R Foundation, https://www.r-project.org). We analyzed the
medians and interquartile ranges of continuous variables and frequencies of categorical variables.
Results
Incidence of COVID-19

In the canton of Zurich, which has ≈1.5 million inhabitants, the first case of COVID-19 was documented on February 27, 2020 (25; Figure 1). The daily
incidence of new SARS-CoV-2 infections peaked at
364 cases on March 23, 2020. During the screening
period (April 1–24, 2020), the median daily incidence was 40 cases (interquartile range [IQR] 27–87
cases), corresponding to a rate of 2.7 cases/100,000
inhabitants (COVID-19 Informationen Schweiz,
https://www.corona-data.ch).
Study Population

Hospital staff screened 2,807 patients for SARS-CoV-2
infection (Table 2). The median age was 60 years
(IQR 39–74 years); 1,368 (48.7%) patients were men

Table 1. Characteristics of 4 hospitals in study on severe acute respiratory syndrome coronavirus 2, canton of Zurich, Switzerland,
2020
Hospital
No. beds
No. patients in 2018
Screening period
GZO Wetzikon
156
10,368
2020 Apr 8–2020 Apr 24
Cantonal Hospital Winterthur
445
27,451
2020 Apr 9–2020 Apr 19
City Hospital Triemli
396
24,335
2020 Apr 8–2020 Apr 24
University Hospital of Zurich
941
41,916
2020 Apr 1–2020 Apr 24
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Figure 1. Incidence of severe
acute respiratory syndrome
coronavirus 2 infection, canton
of Zurich, Switzerland, 2020.
Data reported as absolute
number of daily new diagnosed
cases. Red vertical line
indicates start of lockdown
in Switzerland. Gray shading
indicates study period.

and 1,439 (51.3%) women. At admission, 529 (18.8%)
patients had >1 sign or symptom of COVID-19: 205
(7.3%) had temperatures >38.0°C or felt feverish, 192
(6.8%) had cough, 282 (10.0%) had dyspnea, 30 (1.1%)
had sore throats, and 27 (1.0%) had myalgia. A total
of 164 patients (5.8% of the whole study population)
were hospitalized primarily for suspected COVID-19.
PCR Results

Overall, 68 (2.4%) patients tested positive for SARSCoV-2 RNA by PCR. Of the 529 patients with >1 sign
or symptom of COVID-19, 60 (11.3%) tested positive.
In contrast, only 8 (0.4%) of 2,278 patients without
symptoms tested positive (Table 2). SARS-CoV-2 infection was diagnosed in 6 (8.8%) patients at GZO,
6 (8.8%) patients at KSW, 16 (23.5%) patients at
STZ, and 40 (58.8%) patients at USZ. Asymptomatic
SARS-CoV-2–positive patients were identified at all
4 hospitals: 1 (12.5%) patient at GZO, 3 (37.5%) patients at KSW, 1 (12.5%) patient at STZ, and 3 (37.5%)
patients at USZ.

Of the 164 patients admitted primarily for suspected COVID-19, 52 (31.7%) tested positive for
SARS-CoV-2 infection by PCR. Of all SARS-CoV-2–
infected patients, 38 (55.9%) had temperatures
>38.0°C or felt feverish, 40 (58.8%) had cough, 27
(39.7%) had dyspnea, 8 (11.8%) had sore throats, and
13 (19.1%) had myalgia. Among symptomatic COVID-19 patients, the most common manifestations
were cough and fever (27; 45%), cough and dyspnea
(17; 28.3%), and dyspnea and fever (14; 23.3%) (Figure 2). The absence of COVID-19 signs or symptoms
yielded a negative predictive value of 99.6% for
SARS-CoV-2–infection.
Discussion
In this prospective multicenter study, hospital staff tested 2,807 patients, of whom 2,278 (81.2%) did not have
signs or symptoms of COVID-19. In total, 68 (2.4%) patients tested positive for SARS-CoV-2 infection by PCR.
Of SARS-CoV-2–positive patients, 8 (11.8%) were asymptomatic, corresponding to 0.4% of patients without

Table 2. Characteristics of hospitalized patients in study on severe acute respiratory syndrome coronavirus 2, canton of Zurich,
Switzerland, 2020*
PCR results for severe acute respiratory syndrome coronavirus 2
Characteristic
Total
Negative
Positive
Total
2,807
2,739 (97.6)
68 (2.4)
Hospital
GZO Wetzikon
283
277 (97.9)
6 (2.1)
Cantonal Hospital Winterthur
409
403 (98.5)
6 (1.5)
City Hospital Triemli
583
567 (97.3)
16 (2.7)
University Hospital Zurich
1,532
1,492 (97.4)
40 (2.6)
Median age, y (IQR)
60 (39–74)
60 (39–74)
54.5 (44.5–69)
Sex
M
1,368
1,330 (97.2)
38 (2.8)
F
1,439
1,409 (97.9)
30 (2.1)
Symptoms
Any symptom of coronavirus disease
529
469 (88.7)
60 (11.3)
Fever/feeling feverish
205
167 (81.5)
38 (18.5)
Cough
192
152 (79.2)
40 (20.8)
Dyspnea
282
255 (90.4)
27 (9.6)
Sore throat
30
22 (73.3)
8 (26.7)
Myalgia
27
14 (51.9)
13 (48.1)
*Values are no. (%) except as indicated.
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Figure 2. Frequency of >1 symptom of coronavirus disease among patients with symptomatic severe acute respiratory syndrome
coronavirus 2 infection, canton of Zurich, Switzerland, 2020. Red indicates fever/feeling feverish; orange indicates cough; brown
indicates dyspnea; blue indicates sore throat; yellow indicates myalgia. Unicolor bars indicate 1 symptom; multicolor bars indicate
combination of >2 symptoms.

signs or symptoms of COVID-19. We found that 99.6%
of patients without COVID-19 signs or symptoms tested
negative for SARS-CoV-2 infection.
On March 16, 2020, the rapid increase in COVID-19 incidence prompted the government of Switzerland to implement and enforce preventive measures including social distancing and the closure of
restaurants, bars, entertainment businesses (e.g., cinemas, libraries, museums), and all shops that could
not guarantee a minimum distance of 2 meters between persons (26). These measures contributed to a
sharp decline in COVID-19 incidence. In the canton
of Zurich, the incidence of COVID-19 decreased after
March 23, 2020, ≈1 week after the lockdown began in
Switzerland. This study started on April 1, 2020, ≈2
weeks after the beginning of lockdown.
Because of the successful control measures for
COVID-19 and the low prevalence of influenza and
other respiratory viruses, <20% of the study population had signs or symptoms of COVID-19. Among
all persons with SARS-CoV-2 infection, the most

frequent symptoms were cough (58.8%) and fever
(55.9%), consistent with other reports (9,11).
We conducted this study because of reports of a
large proportion of persons with asymptomatic SARSCoV-2 infection (18,19,27). In this study, only 0.4% of
persons without signs or symptoms of COVID-19
tested positive for SARS-CoV-2 infection. More than
88% of SARS-CoV-2–positive persons had >1 sign or
symptom of COVID-19. Our findings are in contrast
to Sutton et al. (28), who found that 33 (15.4%) of 214
pregnant women tested positive for SARS-CoV-2 infection at time of hospitalization for delivery. Only
4 of those women had COVID-19 symptoms at admission; symptoms developed in 3 more women in
the following days. During the study period in New
York, NY, USA, from March 22–April 4, a median of
4,958 persons (59 cases/100,000 inhabitants) tested
positive for SARS-CoV-2 infection each day (28). This
rate is ≈22 times higher than that for the canton of
Zurich (median 2.7 cases/100,000 inhabitants) during the period of our study (29,30). Similarly, Kimball
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et al. (31) reported that 23 (30.3%) of 76 residents in a
skilled nursing home tested positive for SARS-CoV-2
infection during a local COVID-19 outbreak. At the
time of testing, 13 (56.5%) SARS-CoV-2–positive
persons were asymptomatic or had stable, chronic
symptoms; COVID-19 symptoms developed in 10
of these 13 previously asymptomatic persons during
the 7 days after testing (31). The delayed development of symptoms probably indicates that the cases
were diagnosed during a presymptomatic period.
Another recent study tested for SARS-CoV-2 infection among different subsets of the population in Iceland (32). In an open invitation sample of residents
of Iceland with no or mild respiratory symptoms
(32), 87 (0.8%) tested positive for SARS-CoV-2 infection; 36 (41.4%) of these persons were asymptomatic.
Researchers also tested a random sample of 2,283
persons living in Iceland, of whom 13 (0.6%) tested
positive for SARS-CoV-2 infection; 7 (53.8%) of these
persons were asymptomatic. Both sample populations had a 0.3% proportion of persons with asymptomatic SARS-CoV-2 infections (36/10,797 persons in
the open invitation sample and 7/2,283 persons in the
random sample) (32), which is similar to the proportions in our findings (8/2,807 persons; 0.3%). The difference in the proportions of asymptomatic persons
among those with SARS-CoV-2 infection (11.8% in
this study vs. 41.4% in the open invitation and 53.8%
in the random samples from Iceland) (32) might have
been caused by an overrepresentation of symptomatic persons in our study because COVID-19–compatible symptoms are probably more common among
admitted hospital patients.
Identifying and isolating persons with SARSCoV-2 infection is critical to containing COVID-19.
Because of limited testing capacity, healthcare providers must use resources strategically (33). Our findings indicate that screening on the basis of COVID-19
symptoms, regardless of clinical suspicion, can identify nearly all SARS-CoV-2–infected persons in the
studied epidemiologic setting. Because COVID-19 has
a broad spectrum of clinical manifestations, healthcare providers should screen patients for symptoms
at admission. By only testing symptomatic patients,
healthcare providers can use >80% fewer tests; however, this strategy would not identify 0.4% of SARSCoV-2 infections. For every ≈285 persons without
symptoms whom we tested, we identified 1 asymptomatic SARS-CoV-2 infection. Whether asymptomatic persons are as infectious as symptomatic persons
is unknown. At the time of this study, no quantitative SARS-CoV-2 reporting existed; this lack of data
hindered a comparison of viral replication between
408

asymptomatic and symptomatic persons. Additional
studies on this topic are urgently needed.
Our study has limitations. First, all participants
were tested only once for SARS-CoV-2 infection at admission; no routine follow-up tests were scheduled,
regardless of patient signs or symptoms. The lack
of follow-up testing might have missed some cases
of SARS-CoV-2 infection. Second, we did not collect
information on the patients’ potential exposures to
SARS-CoV-2 or any other agents of respiratory illness. Third, different laboratories conducted the
PCRs with different methods. However, we ensured
the validity of results from different laboratories by
retesting a subset of SARS-CoV-2–positive samples at
another laboratory. Fourth, our findings must be considered in the epidemiologic context; they do not apply to high-prevalence settings with active outbreaks.
Fifth, we did not collect information about patients’
COVID-19 symptoms during the previous 2 weeks.
We also did not conduct follow-up evaluations of
symptoms in patients who were asymptomatic at
admission. Further studies should evaluate whether
these asymptomatic patients might have been presymptomatic or recovering from COVID-19 at admission. Sixth, we did not collect information on ageusia
and anosmia, which were later described as characteristic symptoms among mild and moderate cases of
COVID-19 (34). Including these variables might have
increased the number of symptomatic persons among
SARS-CoV-2–infected patients.
This prospective study benefited from a multicenter design and the availability of data on regional
incidence of COVID-19. We selected study sites that
accounted for ≈44% of all patient discharges in the
canton in 2018 and included the 3 largest hospitals
(23) and were therefore representative of the canton
of Zurich. In addition, no admitted patients refused to
participate in the screening for SARS-CoV-2.
In conclusion, universal testing for SARS-CoV-2
of all patients at hospital admission in this region of
Switzerland did not identify a substantial number of
asymptomatic infections in a low-prevalence setting.
Future studies are needed to delineate the role of asymptomatic SARS-CoV-2–infected persons as transmitters in the current pandemic.
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and Coronavirus Disease and
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Acute Respiratory Syndrome
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Since the 2009 influenza pandemic, the Netherlands
has used a weekly death monitoring system to estimate
deaths in excess of expectations. We present estimates
of excess deaths during the ongoing coronavirus disease (COVID-19) epidemic and 10 previous influenza
epidemics. Excess deaths per influenza epidemic averaged 4,000. The estimated 9,554 excess deaths (41% in
excess) during the COVID-19 epidemic weeks 12–19 of
2020 appeared comparable to the 9,373 excess deaths
(18%) during the severe influenza epidemic of 2017–18.
However, these deaths occurred in a shorter time, had a
higher peak, and were mitigated by nonpharmaceutical
control measures. Excess deaths were 1.8-fold higher
than reported laboratory-confirmed COVID-19 deaths
(5,449). Based on excess deaths and preliminary results
from seroepidemiologic studies, we estimated the infection-fatality rate to be 1%. Monitoring of excess deaths
is crucial for timely estimates of disease burden for influenza and COVID-19. Our data complement laboratoryconfirmed COVID-19 death reports and enable comparisons between epidemics.

I

nfluenza and coronavirus disease (COVID-19) are
respiratory illnesses that show a high burden of
disease. Comparison of their effect on death rates
is critical in light of the discussion, especially early
in the COVID-19 pandemic, whether deaths from
Author affiliations: National Institute for Public Health and the
Environment, Bilthoven, the Netherlands (L. van Asten,
D. Klinkenberg, A.C. Teirlinck, M.M.A. de Lange, A. Meijer,
J. van de Kassteele, A.B. van Gageldonk-Lafeber, S. van den Hof,
W. van der Hoek); Statistics Netherlands, the Hague, the
Netherlands (C.N. Harmsen, L. Stoeldraijer)
DOI: https://doi.org/10.3201/eid2702.202999

COVID-19 are comparable to or higher than deaths
from influenza. With the yearly influenza season
nearing the Northern Hemisphere, the comparison
of burden will remain essential because the 2 viruses
might continue to affect populations.
The ongoing COVID-19 pandemic and previous seasonal influenza epidemics have led to deaths
exceeding the levels that are normally expected in
a certain period (i.e., excess deaths) (1,2). Although
the contribution of either COVID-19 or influenza
(3,4) to excess all-cause deaths can only be estimated, this information is pivotal for real-time monitoring of the impact and severity of any epidemic (5)
by providing timely and inclusive estimates (6). In
the case of influenza, there is no alternative to estimates because only a fraction of patients with influenza-like illness (ILI) or severe acute respiratory
infections are tested for influenza virus infection (7).
Thus, the number of laboratory-confirmed influenza deaths is not a useful indicator and it is also delayed. COVID-19, which must be reported, is subject
to closer monitoring and more extensive laboratory
testing than influenza in most countries. However,
as with influenza, deaths from laboratory-confirmed
cases of COVID-19 are an underestimate of the total
number of deaths from this disease.
We provide an estimate of the excess deaths observed during the COVID-19 epidemic in the Netherlands in March–May 2020, in comparison with
excess deaths observed during the previous 10 influenza epidemics. In addition, we compared the excess
COVID-19 death estimates with reported COVID-19
deaths and provide a timely preliminary estimate of
the infection-fatality rate of COVID-19.
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Methods
Data

Defining Periods of Influenza, COVID-19, and
Mixed Epidemics

To estimate excess deaths during influenza and
COVID-19 epidemics and their relationship with
reported COVID-19 deaths, we used the following resources. First, weekly number of deaths are
monitored at the National Institute for Public Health
and the Environment (Bilthoven, the Netherlands
[RIVM]) by using death registrations from Statistics
Netherlands with a 100% coverage of the country
(total 2019 population 17.3 million). The monitoring was implemented in 2009 during the influenza
pandemic (1,8,9). RIVM receives data from Statistics
Netherlands every Thursday. For our analyses, we
used data and results from this system for 2010–2020
(2020 data through week 25, ending June 17). Aggregated weekly numbers (running from Thursday
through Wednesday for the most up-to-date reporting) were used (Monday–Sunday definitive numbers available at https://opendata.cbs.nl).
Second, influenza epidemic weeks (2010–2020)
are defined and reported weekly and yearly by the
national sentinel influenza surveillance system (7). In
this system, the incidence of medically attended ILI
incidence is registered by Nivel Primary Care Database based on its sentinel general practitioner practices (10). A subgroup of patients with ILI and other
acute respiratory infections is swabbed for laboratory
testing. Swab specimens are analyzed for influenza
virus, respiratory syncytial virus, rhinovirus, enterovirus, and, since February 2020, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This
system covers 0.7%–0.8% of the population of the
Netherlands and is nationally representative for age,
sex, regional distribution, and population density
(11). When ILI incidence is above the preset threshold
for >2 consecutive weeks (12), and when influenza virus is detected in samples from patients who have ILI,
an influenza epidemic is declared and reported.
Third, patients with laboratory confirmed COVID-19 diagnosis must be reported to regional
public health services and their data are entered
into a national database maintained by RIVM
(February 2020, https://www.rivm.nl/en/novelcoronavirus-covid-19/current-information; open
data at https://data.rivm.nl). Records include date
of death, if applicable. Because most persons are
not deceased when first reported, record completion requires follow-up of patients. For our study,
reports by date of death were aggregated weekly
from Thursday through Wednesday to enable comparison with death monitoring.
412

The 2020 seasonal influenza epidemic was short and
mild, running from week 5 through week 7. On Thursday, February 27, 2020, the first new SARS-CoV-2
infection was detected in the Netherlands (https://
www.rivm.nl/coronavirus-covid-19/grafieken). This
infection was at the end of calendar week 9, or week
10 in our weekly Thursday–Wednesday aggregations: February 27–March 4 (Table 1). The seasonal
influenza epidemic appeared to resurface briefly in
weeks 10 and 11 (February 27–March 11) and overlapped with the first 2 full weeks for reported COVID-19 patients. Therefore, we analyzed separately the
cumulated excess deaths for these 2 weeks of mixed
epidemics. Fear of coronavirus infection might have
motivated persons who had ILI but who would not
otherwise have sought care to visit their physician,
causing or heightening an increase in the ILI surveillance data. However, a true resurfacing of influenza
could not be ruled out; although not common, resurfacing has occurred (13,14). In both weeks (weeks 10–
11 2020), influenza virus was detected in swabbed ILI
patients (40% in week 10). In week 11, SARS-CoV-2
was detected in primary care, although at less than
half the level of influenza: 10% vs. 25% of ILI patients
(15) (but based on low numbers of swabbed patients).
We counted excess deaths during the COVID-19 epidemic from week 12 through week 19 (March 12–May
6). By week 20, death levels had returned to expected
levels, although COVID-19 death reports persisted at
low levels (≈0.07 deaths/100,000 persons; https://
www.rivm.nl/coronavirus-covid-19/grafieken).
Death Monitoring

Once a week, the number of reported deaths is checked
for excess above the number of expected deaths. For
our analyses, we used deaths reported within 3 weeks
(as were 99% of all deaths reported). Because data are
received on Thursday morning, weekly numbers are
aggregated from Thursdays through Wednesdays. A
weekly email bulletin reporting the findings is sent to
the Infectious Disease Early Warning Unit (at RIVM),
and a short summary is placed weekly on the website (https://www.rivm.nl/monitoring-sterftecijfersnederland). Any known concurrent and possibly related events are also reported. Data are sent weekly to
EuroMOMO, (https://www.euromomo.eu), which
monitors excess deaths at the level of Europe.
We used linear regression models to estimate
current weekly baseline deaths on the basis of the
preceding 5-year data wherein previous events were
removed. Any deaths above the expected level was

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

Excess Deaths during Influenza and COVID-19

Table 1. Total, excess, and reported COVID-19 deaths during 25 weeks of the COVID-19 epidemic, the Netherlands*
No. observed No. expected allNo.
No. reported Ratio (excess vs.
Week start
Week end
all-cause
cause deaths
excess
% Above
COVID-19
reported COVIDWeek†
(Thursday)
(Wednesday)
deaths
(baseline)
deaths
expected
deaths
19 deaths)
1
2019 Dec 26
2020 Jan 1
2,982
2,972
10
0
NA
NA
2
2020 Jan 2
2020 Jan 8
3,166
2,985
181
6
NA
NA
3
2020 Jan 9
2020 Jan 15
3,342
2,996
346
12
NA
NA
4
2020 Jan 16
2020 Jan 22
2,986
3,004
−18
−1
NA
NA
5
2020 Jan 23
2020 Jan 29
3,119
3,010
109
4
NA
NA
6
2020 Jan 30
2020 Feb 5
3,179
3,012
167
6
NA
NA
7
2020 Feb 6
2020 Feb 12
3,152
3,012
140
5
NA
NA
8
2020 Feb 13
2020 Feb 19
3,106
3,009
97
3
NA
NA
9
2020 Feb 20
2020 Feb 26
2,973
3,002
−29
−1
NA
NA
10
2020 Feb 27
2020 Mar 4
3,104
2,992
112
4
0
NA
11
2020 Mar 5
2020 Mar 11
3,081
2,980
101
3
7
14.5
12
2020 Mar 12
2020 Mar 18
3,286
2,964
322
11
99
3.3
13
2020 Mar 19
2020 Mar 25
3,941
2,946
995
34
502
2.0
14
2020 Mar 26
2020 Apr 1
4,764
2,926
1,838
63
1,003
1.8
15
2020 Apr 2
2020 Apr 8
5,143
2,903
2,240
77
1,144
2.0
16
2020 Apr 9
2020 Apr 15
4,565
2,879
1,686
59
941
1.8
17
2020 Apr 16
2020 Apr 22
4,109
2,853
1,256
44
837
1.5
18
2020 Apr 23
2020 Apr 29
3,692
2,827
865
31
558
1.5
19
2020 Apr 30
2020 May 6
3,153
2,801
352
13
365
1.0
20
2020 May 7
2020 May 13
2,876
2,774
102
4
240
0.4
21
2020 May 14
2020 May 20
2,788
2,748
40
1
136
0.3
22
2020 May 21
2020 May 27
2,694
2,723
NA
NA
112
−0.3
23
2020 May 28
2020 Jun 3
2,690
2,700
NA
NA
61
−0.2
24
2020 Jun 4
2020 Jun 10
NA
2,679
NA
NA
45
NA
25
2020 Jun 11
2020 Jun 17
NA
2,660
NA
NA
26
NA
*COVID-19, coronavirus disease; NA, not applicable.
†Week as defined in the death surveillance (running Thursday through Wednesday).

Results
The average weekly number of deaths was 2,797 during 2010–2020. Death numbers were generally higher
in winter than in summer months and showed an upward trend over time, related to an aging population.

reported within 3 weeks (Figure 2). COVID-19 excess
deaths peaked 5–6 weeks after the first COVID-19
patient was detected on February 27. By week 20,
deaths were not greatly increased beyond expected
levels, but reports of COVID-19 deaths continued at
low levels.
No COVID-19 deaths were reported in week 10
(February 27–March 4); 7 were reported in week 11
(March 5–11), the first 2 COVID-19 weeks with a concurrent influenza epidemic. Reported COVID-19 deaths
increased to 99 in the ensuing week 12 (March 12–18) by
which time the influenza epidemic had receded. Reported COVID-19 deaths peaked at 1,144 in week 15 (April
2–8), coinciding with peak excess deaths.

Excess Deaths

Ratio of Excess Deaths to COVID-19 Deaths

considered excess deaths and significantly increased
when above the upper 95% prediction limit. In addition, a range of excess deaths was provided by calculating excess deaths as observed deaths minus the upper limit and observed deaths minus the lower limit.
We provide further details of the statistical model and
additional calculations (Appendix, https://wwwnc.
cdc.gov/EID/article/27/2/20-2999-App1.pdf).

Using our death algorithm, we found that excess
deaths were found during all previous influenza epidemics except that during 2013–2014 (Figure 1). For
influenza, deaths reached their highest weekly peak
during the 2017–2018 epidemic when 4,049 deaths
were observed in week 10, and 2,860 deaths was the
expected baseline (deaths reported within 3 weeks).
Excess deaths were found during the COVID-19
epidemic (weeks 12–19 2020; Thursday, March 12,
through Wednesday, May 6) and reached its peak in
week 15 (April 2–8) with 5,143 deaths; 2,903 was the
expected baseline level (thus 77% in excess) for deaths

Excess deaths were 3.3 times higher than reported
COVID-19 deaths in week 12 (March 12–18) but then
stabilized at 1.8–2.0 times higher in the ensuing 4
weeks (weeks 13–16; ratio 2.0 during peak deaths in
week 15) (Figure 3). The ratio then further decreased
to 1.5 in weeks 17 and 18 (April 16–29) and had decreased to 1 in week 19 (April 30–May 6), the final
week with excess deaths for our model.
Accumulated Excess Deaths

On average, ≈4,000 accumulated excess deaths were
observed during influenza epidemics, but numbers
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Figure 1. Excess deaths during influenza and coronavirus disease (COVID-19) and infection-fatality rate for severe acute respiratory
syndrome coronavirus 2, the Netherlands. Weekly and expected number of deaths, 2010–2020. Black line indicates weekly number of
deaths, and blue line indicates expected number of weekly deaths. Gray vertical bars indicate influenza epidemic weeks, and orange
vertical bar indicates COVID-19 epidemic week 12–19 (March 12–May 6); excluding week 10–11, which overlapped with an influenza
epidemic flare-up. Weeks run Thursday through Wednesday.

varied considerably from 1 epidemic to another (Table
2). During the 2013–14 influenza epidemic, observed
deaths were around baseline levels. During the other
influenza epidemics, excess deaths varied from the
lowest estimates of 404–600 (2010–2011, 2011–2012,
and 2019–2020) up to 9,373 (range 6,439–12,306) during 2017–2018. During the 2017–18 epidemic, the accumulated all-cause deaths were 60,790, or 18% higher than the expected baseline level of 51,417. Influenza
epidemic duration varied from 2 to 21 weeks; longer
epidemics tended to show higher excess deaths.
The total number of excess deaths during weeks
12–19 (March 12–May 6) of the COVID-19 epidemic
was estimated to be 9,554 (range 8,271–10,838) (Table
2), which is almost twice (1.8 times) the total of 5,449
reported COVID-19 deaths during the same period.
A total of 32,654 accumulated all-cause deaths were
observed during this period, whereas accumulated
expected deaths were 23,099 (deaths reported within
414

3 weeks). Thus, observed deaths were an overall 41%
higher than expected baseline levels. In the 2 weeks
that had a mixed influenza and COVID-19 epidemics (weeks 10 and 11; February 27–March 11, 2020),
excess deaths totaled 213 (range –115 to 541).
Estimated SARS-CoV-2 Infection-Fatality Rate

The assumption that all 9,554 excess deaths were
associated directly with COVID-19 infections is an
oversimplification, but enables a provisional estimate of the infection-fatality rate. In April 2020, the
first 2 national serologic surveys by Sanquin (20)
and Pienter (21) provided provisional estimates of
the proportion of persons who had SARS-CoV-2 antibodies: 3% of adult blood donors (20) and 4% of
a random population sample (21). A second blood
donor survey reported a subsequent preliminary estimate of 5.5% on the basis of blood samples drawn
May 10–20, 2020 (22). This finding suggests that up
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Figure 2. Excess deaths during
influenza and COVID-19 and
infection-fatality rate for severe
acute respiratory syndrome
coronavirus 2, the Netherlands.
Weekly deaths and expected
baseline deaths (July 2017–June
2020). Black line indicates weekly
number of deaths (black line).
Weeks run Thursday through
Wednesday. Gray shading
indicates lower and upper limits of
expected baseline weekly deaths.
COVID-19, coronavirus disease.

to 5.5% of the general population had experienced
a SARS-CoV-2 infection by early May 2020. Of the
total population size of 17.3 million (Statistics Netherlands, 2019), 5.5% corresponds to an estimated
951,500 coronavirus-infected persons (0.055 × 17.3
million = 951,500), thus placing the preliminary estimated overall infection-fatality rate at 1% (9,554 excess deaths/951,500 infected persons).
Estimated Potential COVID-19 Deaths without
Control Measures

A series of hygiene, social-distancing and partial lockdown measures have been implemented since March
9, 2020 (week 11; March 5–11 for our data). These measures and dates include cease handshaking, March 9;
work from home, March 12; closure of schools and
bars/restaurants, March 15; and stay-at-home advised and contact professions banned, March 23.
During the COVID-19 epidemic, the RIVM provided
weekly analyses and forecasts of the epidemic in the

form of estimates of the virus reproduction number
and projections of intensive care admissions by using a dynamic transmission model fitted to intensive
care data (23). On the basis of the estimated reproduction number before the start of control measures
(≈2–2.5), and model simulations in absence of control,
it is expected that the epidemic would have infected
75%–80% of the population by early June 2020. This
range is ≈14 times the 5.5% (22) seroprevalence found
in May 2020. Assuming the same estimated infectionfatality rate, this rate would have resulted in 9,554 ×
14, or 134,000, excess deaths if no control measures
had been in place. This value is 0.78% of the population of the Netherlands.
Discussion
Excess deaths varied considerably among influenza
epidemics; the highest level in the past 10 years was
observed during the influenza epidemic of 2017–18;
there were an estimated 9,373 excess deaths in 18
Figure 3. Excess deaths during
influenza and coronavirus disease
(COVID-19) and infection-fatality
rate for severe acute respiratory
syndrome coronavirus 2, the
Netherlands. Excess deaths,
reported COVID-19 deaths, and
ratio between the 2 items (weeks
1–25, 2020). Black lines indicates
excess deaths, gray line indicates
COVID-19 reported deaths, and
blue line indicates the ratio. Excess
deaths were estimated with deaths
reported within 3 weeks (and thus
not yet available for week 24–25).
The ratio for week 11 was 14.5,
during the second (and final)
week of the mixed influenza and
COVID-19 epidemic.
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weeks. The excess deaths for COVID-19 was similar
in number to this large influenza epidemic, but its
9,554 excess deaths occurred in a much shorter time
period (8 weeks) and reached a higher weekly peak
(5,143) than during the influenza epidemic (4,049). In
addition, the measures implemented to control the
COVID-19 epidemic presumably prevented many infections (24) and deaths. Thus, the effect of COVID-19
on deaths is potentially much higher than that of seasonal influenza. The joint effect of influenza and COVID-19 epidemics on deaths is not yet known because
they hardly overlapped during the past influenza
season. To avoid miscomparisons (25), we compared
excess deaths from influenza and COVID-19 by using
the same data (all-cause deaths) and the same statistical method.
The case-fatality rate (CFR), calculated as the proportion of laboratory-confirmed COVID-19 cases that
are fatal, is a commonly used measure of the severity of the COVID-19 epidemic. However, the CFR is

greatly affected by testing and reporting practices and
therefore cannot be used for comparisons over time
and among countries. Some countries report only
laboratory-confirmed cases, whereas other countries
report clinically suspected patients and deaths. In
addition, countries that test persons who have mild
symptoms will have lower CFRs than countries that
restrict testing to severely ill persons. We therefore
calculated the infection-fatality rate on the basis of
excess deaths and results of seroepidemiologic studies, a measure suitable for international comparisons.
The serologic surveys from which we used the
estimated proportion of the population infected with
SARS-CoV-2 are still in progress, and follow-up results will help to further improve the infection-fatality rate estimate. Cross-reactivity of laboratory tests
might have caused an underestimation of the infection-fatality rate, whereas delayed antibody production after infection might have caused an overestimation. Additional study is required to better

Table 2. Excess deaths during influenza epidemics and the COVID-19 epidemic, the Netherlands*
Excess deaths
Influenza
Vaccinated, Epidemic
vaccine
% of target
duration,
% Above
Season
Influenza strains†
match‡
group§
weeks
No. (range)¶
expected deaths
2010–2011
A(H1N1)pdm09 dominance
Match
69
7
416 (−722 to 1,555)
2
followed by B Victoria dominance
2011–2012
A(H3N2) dominance
Mismatch
66
2
600 (308–892)
11
2012–2013
Mixed A(H1N1)pdm09 and
Mismatch
62
18
6,318 (3,790–8,846)
13
A(H3N2) dominance followed by
mixed B Yamagata and Victoria
dominance
2013–2014
Mixed dominance with slightly
Mismatch
60
11
−581 (−1,927 to –765)
−2.1
more A(H3N2) than
A(H1N1)pdm09
2014–2015
A(H3N2) dominance followed by
Mismatch
57
21
8,574 (5,831–11,316)
15
B Yamagata dominance
2015–2016
A(H1N1)pdm09 dominance
Match
56
11
3,883 (2,390–5, 375)
13
followed by B Victoria dominance
2016–2017
A(H3N2)
Match
54
15
7,527 (5,236–9,817)
18
2017–2018
B Yamagata dominance; at end
Mismatch;
50
18
9,373 (6,439–12,306)
18
of season mixed AH3N2 and
match#
A(H1N1)pdm09 dominance
2018–2019
Mixed A(H1N1)pdm09 and
Match
51
14
2,858 (499–5,217)
7
AH3N2 dominance
2019–2020
Mixed A(H1N1)pdm09 and
Match
53
3**
404 (−97 to –905)
4
AH3N2 dominance
2019–2020
Mixed Influenza and COVID-19
Match
NA
2
213 (−115 to −541)
4
epidemic (weeks 10 and 11,
2020)
2019–2020
COVID-19 (selected weeks: 12–
NA
NA
8††
9,554 (8,271–10,838)
41
19, 2020)
2010–2020
Influenza seasonal average
NA
NA
12
3,995
10
*COVID-19, coronavirus disease; NA, not applicable; pdm, pandemic.
†COVID-19 or influenza epidemic (influenza strains as reported in the Annual report: surveillance of influenza and other respiratory infections in the
Netherlands).
‡Vaccine match with the dominant influenza strain(s).
§Persons >60 years of age or with concurrent conditions and increased risk for influenza complications, % as reported previously (16–19).
¶Number of deaths above expected baseline number of deaths (observed minus expected deaths). The range is approximated by the lower limit minus
observed and the upper limit minus observed.
#Mismatch: Yamagata was not included in the vaccine; match: for both influenza A H1 and H3 strains.
**Excluding weeks 10 and 11 in 2020, which were both COVID-19 and influenza epidemic weeks (COVID-19: week 12–19: Thursday March 12–
Wednesday May 6).
††Weeks with high excess deaths in the first wave of the COVID-19 epidemic.

416
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estimate the number of COVID-19 deaths averted in
the Netherlands.
We used a ratio of ≈14-fold higher expected excess
deaths (134,000, or 0.78% of the population) in the absence of mitigation measures. This ratio is crude and
not published but aligns with estimates from 11 other
countries in Europe, which report COVID-19 deaths
ranging from 0.22% to 1.1% of the population had
there been no interventions (26). Without mitigation
measures, persons might also have changed behavior, which would have affected the currently assumed
ratio of 14.
The death surveillance system in the Netherlands
was set up during the 2009 influenza pandemic to
track the effect and burden of any epidemic and to
signal any unexpected or undetected events (1,8,9).
All calculations of excess deaths in this study and
in our death surveillance are estimations and thus
provide only a preliminary estimate of excess deaths
from COVID-19. The straightforward linear regression model with linear and harmonic terms assumes
a normal error distribution with constant variance, an
approximation we deemed applicable to high numbers of weekly deaths.
There is no standard for determining actual expected levels of deaths and various calculations exist, even within the same country (27). Our method
is similar to the regression method used by the EuroMOMO network (28,29) and similar to Serflingtype regression models (i.e., including seasonality
by using sine and cosine terms) (30–32). However,
the true baseline level of deaths during winter in the
presence of influenza epidemics remains difficult to
estimate. Removing seasons (28) or extremes to estimate the baseline warrants additional future sensitivity analyses. Our model detects no excess deaths
in 2013–14, corresponding to a previous estimate of
no influenza-associated intensive care admissions
in that season (33). By accumulating the difference
between the observed number of deaths and the upper (or lower) limit of the predicted baseline number
of deaths, we only approximated the 95% prediction
intervals. The intervals obtained in this way are too
wide because nonlinearities in the calculation are
neglected. Instead, in the future, by applying Monte
Carlo simulation, we could obtain a better approximation of the 95% prediction intervals.
Weekly excess deaths from COVID-19 were usually 1.5–2-fold higher than those reported, indicating
the extent of potential underreporting or underdetection of COVID-19 deaths. This discrepancy was greater at the beginning of excess deaths (at the peak of
the COVID-19 epidemic), most likely because many

regional public health services were unable to follow all the reported patients for disease outcome, including death status. All excess deaths during weeks
12–19 were most likely caused by direct and indirect
effects of SARS-CoV-2 infections. No other outbreaks
or extreme weather events were present during the
epidemic weeks. Reported circulation of many other
infectious diseases was actually lower than expected
(34), probably because of partial lockdown, social distancing, and hygiene instructions.
We currently do not know the distribution of direct versus indirect effects of the COVID-19 epidemic
on deaths. A major indirect factor to be explored is
the postponement of regular medical care, especially during the peak of the epidemic. Hospitals were
overburdened and halted admissions for nonurgent
care. Also, healthcare-seeking behavior changed in
patients with nonrespiratory symptoms because they
feared getting COVID-19 in hospitals or putting additional pressure on the healthcare system. Other indirect effects on deaths might have been caused by
shifts (up or down) in occurrence of potentially fatal
events, such as accidents and suicides. In-depth analyses of death-cause data will shed more light on these
events.
Several other issues should also be elucidated
in further studies. First, we provided an indication
of excess deaths in the total population of the Netherlands, but it occurred mostly, but not exclusively,
in the elderly (groups >65 years of age) during the
influenza epidemics and the COVID-19 epidemic.
Age-specific results warrant further investigation
and reporting, as do regional differences (35). Second, our analyses provide estimates specific to the
Netherlands. Data for the Netherlands are also included in the EuroMOMO death monitoring, which
pools data from 24 countries and provides death
surveillance at a level for Europe. Third, influenza
epidemics, which are well monitored, are the most
frequent infectious disease events coinciding with
excess deaths in the Netherlands. However, influenza epidemics often coincide with other respiratory infections in winter or (occasionally) cold
weather. Influenza is a well-known contributor to
excess deaths, but our methods did not disentangle
its contribution from that of other respiratory infections and events. Fourth, the estimate of COVID-19
excess deaths was based on data for weeks 12–19,
after which overall death rates returned to baseline
levels. However, COVID-19 deaths were still reported at low levels (e.g., 45 during week 24), and we
do not know how COVID-19 deaths will continue
to evolve.
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Although COVID-19 incidence has greatly decreased because of social distancing and lockdowns,
measures are still in place to reduce virus transmission. The 9,554 excess deaths (March 12–May 6) are
a slight underestimation of the total excess during
the entire COVID-19 epidemic because we excluded
the first 2 weeks in which influenza and COVID-19
epidemics coincided. With excess deaths at 213 during those weeks, this exclusion underestimates COVID-19 excess deaths by at most 2%. An additional 1%
underestimation is caused by using deaths reported
within 3 weeks (i.e., 99% of deaths reported), which is
an input parameter for the weekly algorithm in death
monitoring. Finally, further quantification of years
of life lost because of COVID-19 is required because
such loss may be considerable (36).
Influenza vaccination is available in the Netherlands for risk groups (persons >60 years of age or
those with underlying conditions) to reduce severe
sequelae of influenza infections, but coverage is rather low (51% in 2019) (33–36). Vaccination is only partially effective, and the effectiveness varies by season
because of virus strain variability and varying vaccine match (Table 2). COVID-19 vaccination is not yet
available. Social distancing and lockdown measures
have had a large effect on decreasing the epidemic
and thus also COVID-19 deaths. If some or all of these
measures stay in place, they might likewise decrease
influenza virus circulation and thus severe sequelae
of infection in the upcoming winter season, as observed in Hong Kong, China, at the beginning of the
COVID-19 epidemic (37).
The 2019–2020 influenza season just preceding
the COVID-19 epidemic was short and relatively
mild; there were 404 excess deaths compared with
an average of 4,000 in seasons over the past 10
years. It is unknown whether excess deaths would
have differed had the COVID-19 epidemic been
preceded by a more severe influenza epidemic or
a colder winter. It is likewise unclear how SARSCoV-2 and influenza virus infections might interact
and affect deaths, should epidemics occur simultaneously. In our study, the short mixed-epidemic
period of 2 weeks did not involve full combined virus circulation because the influenza epidemic was
decreasing and the COVID-19 epidemic was just
getting started.
In conclusion, estimation of excess deaths complements the reporting of laboratory-confirmed COVID-19 deaths, indicating the potential magnitude
of underreporting and underdetection of COVID-19
deaths. These estimates also provide a timely indication of the combined direct and indirect effects of
418

the COVID-19 epidemic on population deaths. In the
coming weeks and months, monitoring of deaths remains key to the timely monitoring of the effects of
COVID-19 and influenza. COVID-19 might have a
long-lasting effect, potentially becoming endemic
with yearly recurrence(s), similar to influenza. It remains to be seen whether the effect of COVID-19 on
deaths remains greater than that of influenza. Monitoring of excess deaths can provide input for public
health and economic decisions. This monitoring also
remains essential for monitoring the effects of any
other events and outbreaks and for detecting any unexpected and unforeseen increases in deaths.
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Rapid Transmission of Severe
Acute Respiratory Syndrome
Coronavirus 2 in Detention Facility,
Louisiana, USA, May–June, 2020
Megan Wallace,1 Allison E. James,1 Rachel Silver, Mitsuki Koh, Farrell A. Tobolowsky, Sean Simonson,
Jeremy A. W. Gold, Rena Fukunaga, Henry Njuguna, Keith Bordelon, Jonathan Wortham, Melissa Coughlin,
Jennifer L. Harcourt, Azaibi Tamin, Brett Whitaker, Natalie J. Thornburg, Ying Tao, Krista Queen,
Anna Uehara, Clinton R. Paden, Jing Zhang, Suxiang Tong, Danielle Haydel, Ha Tran, Kaylee Kim,
Kiva A. Fisher, Mariel Marlow, Jacqueline E. Tate, Reena H. Doshi, Theresa Sokol, Kathryn G. Curran

To assess transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in a detention facility
experiencing a coronavirus disease outbreak and evaluate testing strategies, we conducted a prospective cohort
investigation in a facility in Louisiana, USA. We conducted
SARS-CoV-2 testing for detained persons in 6 quarantined dormitories at various time points. Of 143 persons,
53 were positive at the initial test, and an additional 58
persons were positive at later time points (cumulative
incidence 78%). In 1 dormitory, all 45 detained persons
initially were negative; 18 days later, 40 (89%) were positive. Among persons who were SARS-CoV-2 positive,
47% (52/111) were asymptomatic at the time of specimen
collection; 14 had replication-competent virus isolated.
Serial SARS-CoV-2 testing might help interrupt transmission through medical isolation and quarantine. Testing in
correctional and detention facilities will be most effective
when initiated early in an outbreak, inclusive of all exposed
persons, and paired with infection prevention and control.

C

orrectional and detention facilities face unique
challenges for controlling severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), the virus that
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causes coronavirus disease (COVID-19). These challenges include an inability for incarcerated or detained
persons to socially distance and an ongoing risk for
virus introduction caused by staff movement outside
and within the facilities (1,2). These inherent difficulties underpin increased rates of SARS-CoV-2 infections
and deaths among incarcerated and detained persons
compared with the general population; 146,472 cases
and 1,122 deaths in this population were reported
in the United States as of October 20, 2020 (3,4). The
Centers for Disease Control and Prevention (CDC) released interim guidance for management of COVID-19
in correctional and detention facilities; however, some
facilities reported limitations to fully implementing the
guidance (5–7). In addition, the potential for asymptomatic and presymptomatic transmission limits the
effectiveness of symptom screening to identify cases
and halt transmission (8–10). In other congregate settings, serial testing and physically separating persons
based on their SARS-CoV-2 test results have been used
to interrupt transmission (11,12).
We investigated a COVID-19 outbreak in a detention center in Louisiana, USA (facility X) and used a
serial testing strategy to identify infections and interrupt transmission in affected dormitories. All residents of affected dormitories underwent SARS-CoV-2
testing to assess the extent of transmission within the
dormitory, to cohort detained persons based on their
test result to prevent transmission, and to evaluate
the utility of serial testing in this setting. We report
the findings of this investigation; initial results were
previously reported (13).
1
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By March 17, 2020, in response to emergence of
COVID-19 in Louisiana, facility X ceased travel of detained persons outside the facility, halted visitors and
transfers between facilities, and prohibited movement
of detained persons within the facility. On March 29,
a staff member showed symptoms consistent with
COVID-19; this staff member later tested positive for
SARS-CoV-2. On April 7, facility X medical staff identified the first COVID-19 case in a detained person
residing in dormitory A. After this diagnosis, staff
began active daily monitoring for fever (temperature
>100.4°F) and blood oxygen saturation levels (pulse
oximeter reading <90%) to detect suspected cases
among persons in affected dormitories. On April 9,
additional cases were identified in dormitories B and
C; the first cases were identified in dormitory D on
April 17 and in dormitory E on April 23.
The Louisiana Department of Health requested
CDC assistance; a team arrived and began an investigation on May 7. By that date, 3 staff members and 35
detained persons showed development of symptoms
and later tested positive for SARS-CoV-2; 5 of 18 dormitories were affected.
Methods
Population

Facility X is a medium-security local jail that houses
up to 800 detained persons. Before the COVID-19 pandemic, the facility operated at nearly 100% capacity.
On May 7, the facility was at ≈85% capacity because
of a reduction in occupancy in response to COVID-19.
Detained persons from 6 dormitories (A–F) were enrolled in this prospective cohort investigation. Five
dormitories (A–E) had detained persons with laboratory-confirmed COVID-19 cases; dormitory F, which
housed a detained person with COVID-19 symptoms
and negative SARS-CoV-2 test results, was enrolled
because of proximity to dormitories A, B, and D. All
detained persons with suspected and confirmed COVID-19 were moved to medical isolation, and persons
within the dormitories were quarantined as a cohort.
Testing Strategy and Cohorting by Test Result

Nasopharyngeal swab specimens were collected for
initial SARS-CoV-2 testing on day 0 for all consenting persons residing in dormitories A–F (Figure 1).
Persons who had positive results by real-time reverse
transcription PCR (rRT-PCR) were moved to the designated SARS-CoV-2–positive dormitories upon facility receipt of results (<24 hours after specimen collection). Serial testing was offered on day 4 to detained
persons who tested negative for SARS-CoV-2 on day
422

0, and again on day 14 for persons who tested negative on day 4. To assess persistence of viral shedding,
detained persons testing positive on day 0 or day 4
were offered testing 14–15 days and 19–27 days after
their first positive test result.
In dormitory F, where all detained persons tested
negative for SARS-CoV-2 on day 0, a serial testing
strategy was not used. Rather, a second survey and
repeat test was conducted on day 18.
Dormitory Survey and Symptoms, Concurrent
Conditions, and Behavioral Risk Assessment

The investigation team administered a structured dormitory survey among facility staff to assess physical
layout, capacity, activities, and practices. During day
0 testing, detained persons completed a self-administered, paper-based questionnaire of demographics,
symptoms in the preceding 2 months and 2 weeks, facility exposures, and preventive measures. On the day of
each subsequent test, detained persons received an abbreviated self-administered, paper-based questionnaire
of symptoms experienced since the last testing day. The
team verbally verified responses with detained persons
and assisted as necessary. Medical history data were
abstracted from facility medical records. Data were deidentified and entered into a secure database (Research
Electronic Data Capture, version 8.8.0; Vanderbilt University, https://redcap.vanderbilt.edu).
Laboratory Testing

Nasopharyngeal swab specimens collected for the investigation during May 7–June 3 were immediately
placed on dry ice and sent by courier to the Louisiana
Office of Public Health Laboratory for SARS-CoV-2
testing by using the CDC 2019-Novel Coronavirus
(2019-nCoV) Real-Time rRT-PCR Diagnostic Panel.
Cycle threshold (Ct) values for 2 viral nucleocapsid
protein genes (N1 and N2) were obtained for each
specimen; Ct values <40 cycles for both N1 and N2
were considered positive for SARS-CoV-2 (14). All
samples that were positive at the Louisiana Office of
Public Health Laboratory were refrozen and shipped
to CDC for viral culture by using Vero-CCL-81 cells
(15). Positive viral culture for SARS-CoV-2 replication-competent virus was confirmed in cells that
showed a cytopathic effect by using rRT-PCR.
Nucleic acid was extracted from 41 rRT-PCR–
positive specimens or isolates and subjected to Oxford Nanopore MinION Sequencing (https://nanoporetech.com) according to published protocols
(16); consensus sequences were generated by using
Minimap version 2.17 (https://github.com/lh3/
minimap2) and Samtools version 1.9 (http://www.
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Figure 1. Rapid transmission of SARS-CoV-2 in detention facility, Louisiana, USA, May–June 2020. Enrollment and follow-up at each
timepoint for detained persons (n = 143) in dormitories A–E and F. The sequence of testing for all enrolled dormitories is shown, along
with the number of persons who were positive or negative for SARS-CoV-2 by real-time reverse transcription PCR and percentage of
total at each timepoint. Red boxes indicate SARS-CoV-2 positive, and blue boxes indicate SARS-CoV-2 negative. *The first positive
test result for SARS-CoV-2 among persons detained occurred on the following dates in each dormitory: April 7 in A, April 9 in B and C,
April 17 in D, and April 23 in E. Introduction in dormitory F likely occurred between May 11 and May 29. †One inconclusive result was
considered negative; ‡One inconclusive result was considered positive. §16 persons were tested on May 26 only, 14 on May 27 only,
and 2 on May 26 and June 3. ¶10 persons were tested on May 28 only, 1 on May 29 only, 1 on June 3 only, and 6 on May 28 and June
3. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

htslib.org). Representative full-genome sequences
were downloaded on August 28, 2020, from GISAID
(https://www.gisaid.org), and phylogenetic relations were inferred by using maximum-likelihood
analyses implemented in TreeTime (http://evol.bio.
lmu.de/_statgen/software/treetime) and the Nextstrain pipeline (17). Sequences were submitted to
GenBank and GISAID.
Analyses

We performed descriptive analyses for the population
demographics (age, sex, race/ethnicity), underlying
medical conditions (respiratory disease, diabetes, hypertension, other cardiovascular disease, other condition), obesity (body mass index >30 kg/m2), tobacco
use, and dormitory characteristics (capacity at start of

the investigation, toilets/sinks, showers per person).
Overall cumulative incidence and dormitory cumulative incidence for each test day were calculated.
We calculated descriptive statistics for Ct values
and culture results, stratified by symptom status. The
rRT-PCR analyses used the Ct value reported for the
N1 genetic target because N1 and N2 approximate
each another (18). Persons were categorized as presymptomatic, symptomatic, postsymptomatic, or asymptomatic on the basis of symptoms at sample collection. Any CDC-listed coronavirus symptom with
a reported onset date on or after March 29, 2020, the
illness onset date of the first reported COVID-19 case
in the facility, was included in analyses (19). Persons were classified as symptomatic if they reported >1 present or ongoing symptom. If 2 courses of
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illness were distinguishable from the symptom data, in
which multiple symptoms were reported to occur with
symptom onsets >14 days apart and the first course of
illness (earlier dated symptoms) was reported to have
resolved, only the symptoms reported closer to the
date of testing were used for classification. Postsymptomatic persons were those who reported symptoms
that had resolved before the first positive test result or
before the start of the investigation (day 0) for those
who were tested and remained negative during the
investigation. Persons reporting symptoms whose surveys were missing current symptom status were considered symptomatic if the onset date was <10 days
the start of the investigation. Presymptomatic persons
reported >1 symptom with onset after their first positive test result and had no previously reported symptoms. Asymptomatic persons reported no symptoms
throughout the investigation. Persons were classified
as having an unknown symptom status if any symptom data were missing and no symptoms were reported. Ct value and culture results were graphed by days
from symptom onset and original dormitory.
To compare individual symptoms, facility exposures (bunk sleeping location, travel out of dormitory, exposure to someone visibly ill), and preventive
measures (handwashing, mask use) by SARS-CoV-2
test result, we performed bivariate analyses by using Fisher exact tests for proportions. Analyses were
completed by using R statistical software version

4.0.0 (The R Foundation, https://www.r-project.org)
and SAS 9.4 software version 6.2.92 (SAS Institute
Inc., https://www.sas.com).
Ethics

This activity was determined to meet the requirements of public health surveillance as defined in 45
CFR 46.102(l) (2). All persons provided voluntary oral
consent for testing and to complete questionnaires.
Results
Dormitory and Detained Persons Characteristics

All 143 detained persons from 6 dormitories were
invited for testing, and 143 (100%) participated in
the day 0 testing and survey (Figure 1). Median age
was 33 (interquartile range 28–42) years, and most
(136, 95%) were male (Table 1). Most (102, 71%) were
Black non-Hispanic persons, and 36 (25%) were White
non-Hispanic persons. One third (49, 34%) of the 143
detained persons had an underlying medical condition. Dormitory E was the only female dormitory.
Dormitory C had the highest median age (45 years;
interquartile range 35–52 years) and the highest proportion (7/11; 64%) of persons with underlying medical conditions. Dormitory E had the lowest percent occupancy (7/22; 32%), whereas dormitory F was near
full capacity (45/50; 90%). All dormitories had 3–4
shared toilets and sinks and 2–3 shared showers.

Table 1. Characteristics of detained persons tested for SARS-CoV-2 in a correctional facility, Louisiana, USA, by dormitory, May–
June 2020*
Dormitory A, Dormitory B, Dormitory C, Dormitory D, Dormitory E, Dormitory F,
Total,
Characteristic
n = 20
n = 23
n = 11
n = 37
n=7
n = 45
N = 143
Median age, y (IQR)
37 (29–47)
31 (29–36)
45 (35–52)
31 (29–39)
37 (29–47)
32 (24–41)
33 (28–42)
Sex
M
20 (100)
23 (100)
11 (100)
37 (100)
0
45 (100)
136 (95)
F
0
0
0
0
7 (100)
0
7 (5)
Race/ethnicity
White non-Hispanic
10 (50)
6 (26)
7 (64)
5 (14)
2 (29)
5 (11)
36 (25)
Black non-Hispanic
10 (50)
16 (70)
4 (36)
30 (81)
5 (71)
37 (82)
102 (71)
Asian non-Hispanic
0
0
0
1 (3)
0
0
1 (1)
Hispanic/Latino
0
0
0
1 (3)
0
3 (8)
4 (3)
Underlying health condition
Any
8 (40)
7 (30)
7 (64)
14 (38)
3 (43)
10 (22)
49 (34)
Respiratory disease
3 (15)
3 (13)
3 (27)
5 (14)
1 (14)
3 (7)
18 (13)
Asthma
1 (5)
1 (4)
3 (27)
4 (11)
0
3 (7)
12 (8)
Diabetes
1 (5)
0
3 (27)
0
2 (29)
1 (2)
7 (5)
Hypertension
3 (15)
3 (13)
5 (45)
7 (19)
2 (29)
7 (15)
27 (19)
Other CVD
0
1 (4)
0
2 (5)
0
1 (2)
4 (3)
Other†
4 (15)
2 (8)
1 (9)
2 (5)
0
1 (2)
10 (7)
Obesity, BMI >30 kg/m2
6 (30)
7 (30)
1 (9)
7 (19)
2 (29)
6 (13)
29 (20)
Any past tobacco use
12 (60)
5 (22)
8 (73)
14 (38)
4 (57)
17 (38)
60 (42)
Dormitory
Capacity at start of study
20/30 (67)
23/30 (77)
11/22 (50)
37/50 (74)
7/22 (32)
45/50 (90)
NA
Toilets/sinks
3
3
4
3
4
3
NA
Showers/person
3
3
2
3
2
2
NA
*Values are no. (%) or no. unless indicated otherwise. BMI, body mass index; CVD, cardiovascular disease; IQR, interquartile range; NA, not applicable;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Includes liver disease, immunosuppressive disorder, and neurologic disease.
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Serial Testing

In dormitories A–E, 53 (54%) persons tested positive on day 0 (Table 2). Among persons with negative test results from day 0 testing in dormitories
A–E (n = 45), 16 (36%) had SARS-CoV-2 detected
on day 4 testing. Two additional persons tested
positive for SARS-CoV-2 on day 14, both of whom
originally resided in dormitory B. No SARS-CoV-2
infections (0/45) were detected during the day 0
testing in dormitory F. However 40 (89%) of 45 persons tested positive for SARS-CoV-2 on day 18. No
detained persons testing positive for SARS-CoV-2
from any dormitory required hospitalization during their illness.
The overall cumulative incidence during May
7–June 3 of SARS-CoV-2 infection for all dormitories
was 78% (111/143). Dormitory E had the lowest cumulative incidence (57; 4/7), and dormitory F had
the highest cumulative incidence (89%; 40/45). Day
0 testing in dormitory E was initiated 14 days after
the diagnosis of the first known COVID-19 case in the
dormitory, and dormitories A–D had reported cases
20–30 days before the investigation.
Of 111 detained persons with SARS-CoV-2-positive test results, 66 persons received a second test (day
14) and 50 people received a third test (during days 19–
27) during the investigation (Figure 1). Nineteen (29%)
of 66 persons had positive test results 14 days after the
first positive test result, and 4 (8%) of 50 persons had
positive test results ≈3 weeks after first testing positive,
3 of whom had negative results on day 14.
Symptom and Behavioral Risk Assessment

Among 111 detained persons who tested positive
for SARS-CoV-2, 21 (19%) were symptomatic at the
time of their first positive test result, and 27 (24%) reported symptoms that had resolved before their first
positive test result (Table 3). The most commonly reported symptoms among persons with SARS-CoV-2
infection were headache (32%), loss of taste or smell
(31%), and nasal congestion (26%); measured fever

(5%) and dyspnea (8%) were less commonly reported
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/2/20-4158-App1.pdf). Forty-nine (44%)
detained persons who tested positive for SARS-CoV-2
were asymptomatic and 3 (3%) were presymptomatic. Symptom onset among presymptomatic persons
was 0–7 days from the day of first positive specimen
collection. Among 32 detained persons with negative
test results, 8 (25%) were symptomatic and 9 (28%)
were postsymptomatic. No enrolled detained persons were hospitalized or died. No major differences
in handwashing practices, mask use, and movement
within the facility were reported by those who tested
positive compared with those who tested negative
(Appendix Table 2).
Ct Values and Viral Culture

Median Ct values were lowest among presymptomatic persons (30.6, range 20.0–31.1) and highest among
postsymptomatic persons (33.2, range 25.2–37.5) (p
= 0.03). The overall ranges for Ct values were similar
for symptomatic (19.7–36.3) and asymptomatic persons (19.8–36.9). Among the 51 symptomatic SARSCoV-2–positive persons, positive rRT-PCR results occurred 7 days before symptom onset to 48 days after
symptom onset (Figure 2, panel A).
Among 111 specimens that resulted in the first
positive results for detained persons, 110 were submitted for viral culture and 25 (23%) had replicationcompetent virus isolated (Table 3). Replication-competent virus isolates were obtained from 25% (12/48)
of nasopharyngeal swab specimens from asymptomatic persons, 67% (2/3) from presymptomatic
persons, 29% (6/21) from symptomatic persons, and
11% (3/27) from postsymptomatic persons. Among
persons reporting symptoms, specimens with replication-competent virus were collected during 6 days
before to 4 days after symptom onset. Two postsymptomatic persons reported symptom resolution the
day of testing; for the third person, date of symptom
resolution was unknown.

Table 2. Cumulative incidence of SARS-CoV-2 infection in 143 detained persons by time point and original dormitory in a correctional
facility, Louisiana, USA, May–June, 2020*
Days since first
SARS-CoV-2 positive, no. (%)
positive test result
Cumulative incidence by dormitory and
Dormitory
for SARS-CoV-2
Day 0
Day 4
Day 14
Day 18
overall, no. positive/no. tested (%)
A, n = 20
30
13/20 (65)
2/7 (29)
0/5 (0)
NA
15/20 (75)
B, n = 23
28
10/23 (43)
4/13 (31)
2/9 (22)
NA
16/23 (70)
C, n = 11
28
6/11 (55)
3/5 (60)
0 /2 (0)
NA
9/11 (82)
D, n = 37
20
20/37 (54)
7/16 (44)
0/10 (0)
NA
27/37 (73)
E, n = 7
14
4/7 (57)
0/3 (0)
0/3 (0)
NA
4/7 (57)
F, n = 45
Unknown†
0/45 (0)
NA
NA
40/45 (89)
40/45 (89)
Cumulative incidence by day
53/143 (37)
16/44 (36)
2/29 (7)
40/45 (89)
111/143 (78)
*NA, not applicable; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Introduction in dormitory F occurred at some point between day 0 and day 18.
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Table 3. Symptom status of 143 detained persons at time of testing for SARS-CoV-2 and throughout course of investigation in a
correctional facility, Louisiana, USA, May–June 2020*
SARS-CoV-2 testing results from first positive test result
SARS-CoV-2 positive,
Median Ct values
Culture positive,
SARS-CoV-2
Symptom status†
no. (%)
(range)‡
no. (%)§
negative, no. (%)
Presymptomatic
3 (3)
30.6 (20.0–31.1)
2 (8)
NA
Symptomatic
21 (19)
32.7 (19.7–36.3)
6 (24)
8 (25)
Postsymptomatic
27 (24)
33.2 (25.2–37.5)
3 (12)
9 (28)
Asymptomatic
49 (44)
32.9 (19.8–36.9)¶
12 (48)#
12 (34)
Unknown
11 (10)
33.1 (25.1–35.7)
2 (8)
3 (9)
Overall
111 (78)
33 (19.7–37.5)
25 (23)
32 (22)

*SARS-CoV-2 testing was conducted by using the Centers for Disease Control and Prevention 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR
Diagnostic Panel. The Ct values reported for nucleocapsid protein gene 1 target are shown. Ct, cycle threshold; NA, not applicable; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2.
†Symptom status at time of first positive test result or throughout the investigation for persons remaining SARS-CoV-2 negative. Presympomatic: at least
1 symptom started after positive test result and no symptoms before positive test result; symptomatic: at least 1 symptom ongoing at time of test result
(first positive, or any negative test result); postsymptomatic: at least 1 symptom started before test result (first positive result) or before investigation start
date (continuous negative results); asymptomatic: no symptoms before test result (first positive result or before each negative test result); unknown: at
least 1 symptom is unknown during at least 1 interview. Symptoms assessed: fever, subjective fever, cough, shortness of breath, chills, myalgia, sore
throat, loss of taste or smell, or diarrhea
‡Tukey’s test for significance, p = 0.03.
§Viral culture positive for replication-competent virus.
¶One person missing a Ct value on the initial day this person tested positive.
#One specimen from an asymptomatic person who was positive by real-time reverse transcription PCR was not submitted for culture.

The Ct values at the first positive test result and
the proportion of specimens with positive viral culture for SARS-CoV-2 varied by dormitory (Figure 2,
panel B). The median Ct value for 53 specimens collected from detained persons in dormitories A–E was
33.6 (range 20.0–37.5); 2 (4%) samples from persons
in dormitories D and E were replication competent.
The median Ct value for 39 samples from detained
persons in dormitory F was 29.3 (range 19.7–34.3). Of
these samples, 23 (59%) were replication competent.
Of 22 persons that had positive test results >14
days after the first positive test, 4 remained rRT-PCR
positive for SARS-CoV-2 ≈3 weeks after first testing positive. Virus isolation was attempted but was
not successful for any of the specimens from repeatpositive persons.
Phylogenetic Analysis

We compared sequencing results for 41 specimens collected from persons in dormitories A (n
= 2), D (n = 5), E (n = 2), and F (n = 32) at facility X during May 7–29 with each other and representative sequences from GISAID. All sequences
clustered together within clade 20C and among
other sequences reported from Louisiana (Appendix Figure). A phylogenetic tree illustrated
3 groups: 1 with sequences from persons in dormitories D and E, a second with sequences from
persons in dormitories A and D, and a third with
sequences from persons in dormitory F. Two identical SARS-CoV-2 sequences were identified from a
person in dormitory D and a person from dormitory
E. The third group differed from the first cluster by
>6 nt and from the second cluster by 2 nt mutations.
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Discussion
Through serial testing of detained persons from quarantined dormitories at a Louisiana detention facility,
we identified rapid and widespread SARS-CoV-2
transmission, a large number of asymptomatic infections, and shedding of replication-competent virus in
persons with asymptomatic and presymptomatic infections. Despite early adoption of certain prevention
and mitigation measures, the cumulative incidence
among affected dormitories in facility X was 78%. Of
persons who tested positive for SARS-CoV-2, 47%
(52/111) were asymptomatic, of which 12 had positive viral culture results with replication-competent
virus, indicating infectiousness. In this relatively
young population, Ct values were similar regardless
of symptom status; the lowest Ct values were among
persons with presymptomatic infection, indicating
high viral load (20). These findings add to the evidence that presymptomatic and asymptomatic persons can transmit SARS-CoV-2 (8).
This investigation demonstrated the usefulness
of testing shortly after SARS-CoV-2 introduction
and at multiple time points to comprehensively
identify infections and mitigate transmission. Serial testing identified 52% (58/111) of the COVID-19
cases identified during the investigation. In dormitories A–E, 2 of 53 positive samples from day 0 testing had replication-competent virus, suggesting
many persons in these dormitories were convalescent. In dormitory F, 89% (40/45) of residents tested positive for SARS-CoV-2 18 days after all testing
negative on day 0; 59% had replication-competent
virus. The timing of initial testing in dormitories
A–E (2–4 weeks after the first case) and the long
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Figure 2. Rapid transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in detention facility, Louisiana, USA,
May–June 2020. A) Ct values and viral culture results by days from symptom onset of any symptom in SARS-CoV-2–positive detained
persons. Nucleocapsid protein 1 target Ct values and viral culture results of 66 specimens from 51 persons who were positive for SARSCoV-2 by days from reported symptom onset. Ct values and viral culture results are also shown for 14 of the 51 specimens from persons
who were positive a second time, and for 1 specimen that remained positive for a third test. Vertical dashed line indicates day 14 to
depict the recommended medical isolation timeframe from symptom onset for persons in congregate settings. Shapes indicate culture
results, and colors indicate day of positive test result. One positive test result is not included because Ct values were not reported.
B) Ct values and viral culture results for SARS-CoV-2–positive detained persons at the time of first sample collection according to
dormitory residence and day of first positive result. Nucleocapsid protein 1 target Ct values and viral culture results of the first SARSCoV-2–positive test result for 110 detained persons is shown by dormitory of residence at the time of first sample collection. Horizontal
lines indicate median Ct values for first positive samples from residents in each dormitory. One positive test result from a dormitory F
resident is not included because Ct value was not reported. Ct , cycle threshold.

testing interval (18 days) in dormitory F limited the
usefulness of serial testing to provide data needed
to mitigate transmission. Once SARS-CoV-2 introduction into a correctional or detention facility is
suspected or confirmed, widespread testing of detained persons and staff at short intervals could
quickly identify infections and inform cohorting by
infection status to prevent further transmission. In
nursing homes, facilitywide testing closer in time
to the identification of a COVID-19 case was associated with fewer cases within the facility (21).
Facilities with resource constraints for which widespread testing is not feasible should work with the
local health department to determine the most effective testing strategy for their facility.
To complement symptom screening and address
the challenges of early detection of SARS-CoV-2,
correctional and detention facilities might consider
both periodic testing at regular intervals (e.g., 7–14
days) and serial testing of close contacts at short intervals (e.g., 3–4 days) to identify newly acquired

infections, infections missed in previous rounds of
testing, and new introductions (8,12,20). Increased
dormitory density might also be a risk factor for viral transmission; the lowest cumulative incidence
occurred in dormitory E, which had lowest occupancy. Some facilities have reduced occupancy as
a mitigation strategy (6). Novel testing approaches
(e.g., pooled testing), point-of-care rapid antigen assays, and less intrusive specimen collection methods
are urgently needed to enable efficient SARS-CoV-2
testing. This investigation found no differences in
handwashing and mask use between persons who
tested positive or negative for SARS-CoV-2. A small
proportion overall (13%) reported always using a
mask which, along with close living quarters, might
have limited the effectiveness of these personal mitigation measures.
During follow-up, 22 persons tested positive ≥14
days after their first positive result and 1 person tested
positive 48 days after symptom onset. Four persons
had positive rRT-PCR results ≈3 weeks after the first

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

427

RESEARCH

positive result, which was longer than that seen in
previous investigations of patients with mild illness
(22,23). However, replication-competent virus was
not isolated from these specimens or any specimens
collected >9 days after symptom onset. This finding
lends support to facilities using symptom-based criteria for release after 10 days of isolation, with resolution of fever and improvement of other symptoms,
instead of test-based criteria (24).
Phylogenetic analysis identified 3 distinct clusters of SARS-CoV-2 infection from 41 specimens collected within the same month from detained persons
in dormitories A, D, E, and F. Given the genetic distance between the groups within a short time period
and the overall diversity of sequences from the COVID-19 outbreak, there was likely >1 introduction of
SARS-CoV-2 into the facility before May 29. In addition to mitigation measures to prevent SARS-CoV-2
spread within a facility, measures should be taken to
limit introductions into the facility, including routine symptom screening and test-ing at entry, use of
face masks, and systematic assignment of staff to
specific dormitories.
We identified 4 primary limitations to this investigation. First, serial testing was initiated 2–4 weeks
after the first case was identified in dormitories A–E,
which limited our ability to assess the impact of
testing and cohorting on preventing transmission if
most detained persons had been infected before the
investigation. In addition, persons who tested negative for SARS-CoV-2, including 53% who reported
COVID-19 symptoms, might have had COVID-19
and cleared their infections by the time of testing,
leading to an underestimation of the prevalence of
SARS-CoV-2 infection. No antibody testing was performed; thus, the extent of prior infection cannot be
estimated. Second, detained persons might have limited recall of mild symptoms and symptom timing,
particularly symptoms occurring >2 weeks before
testing, potentially resulting in an overestimation of
the prevalence of asymptomatic infection. Also, follow-up symptom assessments were not conducted
among persons with positive test results from dormitory F, thus potential presymptomatic detained
persons remained classified as asymptomatic. Third,
given our inclusion of symptoms reported up to 6
weeks before testing, misclassification of symptoms
caused by other pathogens or allergies could have
occurred. Finally, no systematic testing of facility
staff or detained persons in other dormitories was
part of this investigation.
In correctional and detention facilities, prevention and mitigation of SARS-CoV-2 transmission
428

requires a combination of measures (5). Testing is
necessary to identify asymptomatic and presymptomatic persons who can silently transmit the infection. Although symptom screening alone was not
sufficient to identify SARS-CoV-2 infections, it could
serve as a signal for SARS-CoV-2 introduction and
initiation of widespread testing. To increase sensitivity of symptom screening, screenings should use
an expanded COVID-19 symptom list based on the
latest evidence and guidance, and barriers to symptom reporting, such as medical care costs or concerns over medical isolation, should be minimized
(18,25,26). Multiple rounds of widespread testing
for detained persons and staff might be necessary
for early detection of virus introduction, particularly when there are high rates of transmission in
the surrounding community and ongoing risk for
reintroduction. When initiated early in an outbreak,
results from serial testing 3–4 days after an exposed
person first tests negative for SARS-CoV-2, paired
with mitigation strategies, might help limit transmission among detained persons. SARS-CoV-2 testing in these congregate settings will likely be most
effective when timed soon after viral introduction,
inclusive of all potentially exposed staff and detained persons, and combined with infection control mitigation strategies such as medical isolation
and quarantine.
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Severe malaria (SM) is a major public health problem in
malaria-endemic countries. Sequestration of Plasmodium falciparum–infected erythrocytes in vital organs and
the associated inflammation leads to organ dysfunction.
MicroRNAs (miRNAs), which are rapidly released from
damaged tissues into the host fluids, constitute a promising biomarker for the prognosis of SM. We applied nextgeneration sequencing to evaluate the differential expression of miRNAs in SM and in uncomplicated malaria (UM).
Six miRNAs were associated with in vitro P. falciparum
cytoadhesion, severity in children, and P. falciparum biomass. Relative expression of hsa-miR-4497 quantified
by TaqMan-quantitative reverse transcription PCR was
higher in plasma of children with SM than those with UM
(p<0.048) and again correlated with P. falciparum biomass
(p = 0.033). These findings suggest that different physiopathological processes in SM and UM lead to differential
expression of miRNAs and pave the way for future studies
to assess their prognostic value in malaria.
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ase-fatality rates for Plasmodium falciparum severe
malaria (SM) remain unacceptably high in young
children in Africa (1). Early detection and prompt
treatment of SM are critical to improve the prognosis of sick children. Unfortunately, clinical signs and
symptoms in many malaria patients, particularly
early in the infection, may not adequately indicate
whether the infection will trigger severe or life-threatening disease. Moreover, in malaria-endemic areas,
where immunity to malaria is progressively acquired,
detecting peripheral P. falciparum parasitemia in sick
children does not necessarily prove that malaria is the
cause of the severe pathology observed, given that
many persons may carry parasites without expressing clinical malarial disease (2).
Sequestration of P. falciparum–infected erythrocytes (iEs) (3) in vital organs is considered a key
pathogenic event leading to SM, as has been shown
in postmortem parasite counts in patients who died
with cerebral malaria (4,5). This extensive sequestration of parasitized erythrocytes in the microvasculature, together with the production of inflammatory
mediators, leads to the dysfunction of one or more peripheral organs, such as the lungs (acute respiratory
distress syndrome), kidneys (acute kidney injury) or
brain (coma) (6,7). This tissue-specific tropism of P.
falciparum parasites is mediated by the P. falciparum
erythrocyte membrane protein 1 (PfEMP1), which
can bind to different host receptors on the capillary
endothelium, uninfected erythrocytes, and platelets
(8,9); such receptors include endothelial receptor of
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protein C (ePCR), gC1qR, intercellular adhesion molecule-1, CD36, chondroitin sulfate A, or complement
receptor 1 (10).
Efforts have been made to identify biomarkers
of SM that could be used for early diagnosis and for
reducing severity of disease (11). Several biomarkers
related to endothelial activation and immune dysfunction have been associated with different malariaderived severe pathologies (11–14). Plasma level of
histidine-rich protein 2 (HRP2), a parasite-specific
protein secreted by the parasite during its blood
cycle, has been used as a biomarker of total parasite biomass (circulating and sequestered parasites)
(15,16) and therefore as a prognostic marker of the total parasite biomass and as a better proxy marker for
SM than peripheral parasitemia (16). Organ damage
and pathological disease states have also been associated with the rapid release of microRNAs (miRNAs),
a class of endogenous small noncoding RNAs (18–24
nt), into circulation (17). Because secreted miRNAs
can be detected in biologic fluids such as plasma (18),
they are currently being explored (17) as promising
noninvasive biomarkers to monitor organ functionality and tissue pathophysiological status. The content
of miRNAs in the host is influenced by host-pathogen
interactions (19). Sequestration of erythrocytes infected with P. berghei in mice brains has been demonstrated to modify the miRNA expression in cells

(20). Similarly, sequestration of P. vivax gametocytes
in bone marrow has been associated with transcriptional changes of miRNAs involved in erythropoiesis
(21). The evidence suggests that Plasmodium parasites,
although unable to produce miRNAs (22), could affect the production of organ-specific host miRNAs,
pointing toward the potential of these small molecules to detect SM associated organ injury (23) and
to confirm the contribution of malaria in the chain of
events leading to death through the analysis of postmortem tissues (23).
Our study hypothesis is that miRNA levels in
plasma are differentially expressed among children
with severe and uncomplicated malaria because of
the parasite sequestration in vital organs of severely
ill children. To identify promising biomarkers for SM,
we conducted a small RNA next-generation sequencing study to select miRNAs that were differentially
expressed by human brain endothelial (HBE) cells exposed to P. falciparum iEs selected for cytoadhesion to
ePCR, the main host receptor associated with SM (9),
compared with HBE cells exposed to noncytoadherent iEs and noninfected erythrocytes (niEs). We also
compared children who had SM with children who
had UM (Figure 1). miRNAs that were differentially
expressed in both analyses, together with the P. falciparum biomass-associated miRNAs (correlation coefficient >0.50 [24]), were quantitatively confirmed in

Figure 1. Schematic representation of study design to identify miRNA-based biomarkers of SM. ePCR, endothelial protein-C
receptor (a binding Plasmodium falciparum strain-FCR3); HRP2, histidine-rich protein 2; iE, infected erythrocyte; miRNA,
microRNA; niE, noninfected erythrocyte; SM, severe malaria; SS, severity symptoms; UM, uncomplicated malaria; 3D7, a
nonbinding P. falciparum strain.
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an independent validation cohort set of children with
SM and UM using TaqMan quantitative reverse transcription PCR (qRT-PCR).
Materials and Methods
Study Population

Plasma samples used to assess miRNA levels were
collected in 2 case–control studies conducted in Manhiça District in southern Mozambique during 2006
(n = 113) and 2014 (n = 91). In brief, the cases were
children <5 years of age admitted to Manhiça District
Hospital for SM and controls were outpatient children with UM (Appendix, https://wwwnc.cdc.gov/
EID/27/2/19-1795-App1.pdf). The National Mozambican Ethical Review Committee (Mozambique)
and Hospital Clínic (Barcelona, Spain) approved
study protocols for each of the case–control studies.
A signed written informed consent was obtained
from each participant’s guardian or parent during the
original studies.
Parasitological Determinations

We prepared thick and thin blood films to quantify
P. falciparum parasitemia. We used approximately
half of a 60μL dried blood drop on Whatman-903
filter paper to extract parasite DNA and performed
real-time quantitative PCR (qPCR) targeting the P.
falciparum 18S rRNA gene (25,26). HRP2 levels were
quantified using commercially available ELISA
kits and an in-house highly sensitive quantitative
bead suspension array (qSA) based on Luminex
technology (Appendix).
P. falciparum Cytoadhesion Assays

We performed cytoadhesion assays to discover the
differential expression of miRNAs (Appendix). HBE
cells were incubated with P. falciparum iEs at the
trophozoite stage of the ePCR binding FCR3 strain
(ePCR-iE, which expresses the PfEPM1 protein that
binds to ePCR receptor) and the 3D7 strain (3D7-iE, a
strain without the protein that binds to ePCR receptor). Noninfected erythrocytes were used as negative
control. The cell-conditioned media of each group
were collected after 1 h (t1) and 24 h of stimulation
(t24) and subjected to RNA extraction followed by
small-RNA sequencing.
Molecular Procedures, Gene Target Prediction
and Data Analysis

RNA was extracted from cell-conditioned media (3
mL) by using the miRNeasy tissues/cells kit (QIAGEN, https://www.qiagen.com) and from plasma
432

samples (1 mL) by using the miRNeasy plasma/serum kit, with the use of 5µg UltraPure glycogen/sample. Given that the plasma samples were conserved in
heparin, RNA was precipitated with lithium chloride
as described previously (27). Purified RNA was subjected to library preparation, pooling, and sequencing using a HiSeq 2000 (Illumina, https://www.
illumina.com) platform, following the protocol for
small RNAs (28) (Appendix). We used a previously
published pipeline (28) to assess the sequencing quality, identification, and quantification of small RNAs,
normalization and other species RNA contamination
(Appendix). To detect miRNAs and isomiRs, reads
were mapped to the precursors and annotated to
miRNAs or isomiRs using miRBase version 21 with
the miraligner (29). DESeq2 R package version 1.10.1
(R3.3.2; https://www.r-project.org/about.html) (30)
was used to perform an internal normalization.
In the 2014 study, we used 50 µL of plasma with
no hemolysis for RNA extraction as described, then
conducted qRT-PCR (Appendix). We calculated
miRNA relative expression levels (RELs) by the 2−ΔCt
method, where ∆Ct = cycle threshold (Ct) (miRNA)
– mean Ct (endogenous controls; ECs), considering
efficiencies of 100% for all the miRNAs and ECs (31).
The selected miRNAs were screened through
different gene target prediction programs such as
DIANA-microT-CDS
(http://www.microrna.gr/
microT-CDS), MiRDIP (http://ophid.utoronto.ca/
mirDIP), MirGate (http://mirgate.bioinfo.cnio.es), and
TargetScan (http://www.targetscan.org) (Appendix).
We assessed differential expression of miRNAs and
isomiRs using DESEq2 and IsomiRs packages in R (29,32)
(Appendix). All statistical analyses were performed
using R version 3.3.2, and graphs were prepared with
GraphPad version 6 (https://www.graphpad.com).
Results
Discovery Phase
miRNA Expression by HBE Cells

The ePCR binding P. falciparum strain (FCR3; ePCRiE) showed higher levels of cytoadhesion to HBE cells
(mean 32.60, SD 4.87 iE/500 cells) than a nonbinding
P. falciparum (3D7; 3D7-iE) strain (mean 3.20, SD 1.06
iE/500 cells; p = 0.001) and noninfected erythrocytes
(mean 3.12, SD 0.39 iE/500 cells; p = 0.001) (Appendix Figure 1). We sequenced 3 replicates of the media
collected from each cytoadhesion assay after 1 h (t1)
and 24 h (t24), giving a total of >200 million reads/
lane, with a mean of 12.10 million reads (SD 13.31) per
sample (Table 1; Figure 2, panel A; Appendix Table
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Table 1. Quality control and mapped reads in different species of small RNAs from cell-conditioned media of human brain endothelial
cells and plasma samples in children with uncomplicated and severe malaria, Mozambique*
Cell condition
niE
3D7-iE
ePCR-iE
Read type
t1, n = 3 t24, n = 3
t1, n = 3 t24, n = 3
t1, n = 3 t24, n = 3 UM, n = 39 SM, n = 44
Total reads, millions (SD)
8.70
16.71
10.43
25.86
4.78
6.11
10.90
9.26 (6.06)
(3.55)
(14.59)
(3.48)
(28.14)
(2.13)
(1.18)
(9.69)
Quality filtered, counts (SD)
46.00
33.33
14.67
125.67
10.67
16.33
557.62
615.75
(36.72)
(29.67)
(23.69)
(217.66)
(2.31)
(25.70)
(1,200.76) (1,163.62)
Complexity filtered, counts (SD)
910.67
745.00
369.33
3168.67
220.67
308.00
535.97
506.23
(775.48) (659.60)
(567.40) (5,438.11)
(163.57)
(526.55)
(884.46)
(455.16)
Size filtered, millions (SD)
0.63
2.26
0.68
2.12 (2.92)
0.90
0.49
1.94 (1.51) 2.39 (1.82)
(0.34)
(2.99)
(0.40)
(0.48)
(0.50)
Good-quality reads†
Millions (SD)
8.07
14.44
9.75
23.74
3.88
5.62
8.96 (8.89) 6.88 (4.64)
(3.35)
(11.60)
(3.10)
(25.23)
(2.00)
(0.84)
Percentage (SD)
92.62
90.35
93.93
94.15
79.60
92.62
77.76
74.95
(2.54)
(6.98)
(2.37)
(3.26)
(8.86)
(6.35)
(15.31)
(11.08)
miRNA
Millions (SD)
0.26
1.09
0.27
0.98 (1.14)
0.25
0.15
2.05 (2.50) 1.33 (1.42)
(0.19)
(1.57)
(0.19)
(0.07)
(0.13)
Percentage (SD)
3.02
4.97
2.47
3.75 (0.54)
7.41
2.47
22.43
20.21
(1.73)
(4.92)
(1.52)
(3.44)
(1.97)
(16.01)
(13.22)
rRNA
Millions (SD)
2.34
3.12
1.57
5.74 (9.19)
0.72
0.90
0.92 (0.97) 0.81 (0.72)
(1.82)
(2.71)
(1.72)
(0.38)
(1.08)
Percentage (SD)
24.72
20.36
14.84
13.41
19.55
15.13
11.11
11.49
(16.01)
(14.62)
(15.37)
(15.42)
(5.14)
(16.99)
(7.75)
(5.78)
tRNA
Millions (SD)
1.72
3.37
3.75
6.35 (3.00)
0.84
2.47
1.13 (1.17) 1.14 (0.94)
(0.58)
(1.51)
(1.80)
(0.64)
(1.47)
Percentage (SD)
27.51
32.53
41.04
43.47
18.65
45.24
13.93
17.79
(23.37)
(27.16)
(20.74)
(23.59)
(9.43)
(26.80)
(6.85)
(7.70)
Unknown
Millions (SD)
3.75
6.86
4.16
10.66
2.07
2.11
4.87 (5.88) 3.59 (2.62)
(1.92)
(6.80)
(1.67)
(12.55)
(0.97)
(0.67)
Percentage (SD)
44.76
42.14
41.65
39.37
54.40
37.15
52.53
50.51
(6.35)
(11.63)
(5.12)
(8.36)
(3.75)
(7.89)
(16.01)
(13.55)

*Reads were obtained from cell-conditioned media of human brain endothelial cells exposed to cytoadherent P. falciparum–infected and noninfected
erythrocytes, and plasma of Mozambique children with SM and UM. Three replicates of the media were collected from each cytoadhesion assay after 1
(t1) and 24 (t24) hours. ePCR-iE, adherent FCR3 expression endothelial receptor of protein C-infected erythrocytes; miRNA, microRNA; niE, noninfected
erythrocytes; SM, severe malaria; UM, uncomplicated malaria; 3D7-iE, nonadherent 3D7-infected erythrocytes.
†Reads after filtering low quality, low complexity, and short (<18-nt) sequences.

1). The mean percentage of miRNAs in the media
samples analyzed was 4.01% (SD 2.93%); a mean of
203 (SD 93.82, range 101–465) distinct miRNAs were
detected (Appendix Table 1). The 10 most expressed
miRNAs for all samples at t1 and t24 time points are
described in Figure 2, panel B. No contamination with
RNA from other species was observed.
One hour after incubating the HBE cells with P.
falciparum infected and noninfected erythrocytes, 111
miRNAs were found to be differentially expressed in
cell-condition media of niE and ePCR-iE; 76 of them
were downregulated and 35 upregulated in ePCRiE compared with niE (Figure 2, panel C; Appendix
Table 2). At this same time point, 100 miRNAs were
differentially expressed in cell-condition media of
3D7-iE and ePCR-iE; 67 were downregulated and
33 upregulated in ePCR-iE compared with 3D7-iE
(Figure 2, panel D; Appendix Table 3). Overall, 89
miRNAs were differentially expressed in ePCR-

iE compared with both niE and 3D7-iE; 28 of those
were upregulated and 61 downregulated in ePCR-iE.
There were no differentially expressed miRNAs between niE and 3D7-iE cell-condition media. At t24,
only hsa-miR-451a was significantly upregulated in
cell-condition media of ePCR-iE with respect to niE
(p<0.001) and 3D7-iE (p = 0.023). We found no significantly different miRNAs between niE and 3D7-iE cellcondition media. All differentially expressed isomiRs
originated from the selected miRNAs; none of them
presented any modifications in the seed region.
miRNAs Expression in Plasmas from Children with
Malaria of Varying Severity

Out of 113 plasma samples collected from children
with SM (N = 57) and UM (N = 56) in Mozambique in
2006, 11 samples were discarded, 5 because of hemolysis (OD414>0.2) (33) and 6 because no peak was observed between 133–150 nt (typical size for miRNAs
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plus library adaptors) on the bioanalyzer results after
library preparation. Among the 102 sequenced samples (SM = 53, UM = 49), 19 samples (9 SM, 10 UM)
were further excluded because of the low number of
miRNA reads (<10,000 reads). In total, samples from
83 children (44 with SM and 39 with UM) were included in the analysis (Table 2).
The sequencing of the 83 plasma samples yielded a mean of 9.42 (SD 6.4) million reads per sample
(Table 1; Figure 2, panel A; Appendix Table 4). The
mean percentage of miRNAs per plasma samples was

20.5% (SD 13.2%), with a mean of 395 (SD 169, range
116–786) distinct miRNAs detected (Appendix Table
4). The total number of miRNAs detected across samples was 1,450. The 10 most expressed miRNAs can
be found in Figure 2, panel B. No contamination with
RNA from other species was observed.
We found hsa-miR-122–5p upregulated in children with SM (Table 3). In the subanalysis by signs of
severity, 5 miRNAs were associated with severe anemia (SA), prostration, and acute respiratory distress
(ARD) (Table 3). Twelve miRNAs were associated
Figure 2. RNA sequencing of
human brain endothelial (HBE) cell
media and plasma from children
recruited in 2006, Mozambique.
A) Percentage of mapped reads
in different species of small
RNAs, for both in vitro and ex
vivo approaches. B) Ten most
expressed miRNAs in HBE cell
medias and plasmas. Color-coded
cells show the percentage of each
assay/condition (columns) for
each miRNA (rows). C) Volcano
plot of differentially expressed
miRNAs in cell-condition media of
niEs versus cell-condition media
of iEs with the FCR3-ePCR strain
(ePCR-iE) incubated with HBE
cells. D) Volcano plot of differentially
expressed miRNAs in cell-condition
media of iEs with 3D7 strain (3D7iE) versus cell-condition media of
iEs with the FCR3-ePCR strain
(ePCR-iE) incubated with HBE
cells. Comparisons depicted in C
and D were adjusted for multiple
testing by the Benjamini-Hochberg
method. Negative log2-fold change
indicates overexpression in ePCRiE samples. ePCR, endothelial
protein-C receptor (a binding
Plasmodium falciparum strain);
HRP2, histidine-rich protein 2;
iE, infected erythrocyte; miRNA,
microRNA; SM, severe malaria; UM,
uncomplicated malaria.

434

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

MicroRNA of P. falciparum Severe Malaria

Table 2. Characteristics of children with severe and uncomplicated malaria recruited for case–control studies in 2006 and 2014,
Mozambique*
2006
2014
Characteristic
UM, n = 39
SM, n = 44
p value
UM, n = 30
SM, n = 40
p value
Age, y, mean (SD)†
2.3 (1.1)
2.4 (1.3)
0.671
2.2 (1.3)
2.8 (1.2)
0.419
Sex, no. (%)
M
24 (62)
28 (64)
1.000
18 (60)
21 (52.5)
0.532
F
15 (38)
16 (36)
12 (40)
19 (47.5)
HRP2, ng/mL, GM (SD)
71.3 (10.7)
331.4 (40.7)
<0.001
24.1 (4.9)
78.7 (12.2)
0.038
qPCR, parasites/μL, GM (SD)
2,084.9
7,976.1
0.004
72,845.9
94,099.6
0.549
(302.5)
(1,079.6)
(7,193.9)
(8,716.0)
Splenomegaly, no. (%)
No
33 (85)
21 (48)
0.001
ND
27 (67.5)
NA
Yes
6 (15)
23 (52)
ND
13 (32.5)
Hepatomegaly, no. (%)
No
38 (97)
35 (80)
0.016
ND
35 (87.5)
NA
Yes
1 (3)
9 (20)
ND
5 (12.5)
Hyperlactatemia, no. (%)
No
10 (26)
5 (11)
0.152
26 (86.7)
27 (67.5)
0.064
Yes
29 (74)
39 (89)
4 (13.3)
13 (32.5)
Temperature, ºC, mean (SD)
38.0 (1.6)
38.5 (1.1)
0.093
38.0 (1.3)
38.2 (1.4)
0.437
Weight, kg, mean (SD)
11.3 (2.8)
11.0 (2.8)
0.599
12.3 (2.9)
12.7 (3.3)
0.476
Platelets, 109/L, mean (SD)
156.7 (86.8) 115.8 (66.8)
0.018
149.0 (89.7)
95.3 (69.3)
0.001
Glucose, mM, mean (SD)‡
6.2 (1.5)
5.9 (1.8)
0.391
6.6 (1.3)
6.0 (2.6)
0.165
WBC, 109/L, mean (SD)
9.9 (4.1)
10.2 (3.9)
0.774
9.7 (3.8)
9.6 (5.0)
0.929
Neutrophils, %, mean (SD)§
54.1 (16.7)
54.4 (14.3)
0.940
50.7 (20.6)
58.9 (13.7)
0.447
Lymphocytes, %, mean (SD)¶
39.4 (17.9)
36.3 (12.6)
0.374
26.1 (17.1)
25.6 (12.2)
0.995
Lactate, mM, mean (SD)
3.0 (1.7)
4.7 (3.6)
0.009
2.8 (2.2)
3.6 (2.4)
0.035
Severe malaria syndromes, no. (%)
Prostration
33 (75.0)
30 (75.0)
Acute respiratory distress
18 (40.9)
19 (47.5)
Severe anemia
17 (38.6)
7 (17.5)
Multiple seizures
11 (25.0)
24 (60.0)
Cerebral malaria
2 (4.5)
7 (17.5)
Hypoglycemia
2 (4.5)
2 (5.0)
*Data were gathered in a discovery study in 2006 and validation study in 2014. GM, geometric mean; HRP2, histidine-rich protein 2: NA, not applicable;
ND, not determined; SM, severe malaria; UM, uncomplicated malaria; WBC, white blood cells.
†No data for 1 sample (UM = 1) in 2014 study.
‡No data for 3 samples (SM = 2; UM = 1) in 2014 study.
§No data for 4 samples (SM = 4) in 2014 study.
¶No data for 3 samples (SM = 3) in 2014 study.

with PM-agglutination and cytoadhesion to g1CqR
(Table 3). We observed no associations between miRNA counts and other cytoadhesion data such as rosetting and binding to CD36 and to CD54. After adjusting
for multiple comparisons, we found 3/1,450 miRNAs
identified in RNA sequencing data, hsa-miR-10b-5p,
hsa-miR-378a-3p, and hsa-miR-4497, correlated with
HRP2 levels determined by qSA Spearman analysis
(Figure 3). We observed similar correlations when
HRP2 levels were determined by ELISA (Appendix
Table 5). miRNAs were neither associated with hepatomegaly nor with splenomegaly. All differentially
expressed isomiRs between children with SM and
those with UM belong to the differentially expressed
miRNAs, with no modifications in the seed region.
Validation Cohort

Among the 89 miRNAs differentially expressed in
cell-condition media of HBE cells exposed to niE and
3D7-iE compared with ePCR-iE, we confirmed 5 miR-

NAs to be differentially expressed between children
with SM and UM. These 5 miRNAs (hsa-miR-122–5p,
hsa-miR-320a, hsa-miR-1246, hsa-miR-1290 and hsamiR-3158–3p), along with hsa-miR-4497 miRNA,
which had a correlation coefficient with HRP2 >0.5
(Figure 3), were selected for TaqMan qRT-PCR validation in an independent cohort of children with SM
and UM recruited in 2014. Among the 91 plasma samples collected from these children, 21 were discarded
because of hemolysis (OD414>0.2) (33). Of the 70 remaining samples, 40 were collected from children
with SM and 30 from children with UM (Table 2).
All samples tested by qRT-PCR amplified the exogenous control (ath-miR-159a) with a Ct value<18
and a coefficient of variance (CV) <5%, suggesting
the correct RNA extraction and cDNA preparation.
We selected 3 ECs, hsa-miR-191–5p (CV = 4.8%, baseMean = 3953.3, log2-fold change [FC] −0.02, SD 0.56),
hsa-miR-30d-5p (CV = 4.9%, baseMean = 14172.31,
FC 0.01, SD 0.61), and hsa-miR-148a-3p (CV = 5%,
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baseMean = 111593.08, FC 0.11, SD 0.82) as a panel
for qRT-PCR analysis. Among these, the NormFinder
stability value was 0.044 for the combination of hsamiR-30d-5p and hsa-miR-191–5p, and thus we selected those 2 ECs. No statistically significant differences
were found when we compared Ct values of the exogenous controls and 2 endogenous controls between
SM and UM samples (Appendix Figure 2). We performed standard curves for all miRNAs (ECs and selected miRNAs), giving efficiencies of 91.1%–103.8%
(Appendix Table 6), which were assumed as 100% to
calculate the relative expression values using the 2−ΔCt
method (31).
The relative expression levels of hsa-miR-3158–3p
and hsa-miR-4497 were significantly higher in children with SM than UM (p<0.05) (Figure 4). We found
that hsa-miR-3158–3p levels were higher in children
who had prostration, multiple seizures, and ARD
compared with those who had UM (p<0.05; Figure
5). Severe anemia and ARD symptoms were associated with higher hsa-miR-4497 levels (p<0.05; Figure
5). No such associations were observed for cerebral
malaria and hypoglycemia. RELs of hsa-miR-3158–3p
and hsa-miR-4497 were found positively correlated

with HRP2 levels quantified by qSA (p<0.05; Figure
6). Similar correlations were observed when HRP2
levels were determined by ELISA (Appendix Table 5).
miRNA Gene Target Prediction

We identified a total of 87 putative targets for hsamiR-3158–3p and hsa-miR-4497 miRNAs, none of
which were shared by both miRNAs (Appendix Table
7). We predicted 45 experimentally validated mRNA
targets for hsa-miR-3158–3p and 42 for hsa-miR-4497;
the predicted targets were found to be involved in a
broad range of biologic processes (Appendix Table
8). However, significance was lost when adjusted by
the Benjamini-Hochberg method; none of the target
genes were clustered under the KEGG pathway with
p<0.05.
Discussion
Because of their specificity to cell type (17), microRNAs can reflect disease states and organ damage.
Consequently, they have the potential to provide a
new screening method for early detection of pathological P. falciparum sequestration and could become an effective prognosis tool for severe malaria.

Table 3. Association of miRNA levels with severe malaria, symptoms of severity, and Plasmodium falciparum cytoadhesion among
children with uncomplicated and severe malaria, Mozambique*
Characteristic
miRNA
baseMean
log2-fold change Adjusted p value
Clinical data
SM, n = 44 vs. 39 UM
All
hsa-miR-122-5p
19,929.69
1.67
0.001
SA, n = 17 vs. 39 UM
hsa-miR-4492
17.34
2.81
0.046
hsa-miR-4497
293.66
2.18
0.046
Prostration, n = 33 vs. 39 UM
hsa-miR-122-5p
20,677
1.89
0.001
hsa-miR-6087
5.36
2.39
0.033
hsa-miR-511-5p
126.67
1.36
0.040
Acidosis or respiratory distress, n = 18 vs. 39 UM
hsa-miR-122-5p
13,367.43
2.21
<0.001
hsa-miR-4497
272.39
2.05
0.07
Cytoadhesion data
Platelet-mediated agglutination, n = 50 vs. 19 UM
hsa-miR-3158-3p
1,180.96
<0.001
−2.26
hsa-miR-320a
22,005.69
0.001
−1.48
hsa-miR-4492
18.33
2.78
0.002
hsa-miR-1290
1,011.34
0.014
−1.38
hsa-miR-320b
1,191.44
0.014
−1.23
hsa-miR-320c
408.32
0.014
−1.29
hsa-miR-1246
3,907.45
0.019
−1.32
hsa-miR-6741-5p
48.11
0.023
−1.81
hsa-miR-1228-5p
82.73
0.023
−1.88
hsa-miR-3195
16.35
2.21
0.023
hsa-miR-7706
334.86
0.023
−1.00
gC1qR, n = 35 vs. 34 UM
hsa-miR-1-3p
622.35
2.09
0.003

*Positive fold change indicates overexpression in severe malaria and symptoms of severity compared to UM as well as parasites showing cytoadhesion
compared to none. Total number of miRNAs in RNA sequencing data was 1,450. p value adjusted for multiple testing by the Benjamini-Hochberg method.
baseMean, mean normalized expression of the miRNAs in all the samples; miRNA, microRNA; SA, severe anemia, SM, severe malaria; UM,
uncomplicated malaria.
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Figure 3. Spearman correlations between HRP2 levels and relative expression levels (RELs) of 3 miRNA in plasma samples from
children with malaria, 2006, Mozambique. A) hsa-miR-10b-5p; B) hsa-miR-378a-3p; C) hsa-miR-4497. HRP2 levels and miRNA RELs
were log transformed. The correlation analysis was adjusted for multiple testing by the Benjamini-Hochberg method. HRP2, histidinerich protein 2; miRNA, microRNA; REL, relative expression levels.

Moreover, the detection of miRNAs associated with
organ damage in host biofluids may provide an alternative to postmortem autopsies for determining
the presence of parasites in host vital organs. This approach creates new opportunities to develop malaria
diagnostic tools that can guide treatment decisions,
and to understand the role of human miRNAs in several disease conditions (23).

In the discovery phase, 89 miRNAs were found
to be differentially expressed in the media of HBE
cells after incubation with an ePCR-cytoadherent P.
falciparum strain compared with noncytoadherent
parasites and noninfected erythrocytes. In addition,
15 miRNAs in plasma samples obtained from children were associated with SM, with specific severity
symptoms, and with the cytoadherent P. falciparum

Figure 4. MiRNA validation in plasma samples of children with malaria, 2014, Mozambique. A) hsa-miR-122-5p; B) hsa-miR-320a;
C) hsa-miR-1246; D) hsa-miR-1290; E) hsa-miR-3158-3p; F) hsa-miR-4497. RELs were calculated with respect to the mean of 2
endogenous controls (hsa-miR-30d-5p and hsa-miR-191–5p) and compared between children with SM and UM. Statistical differences
were obtained by using the Mann-Whitney U test. Error bars represent medians and interquartile ranges. HRP2, histidine-rich protein 2;
miRNA, microRNA; REL, relative expression levels; SM, severe malaria; UM, uncomplicated malaria.
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Figure 5. Association of microRNA levels with symptoms of severity in children with malaria, Mozambique, 2014. A) hsa-miR-122-5p;
B) hsa-miR-320a; C) hsa-miR-1246; D) hsa-miR-1290; E) hsa-miR-3158-3p; F) hsa-miR-4497. RELs were calculated with respect to
the mean of 2 endogenous controls (hsa-miR-30d-5p and hsa-miR-191–5p) and compared between children with UM and symptoms
of severity. Distributions were compared using Mann-Whitney U test. Error bars represent medians and interquartile ranges. p values
are shown for significant comparisons. ARD, acidosis or acute respiratory distress; MS, multiple seizures; P, prostration; REL, relative
expression levels; SA, severe anemia; UM, uncomplicated malaria.

phenotype, compared with UM and noncytoadherent parasites. In the validation phase, we confirmed
the higher abundance of hsa-miR-3158–3p and hsamiR-4497 in children with SM than in children with
UM. Prostration, multiple seizures, SA, and ARD
symptoms of severity were associated with higher
levels of hsa-miR-3158–3p and hsa-miR-4497. hsamiR-4497 levels were also positively correlated with
the parasite biomass as quantified by the levels of
HRP2 in both the discovery and validation phases.
Overall, these findings suggest that different physiopathological processes in SM and UM lead to differential expression of miRNAs in plasma.
HBE cells released a high number of the miRNAs
when they were stimulated with an ePCR binding P.
falciparum strain within the first hour of incubation. After 24 hours, the system stabilized; 1 miRNA (hsa-miR451a) was found at higher levels in cell-conditioned
media of HBE cells incubated with an ePCR binding
strain than in cells stimulated with nonadherent (3D7iE) or noninfected erythrocytes. miR-451 has been implicated in translocation to form a chimera with Plasmodium mRNAs to block their translation (34) and was
also found to be abundant in sickle erythrocytes (35).
In addition, it has been shown that parasites could
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reduce miR-451 levels in host fluids (36). However,
this finding was not confirmed in plasmas from the
children in this study. Five miRNA levels were higher
in children with SM and severity symptoms (prostration, SA, and ARD) than in children with UM. P. falciparum cytoadhesion phenotypes (PM-agglutination
and cytoadhesion to gC1qR) were also associated with
the differential expression of miRNAs, suggesting that
the interaction between PfEMP1 and host receptors
leads to the secretion to plasma of specific miRNAs.
Moreover, 3 miRNAs (hsa-miR-10b-5p, hsa-miR-378a3p, and hsa-miR-4497) were positively correlated with
HRP2 levels.
We selected 6 candidate miRNAs identified in
the discovery phase to determine the validity of the
previous results in an independent cohort of children
in Mozambique. The relative expression of hsa-miR3158–3p and hsa-miR-4497 was significantly higher in
children with SM than in those with UM; hsa-miR3158–3p levels were higher in children with prostration, multiple seizures, and ARD, and hsa-miR-4497
in children with SA and ARD. To our knowledge,
hsa-miR-3158–3p, which is widely expressed in
skin, spleen, kidney, and brain tissues (37), has been
associated with bipolar disorders (38) but not with
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Figure 6. Spearman correlations between HRP2 levels and microRNA RELs in plasma samples from children with malaria,
Mozambique, 2014. A) hsa-miR-122-5p; B) hsa-miR-320a; C) hsa-miR-1246; D) hsa-miR-1290; E) hsa-miR-3158-3p; F) hsa-miR-4497.
HRP2 levels and microRNA RELs were log transformed. HRP2, histidine-rich protein 2; REL, relative expression levels.

other infectious diseases. Further validation is required for hsa-miR-3158–3p because the levels of this
miRNA were found to be downregulated in the plasma from children recruited in 2006 with positive PMagglutination compared with no PM-agglutination, a
P. falciparum cytoadhesion phenotype which has been
associated with malaria severity (39). However, the
positive correlation of hsa-miR-4497 with HRP2 levels, which was consistently observed in the cohorts of
children from 2006 and 2014, suggested that increasing parasite biomass associated with parasite sequestration may lead to higher levels of secretion of this
specific miRNA by damaged tissues. The miRNA
hsa-miR-4497 is widely expressed in the lymph nodes
and spleen, kidney, and liver tissues (37). Overall, this
study shows that hsa-miR-4497, which is also associated with SM, might be an interesting proxy marker
of malaria severity. However, hsa-miR-4497 has been
identified as a tumor suppressor (40) and associated
with Mycobacterium tuberculosis infection (41). Therefore, longitudinal studies are required to assess the
prognostic value of this miRNA, as well as to estimate
its differential expression in children with severity
due to nonmalarial infections.

Few of the most expressed miRNAs found in
our study, which represent 70% of the total miRNA
counts in plasma samples, have been previously reported as highly abundant in plasma samples (28,42).
According to public data deposited in the miRmine
database (43), hsa-miR-486–5p and hsa-miR-451a are
the 2 most abundant miRNAs in plasma; both were
among the 10 most expressed miRNAs in our study.
Although no data are available on miRNAs from cellconditioned media of HBE cells, miRNA data from
other cell types, such as primary tissue explants, primary stromal cells, and breast cancer cell lines, also
show low miRNA yield (44), similar to this study.
Our observation indicates that RNA sequencing data
obtained in this study is of good quality and can be
used for posterior analysis with high confidence.
The first limitation of our study is that we used
only HBE cells and ePCR binding parasites for the
in vitro assay and therefore may have missed miRNAs produced by other parasite-host interactions
contributing to SM. Second, plasma samples used in
this study were collected retrospectively. Therefore,
factors before small RNA sequencing and TaqManqRT-PCR, such as time taken between centrifugation,
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storage, and storage temperature, might have varied
among the samples, affecting miRNA plasma levels
(45,46). However, confirmation of findings in both the
study cohorts suggest a minimal effect of preanalysis
conditions in the results. Third, variations in the number of miRNAs identified in replicates of in vitro experiments may have led to the loss of some miRNAs.
Fourth, the lack of tissue samples from organs with
P. falciparum sequestration restricted the histological
confirmation of identified miRNAs, and the presence
of co-infections other than blood culture positive bacteremia cannot be neglected in the studied plasma
samples. Finally, the association of each miRNA with
specific symptoms that are part of the SM case definition may need further validation using a larger sample size, considering that our numbers were relatively
small for individual SM criteria. In addition, future
studies using machine-learning approaches would
enable the identification of a combination of miRNAs
that may detect SM pathologies.
In conclusion, the profiling of miRNAs in media
from HBE cells after incubation with a cytoadherent
P. falciparum strain and in plasma from children with
different clinical manifestations enabled us to identify promising miRNA candidates for characterizing
severe malaria, specifically hsa-miR-4497. This study
is a base for future analyses to understand the value
of these miRNAs as a prognostic biomarker and for
disentangling the etiology of SM.
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Increasing Incidence of Invasive
Group A Streptococcus Disease
in First Nations Population,
Alberta, Canada, 2003–2017
Gregory J. Tyrrell, Christopher Bell, Lea Bill, Sumana Fathima

The incidence of invasive group A Streptococcus (iGAS)
disease in the general population in Alberta, Canada, has
been steadily increasing. To determine whether rates for
specific populations such as First Nations are also increasing, we investigated iGAS cases among First Nations persons in Alberta during 2003–2017. We identified
cases by isolating GAS from a sterile site and performing emm typing. We collected demographic, social, behavioral, and clinical data for patients. During the study
period, 669 cases of iGAS in First Nations persons were
reported. Incidence increased from 10.0 cases/100,000
persons in 2003 to 52.2 cases/100,000 persons in 2017.
The 2017 rate was 6 times higher for the First Nations
population than for non–First Nations populations (8.7
cases/100,000 persons). The 5 most common emm
types from First Nations patients were 59, 101, 82, 41,
and 11. These data indicate that iGAS is severely affecting the First Nations population in Alberta, Canada.

G

AS disease is caused by the gram-positive coccus
bacterium Streptococcus pyogenes; invasive GAS
(iGAS) disease is typically defined as identification
of GAS from any sterile site, including blood, cerebrospinal fluid, brain, and deep tissues. GAS affects
persons worldwide and causes a wide array of diseases including pharyngitis, skin infections (e.g., impetigo and cellulitis), bacteremia, pneumonia, septic
arthritis, rheumatic fever, rheumatic heart disease,
and the severe invasive diseases necrotizing fasciitis
and streptococcal toxic shock syndrome (1,2). The
epidemiology of many of these diseases varies by
Author affiliations: University of Alberta, Edmonton, Alberta, Canada
(G.J. Tyrrell); Alberta Precision Laboratories–Public Health–Alberta
Health Services, Edmonton (G.J. Tyrrell); Alberta Ministry of Health,
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Governance Center, Siksika, Alberta, Canada (L. Bill)
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region; pharyngitis is more common in high-income
countries, and diseases such as impetigo are more
common in tropical climates and low-income countries (3,4). In 2005, the mortality rate associated with
GAS disease (noninvasive and invasive) was ≈500,000
deaths/year (2).
GAS bacteria can be typed by identifying
variability in the DNA sequence at the tip of a
coiled-coil protein on the bacteria’s surface (the M
protein), which is encoded by the emm gene. Worldwide, there are >240 emm types (5,6). Prevalence of
emm types varies according to population and geography (7). In addition, the diversity of emm types
is greater in developing countries and less in more
developed countries (8–10).
Previous studies have shown that rates of iGAS
disease are higher for indigenous populations than
for other populations (11–15). Examples include Native Americans in Arizona and Alaska and indigenous communities in parts of Australia and northwestern Ontario, Canada. For parts of the country
such as western Canada, detailed descriptive data on
iGAS in the indigenous population are lacking. We
previously reported increased age-standardized rates
of iGAS in Alberta’s general population and increasing incidence from a low of 4.2 cases/100,000 persons
in 2003 to a high of 10.2 cases/100,000 persons in
2017 (16). On the basis of that finding, we explored
whether iGAS rates also increased for the First Nations population of Alberta during the same period.
Methods
Case and Population Data

All iGAS cases were identified by diagnostic microbiology laboratories in Alberta, where iGAS disease is
listed as a Public Health Notifiable Disease (https://
open.alberta.ca/publications/streptococcal-disease-
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group-a-invasive). All cases identified by diagnostic
microbiology laboratories are required to be reported
to the Alberta Ministry of Health. Confirmed iGAS
cases are defined as identification of GAS from any
typically sterile site, including blood, cerebrospinal
fluid, brain, deep tissues, and joints (https://open.alberta.ca/publications/streptococcal-disease-groupa-invasive). After initially identifying iGAS isolates,
diagnostic microbiology laboratories in Alberta informed provincial public health officials, and trained
public health nurses collected clinical and risk factor
data according to routine notifiable disease requirements by using a notifiable disease reporting form
(https://open.alberta.ca/publications/ndr-manual-9th-edition). Clinical (including risk factors) and
laboratory data were electronically captured in the
Alberta Health Communicable Disease Reporting
System (CDRS), an electronic database held by Alberta Health and used to capture data regarding cases
of reported communicable disease. Staff at Alberta
Health reviewed each incident case for data quality
and completeness in the CDRS.
For the risk factor analysis, we defined addiction
abuse as a primary chronic neurobiological disease
with genetic, psychosocial, and environmental factors
and behaviors leading to impaired control over drug
use, compulsive use, continued use despite harm, and
craving. Subsets of addiction abuse were alcohol abuse
and drug use. Alcohol abuse was defined as the overindulgence in alcohol, leading to effects that are detrimental to the person’s physical and mental health.
Drug use was defined as the use of all drugs that were
acquired unlawfully. Deaths were determined at the
time of data collection by Alberta Health.
In Canada, there are 3 groups of aboriginal peoples: First Nations, Inuit, and Métis (https://www.
rcaanc-cirnac.gc.ca/eng/1100100013785/1529102490
303). Only cases in First Nations persons, Inuit, and
Métis were captured in this analysis. To identify cases
in First Nations persons only, we extracted all iGAS
cases during 2003–2017 from the CDRS and used a
Unique Lifetime Identifier number to link them to
the Alberta Health First Nations identifiers registry
held by Alberta Health. The First Nations registry includes anyone ever registered as having First Nations
status. For statistical analyses, we used deidentified
and aggregated data. The First Nations population of
Alberta in 2003 was 140,436; in 2017, the population
was 164,786 (http://www.ahw.gov.ab.ca/IHDA_Retrieval). An ethical framework for information and
knowledge-sharing for this project was provided by
the principles of OCAP (Ownership, Control, Access and Possession) within Alberta First Nations
444

(http://afnigc.ca/main/index.php?id=resources&co
ntent=community%20resources).
emm Typing of iGAS Isolates

All GAS isolates from persons with invasive cases
are required to be submitted to the Provincial Public
Health Laboratory for emm typing. The method used
to type iGAS isolates from 2003 through September
2006 was a previously described serologic typing assay (17). From October 2006 through 2017, emm typing was conducted by DNA sequencing of the M serotype specific region of the emm gene as previously
described (17–19). Assignment of emm-cluster type
was performed as previously described (20). In brief,
after the emm type was identified, it was matched to
an emm-cluster type on the basis of the typing scheme
of Sanderson-Smith et al. (20).
Statistical Analyses

During 2003–2017, First Nations population estimates in Alberta were extracted from the online Interactive Health Data Application database (http://
www.ahw.gov.ab.ca/IHDA_Retrieval). We calculated incidence rates by age group and by year of
diagnosis, expressed as cases per 100,000 persons.
Data were analyzed by using SAS version 9.3 (SAS
Institute Inc., https://www.sas.com) and graphed
by using OriginLab software 2018 (OriginLab Corporation, https://www.originlab.com). To compare
clinical presentations and emm clusters between
First Nations and non–First Nations persons, we
conducted Fisher exact t tests. We considered p<0.05
to be statistically significant.
Results
Incidence

Over the 15 years reviewed, we found 669 cases of
iGAS in the First Nations population in Alberta; mean
annual incidence rate was 28.6 cases/100,000 persons. The number of cases in 2003 was 14, which by
2017 increased to 86. In 2017, the incidence rate for the
Alberta First Nations population (52.2 cases/100,000
persons) was 6 times greater than that for non–First
Nations populations (8.7 cases/100,000 persons) (Figure 1). By First Nations age group, incidence was highest among persons <1 year of age (71.2 cases/100,000
persons), followed by persons >60 years of age (65.8
cases/100,000 persons) (Figure 2, panel A). iGAS incidence among First Nations persons of all age groups
was higher than that among non–First Nations persons
(Figure 2). Incidence rates varied by season; the number of cases of iGAS among First Nations persons was
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Figure 1. Incidence (cases/100,000
population) of invasive group A
Streptococcus disease for First
Nations and non–-First Nations
populations, Alberta, Canada, 2003–
2017. The incidence rate for the First
Nations population climbed from a
low of 10.0 in 2003 to a high of 52.2
in 2017. This rate contrasts with that
for the non–First Nations population
(3.7 in 2003 and 8.7 in 2017).

lowest during May and June (Figure 3), similar to what
has been reported for the general population (16).
Case Demographics, Clinical Manifestations,
and Risk Factor Analyses

The median age of First Nations persons with iGAS
disease was 38.5 years, younger than the overall median age of 45 years for persons with iGAS disease
previously reported for the overall Alberta population
(16). The proportion of First Nations iGAS patients
who were male (54.8%) was similar to the proportion
of non–First Nations patients who were male (58.5%).
A total of 24 deaths among First Nations patients

were attributed to iGAS; case-fatality rate was 3.6%.
In comparison, the case-fatality rate among non–First
Nations persons was 7.0%. By age group, of the 24
First Nations persons who died, 2 were children (<1
through 2 years of age). The remaining 22 First Nations persons who died were >35 years of age (Figure
2, panel A). For all age groups, case-fatality rates were
higher among non–First Nations than among First
Nations persons (Figure 2, panels A and B).
We observed little difference between First Nations and non–First Nations populations with respect to
clinical diagnosis (Table 1). The percentage of soft tissue
infections was higher for the First Nations population

Figure 2. Incidence (cases/100,000 population) and case-fatality rates for invasive group A Streptococcus disease for First Nations (A)
and non–First Nations (B) populations, by age group, Alberta, Canada, 2003–2017.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021
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Figure 3. Seasonality of invasive
group A Streptococcus disease
in the First Nations population,
Alberta, Canada, 2003–2017.

than the non–First Nations population (18.8% vs. 10.8%,
p<0.001; Table 1). Frequency of streptococcal toxic shock
syndrome was greater in the non–First Nations population than in the First Nations population (6.4% vs. 2.3%,
p<0.001; Table 1). The most prevalent risk factors for the
First Nations population over the 15-year study period
were addiction abuse, alcohol abuse, drug use, nonsurgical wounds, homelessness, diabetes mellitus, and
hepatitis C (16) (Table 2).

emm Types and emm Cluster Descriptions

For the 15-year study period, we observed a difference in the distribution of emm types between First
Nations and non–First Nations populations in Alberta. The most prevalent emm type among the First
Nations population was emm59, which accounted for
13.5% of all emm types, followed by emm101 (8.4%)
and 82 (7.4%) (Table 3, Figure 4). This finding was in
contrast to that for the non–First Nations population,

Table 1. Invasive group A Streptococcus disease in First Nations and non–First Nations persons, by clinical diagnosis, Alberta,
Canada, 2003-2017*
System, clinical condition
First Nations, no. (%) cases
Non–First Nations, no. (%) cases
p value†
Blood, brain, sterile tissue
Septicemia/bacteremia
319 (37.8)
1570 (42.8)
0.011
Streptococcal toxic shock syndrome
19 (2.3)
235 (6.4)
<0.001
Meningitis
9 (1.1)
16 (0.4)
0.061
Peritonitis
5 (0.6)
24 (0.7)
0.886
Encephalitis
1 (0.1)
0
0.373
Skin/soft tissue
Cellulitis
146 (17.3)
633 (17.3)
0.971
Soft tissue infection
159 (18.8)
397 (10.8)
<0.001
Necrotizing fasciitis
60 (7.1)
266 (7.3)
0.989
Respiratory
Pneumonia
50 (5.9)
291 (7.9)
0.054
Epiglottitis
2 (0.2)
11 (0.3)
0.824
Bone
Joint
63 (7.5)
192 (5.2)
0.016
Osteomyelitis
10 (1.2)
27 (0.8)
0.272
Unknown
2 (0.2)
0
0.069
Total
845 (100)
3,688 (100)
Not applicable
*Patients may have multiple clinical manifestations (193 patients had 2 clinical manifestations, 39 patients had 3, 2 patients had 4, and 1 had 5).
†By Fisher exact test.
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for which the top 3 emm types were emm1 (22.1%), 28
(9.9%), 3 (5.1%), and 59 (5.1%).
emm cluster types differed substantially between
First Nations and non–First Nations populations (Table 4). These differences were notable for cluster types
A-C3, D4, E3, E4, and E6. The cluster types associated
with the greatest number of cases for the First Nations
population were D4 (emm41, 53, 80, 83, 91, 101) and E6
(emm11, 59, 75, 81, 94), representing 50.6% of the cases
in this group. Twelve other clusters represented the
remaining 49.4% (30 other emm types) of typed cases.
Discussion
Our data illustrate the extent to which rates of iGAS
disease are disproportionately higher for the First Nations population than the non–First Nations population in Alberta. For 2017, rates for the First Nations
population (52.2 cases/100,000 persons) were 6-fold
higher than rates for non–First Nations populations
(8.7 cases/100,000 persons). Rates were also very
high for First Nations children <1 year of age (71.2
cases/100,000 persons), in contrast to previously published rates for children in the 0 to 1–year age group of
the general Alberta population (9.7 cases/100,000 persons [16]). Our results are similar to those reported for
First Nations groups elsewhere. For example, another
study in Canada found that, from 2009 through 2014,
northwestern Ontario reported an elevated annualized
rate of 56.2 cases/100,000 persons for the First Nations
communities (14), similar to the rates we report for First
Nations populations. With respect to other indigenous
groups elsewhere, iGAS rates for the Aboriginal population in Australia during 2011–2013 were as high as

Table 2. Risk factors for First Nations and non–First Nations
persons with invasive group A Streptococcus disease, Alberta,
Canada, 2003-2017*
No. (%)
First Nations, n Non–First Nations,
Risk factor
= 669
n = 2,315
Diabetes
103 (15.4)
176 (7.6)
Hepatitis C
101 (15.1)
181 (7.8)
Immunocompromised
41 (6.1)
238 (10.3)
Nonsurgical wound
165 (24.7)
543 (23.5)
Surgical wound
43 (6.4)
133 (5.7)
Addiction abuse
250 (37.4)
390 (16.8)
Alcohol abuse
188 (28.1)
90 (3.9)
Drug use
126 (18.8)
307 (13.3)
Homelessness
117 (17.5)
257 (11.1)
*Percentages may add up to >100% because each patient may have
multiple risk factors.

70.0 cases/100,000 persons, 8-fold higher than rates for
the non-Aboriginal population (21). A previous study
from Alaska found that during 2001–2013, the incidence rate for Alaska Natives was 13.7 cases/100,000
persons, compared with a rate of 3.9 cases/100,000 persons for non–Alaska Natives (15). Reported rates for
Alaska Native children (39.9 cases/100,000 persons)
have been higher than those reported for non–Alaska
Native children (4.2 cases/100,000 persons) (15).
Drivers of the higher rates in the First Nations
populations are not completely clear, although specific risk factors probably contribute. Risk factor data
for iGAS in the First Nations population in our study
frequently indicated nonsurgical wounds, addiction
abuse (of which alcohol use and drug use are subsets), and homelessness. Other studies have noted
high rates of GAS skin infections (e.g., cellulitis and
abscesses) among persons who were experiencing
homelessness and injected drugs (22–24). Recently,

Table 3. Number of emm gene types in group A Streptococcus from First Nations persons with invasive disease, by year, Alberta,
Canada, 2003–2017*
emm type
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total
59
0
0
1
0
7
18
12
4
3
1
3
1
4
10
13
77
101
0
0
0
0
0
1
4
1
4
2
1
2
9
14
10
48
82
1
3
0
3
7
2
1
0
2
3
6
2
2
7
3
42
41
1
1
4
2
2
1
0
0
0
3
3
11
4
4
2
38
11
0
0
0
2
0
0
0
0
2
5
3
0
5
9
11
37
1
0
1
1
1
4
2
1
2
3
1
5
5
1
0
4
31
83
0
1
2
2
6
2
0
0
1
3
1
1
2
3
5
29
77
0
1
0
1
0
0
1
2
2
5
11
2
0
0
1
26
53
0
0
0
2
2
1
2
2
5
1
5
3
0
0
0
23
74
0
0
0
0
0
0
0
0
0
0
0
0
0
5
17
22
89
0
0
2
1
2
0
1
2
4
0
1
1
1
0
1
16
91
0
0
0
3
1
0
0
0
1
2
3
1
3
2
0
16
12
0
0
1
1
1
0
0
2
4
0
1
0
1
3
1
15
114
0
2
1
2
3
0
0
2
1
0
0
2
1
0
0
14
3
1
0
0
1
1
0
0
0
1
0
0
0
5
3
0
12
22
1
0
0
0
0
0
0
2
0
0
2
3
1
2
1
12
87
0
0
0
1
1
0
0
2
3
0
1
2
1
1
0
12
80
0
0
1
0
0
4
0
2
1
1
2
0
0
1
0
12
Other
4
3
7
5
6
4
3
3
3
3
4
5
3
9
11
73
Nontypable
2
4
2
6
0
1
0
0
0
0
0
0
0
0
0
15
Total
10
16
22
33
43
36
25
26
40
30
52
41
43
73
80
570
*emm types found in >10 cases are shown.
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work by the Active Bacterial Core surveillance program in the United States showed that skin infections
and skin breakdown were common among iGAS patients who were injection drug users or experiencing
homelessness (25). These studies suggest that skin
infections in vulnerable populations with these risk
factors provide routes for iGAS infections.
A role of skin infections is also suggested when
emm types are grouped by emm clusters. Grouping
emm types by cluster shows that the bulk of disease
among the First Nations population was focused on
cluster emm types that are considered to be associated
with skin-related infections (D clusters) and generalist
strains (E clusters), as opposed to throat-related clusters (A–C) (26). This finding may suggest that in this
population, skin-to-skin transmission occurs more
frequently than respiratory route transmission. Opportunities for skin-to-skin transmission can include
overcrowded households, as has been documented
in Australia for the Aboriginal population, in whom
the high burden of iGAS disease associated with skin
and soft tissue infections is related to overcrowded
or inadequate housing (27,28). With respect to other
potential risk factors, risk for iGAS has been found to
be significantly increased for close contacts of iGAS
patients (≈2,000 times higher than background incidence) (29,30). Overcrowding and inadequate housing have also been documented among First Nations

populations in Canada (31). Overcrowding has been
considered endemic to First Nations populations
in Canada and can probably lead to higher rates of
disease than in non–First Nations populations (31).
However, the numbers of persons living in households was not a demographic captured in this study;
therefore, whether overcrowding was a contributor
for this study remains unclear.
When we examined specific clinical conditions,
we found additional contrasts in iGAS disease between First Nations and non–First Nations groups.
Soft tissue and joint infections occurred with more
statistically significant frequency in the First Nations
population than in the non–First Nations population,
whereas septicemia/bacteremia and streptococcal
toxic shock syndrome occurred with more frequency
in the non–First Nations population than in the First
Nations population. The reasons for these differences
are not clear and may be multifactorial. We did not
expect to find that streptococcal toxic shock syndrome occurred more frequently in the non–First Nations population. A different emm type distribution
may account for some of these differences.
Prevalence of emm1 was greater for the non–First
Nations population (>22%) than for the First Nations population (<6%). emm1 is a major contributor to streptococcal toxic shock syndrome and is the
most frequent emm type isolated from persons in the
Figure 4. Group A Streptococcus
emm types from First Nations
persons and non–First Nations
with invasive disease, Alberta,
Canada, 2003–2017.
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Table 4. emm clusters among group A Streptococcus from First Nations and non–First Nation persons with invasive disease, Alberta,
Canada, 2003–2017
Cluster type
First Nations, no. (%)
Non–First Nations, no. (%)
Total cases
p value
A-C3
32 (5.8)
568 (22.7)
600
<0.001
A-C4
15 (2.7)
141 (5.6)
156
0.004
A-C5
12 (2.2)
130 (5.2)
142
0.001
D2
1 (0.2)
2 (0.1)
3
0.902
D3
0
3 (0.2)
3
0.948
D4
166 (30.0)
310 (12.4)
476
<0.001
E1
7 (1.3)
83 (3.1)
90
0.008
E2
18 (3.3)
64 (2.6)
82
0.435
E3
65 (11.7)
199 (8.0)
264
0.007
E4
79 (14.3)
616 (24.6)
695
<0.001
E5
0
5 (0.2)
5
0.736
E6
125 (22.6)
268 (10.7)
393
<0.001
M5
4 (0.7)
18 (0.7)
22
0.787
M6
7 (1.3)
62 (2.5)
69
0.100
M23
1 (0.2)
0
1
0.362
M74
22 (4.0)
32 (1.3)
54
<0.001
M111
0
1 (0.1)
1
0.408
M122
0
1 (0.1)
1
0.408
M218
0
1 (0.1)
1
0.408
Total
554 (100)
2,504 (100)
3,058
Not applicable

non–First Nations population in Alberta (16,32). The
reason(s) behind the decreased presence of emm1 in
the First Nations population despite it being the dominant emm type in the non–First Nations population
are not clear.
In contrast to the lower frequency of streptococcal
toxic shock syndrome is the higher frequency of soft tissue infections in the First Nations population. Our data
show that emm59 was the most prevalent emm type in
the First Nations population, and it has previously been
shown that emm59 displays a tropism for skin infections
(33,34). Since 2006, when a large outbreak of emm59 was
first reported, emm59 has become an established emm
type causing diseases such as skin and soft tissue infections throughout western Canada and the United States,
whereas previously it was relatively rare (33,35–37). The
emm59 cases reported here are probably derived from
that original outbreak in 2006–2009 because before then,
emm59 was uncommon.
Also notable is the striking difference in percentage of emm28 cases between First Nations (≈1%) versus non–First Nations (≈10%) populations. Our previous survey of the overall population indicated that
emm28 was the second most common emm type after
emm1 (16). emm28 falls within the E4 cluster categorizing this emm type as a generalist (20). The reason for
the large difference in emm28 prevalence between the
2 populations is not clear.
The high iGAS incidence rate in the Alberta First
Nations population illustrates the need for an effective GAS vaccine. One vaccine that has undergone
phase 1 clinical trials is a polypeptide vaccine composed of 30 emm types (38). An assessment of the emm

types contained in this 30-valent M protein–based
GAS vaccine shows that this vaccine would include
≈53% of the emm types found in the Alberta First
Nations population (38). If cross-protection against
nonvaccine emm types based on immunogenicity in
rabbits were included, this coverage rate would increase to 62.3% (38). In comparison, the 30-valent Mprotein–based vaccine would include 77.1% of the
emm types found in the non–First Nations population;
if cross-protection with non-vaccine emm types were
included, this percentage would increase to 79.8%.
These comparisons do not include potential crossprotection through coverage of emm clusters. These
emm type differences would have to be taken into account for the First Nations population should an emm
type–based vaccine such as this be introduced into
the Alberta population.
In summary, iGAS rates in the First Nations
community in Alberta are high, at ≈50 cases/100,000
persons. Marked differences in iGAS disease in the
First Nations population include more skin and soft
tissue infections and fewer streptococcal toxic shock
syndrome cases than in the non–First Nations population. Of note, substantial emm differences between
the 2 populations could have potential implications
for future vaccines.
Acknowledgments
We thank the clinical diagnostic microbiology laboratories in
Alberta for identifying iGAS isolates and submitting these to
the Provincial Public Health Laboratory for emm typing.
This work was supported by Alberta Health and Alberta
Precision Laboratories–Public Health, Alberta Health

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

449

RESEARCH
Services, and the AMR-One Health Consortium Major
Innovation Fund program of the Ministry of Jobs,
Economy and Innovation, government of Alberta.

About the Author

13.

Dr. Tyrrell is a professor and divisional director in the
Division of Diagnostic and Applied Microbiology,
Department of Laboratory Medicine and Pathology,
University of Alberta, Edmonton. His primary research
interests are epidemiology of GAS, Streptococcus
pneumoniae, and pathogenesis of group B streptococci.
References
1.
2.

3.

4.

5.

6.
7.

8.

9.

10.

11.

450

12.

14.

15.

Cunningham MW. Pathogenesis of group A streptococcal
infections. Clin Microbiol Rev. 2000;13:470–511.
https://doi.org/10.1128/CMR.13.3.470
Carapetis JR, Steer AC, Mulholland EK, Weber M. The
global burden of group A streptococcal diseases. Lancet
Infect Dis. 2005;5:685–94. https://doi.org/10.1016/
S1473-3099(05)70267-X
Bowen AC, Tong SYC, Chatfield MD, Carapetis JR. The
microbiology of impetigo in indigenous children:
associations between Streptococcus pyogenes, Staphylococcus
aureus, scabies, and nasal carriage. BMC Infect Dis.
2014;14:727. https://doi.org/10.1186/s12879-014-0727-5
Steer AC, Jenney AWJ, Kado J, Batzloff MR, La Vincente S,
Waqatakirewa L, et al. High burden of impetigo and scabies
in a tropical country. PLoS Negl Trop Dis. 2009;3:e467.
https://doi.org/10.1371/journal.pntd.0000467
Bessen DE, Smeesters PR, Beall BW. Molecular epidemiology,
ecology and evolution of group A streptococci. Microbiol
Spec. 2018;6. https://doi.org/10.1128/microbiolspec.
CPP3-0009-2018
Centers for Disease Control and Prevention. Streptococcus
pyogenes (group A Streptococcus) [cited 2019 Oct 19].
https://www.cdc.gov/streplab/groupa-strep/index.html
Steer AC, Law I, Matatolu L, Beall BW, Carapetis JR. Global
emm type distribution of group A streptococci: systematic
review and implications for vaccine development. Lancet
Infect Dis. 2009;9:611–6. https://doi.org/10.1016/
S1473-3099(09)70178-1
Tewodros W, Kronvall G. M protein gene (emm type)
analysis of group A beta-hemolytic streptococci from
Ethiopia reveals unique patterns. J Clin Microbiol. 2005;43:4369–
76. https://doi.org/10.1128/JCM.43.9.4369-4376.2005
Smeesters PR, Vergison A, Campos D, de Aguiar E,
Miendje Deyi VY, Van Melderen L. Differences between
Belgian and Brazilian group A Streptococcus epidemiologic
landscape. PLoS One. 2006;1:e10. https://doi.org/10.1371/
journal.pone.0000010
Sakota V, Fry AM, Lietman TM, Facklam RR, Li Z, Beall B.
Genetically diverse group A streptococci from children in
far-western Nepal share high genetic relatedness with
isolates from other countries. J Clin Microbiol. 2006;44:2160–
6. https://doi.org/10.1128/JCM.02456-05
Hoge CW, Schwartz B, Talkington DF, Breiman RF,
MacNeill EM, Englender SJ. The changing epidemiology of
invasive group A streptococcal infections and the emergence
of streptococcal toxic shock-like syndrome. A retrospective
population-based study. JAMA. 1993;269:384–9.
https://doi.org/10.1001/jama.1993.03500030082037

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

Marshall CS, Cheng AC, Markey PG, Towers RJ,
Richardson LJ, Fagan PK, et al. Acute post-streptococcal
glomerulonephritis in the Northern Territory of Australia:
a review of 16 years data and comparison with the
literature. Am J Trop Med Hyg. 2011;85:703–10.
https://doi.org/10.4269/ajtmh.2011.11-0185
Harris AM, Yazzie D, Antone-Nez R, Dinè-Chacon G,
Kinlacheeny JB, Foley D, et al. Community-acquired
invasive GAS disease among Native Americans, Arizona,
USA, Winter 2013. Emerg Infect Dis. 2015;21:177–9.
https://doi.org/10.3201/eid2101.141148
Bocking N, Matsumoto C, Loewen K, Teatero S, MarchandAustin A, Gordon J, et al. High incidence of invasive group A
streptococcal infections in remote First Nations communities in
Northwestern Ontario, Canada. Open Forum Infect Dis. 2016
;4:ofw243. https://doi.org/10.1093/ofid/ofw243
Rudolph K, Bruce MG, Bruden D, Zulz T, Reasonover
A, Hurlburt D, et al. Epidemiology of invasive group A
streptococca l disease in Alaska, 2001–2013. J Clin Microbiol.
2016;54:134–41. https://doi.org/10.1128/JCM.02122-15
Tyrrell GJ, Fathima S, Kakulphimp J, Bell C. Increasing rates
of invasive group A streptococcal disease in Alberta, Canada,
2003–2017. Open Forum Infect Dis. 2018;5:ofy177.
https://doi.org/10.1093/ofid/ofy177
Tyrrell GJ, Lovgren M, Kress B, Grimsrud K. Invasive group
A streptococcal disease in Alberta, Canada (2000 to 2002).
J Clin Microbiol. 2005;43:1678–83. https://doi.org/10.1128/
JCM.43.4.1678-1683.2005
Centers for Disease Control and Prevention. Protocol for emm
typing [cited 2020 Feb 7]. https://www.cdc.gov/streplab/
protocol-emm-type.html
Centers for Disease Control and Prevention. Streptococcus
pyogenes emm sequence database, 2018 [cited 2020 Mar 1].
https://www.cdc.gov/streplab/groupa-strep/emm-typingprotocol.html
Sanderson-Smith M, De Oliveira DMP, Guglielmini J,
McMillan DJ, Vu T, Holien JK, et al.; M Protein Study Group.
A systematic and functional classification of Streptococcus
pyogenes that serves as a new tool for molecular typing
and vaccine development. J Infect Dis. 2014;210:1325–38.
https://doi.org/10.1093/infdis/jiu260
Boyd R, Patel M, Currie BJ, Holt DC, Harris T, Krause V.
High burden of invasive group A streptococcal disease
in the Northern Territory of Australia. Epidemiol Infect.
2016;144:1018–27. https://doi.org/10.1017/
S0950268815002010
Gittzus JWJ, White J, Caine L, Hansen K, Daly E,
Chan B, et al. An outbreak of invasive group A streptococcal
infections in injection drug users. Open Forum Infect Dis.
2017;4(suppl_1):S241. https://doi.org/10.1093/ofid/
ofx163.511
Bundle N, Bubba L, Coelho J, Kwiatkowska R, Cloke R,
King S, et al. Ongoing outbreak of invasive and non-invasive
disease due to group A Streptococcus (GAS) type emm66
among homeless and people who inject drugs in England and
Wales, January to December 2016. Euro Surveill. 2017;22:1–6.
https://doi.org/10.2807/1560-7917.ES.2017.22.3.30446
Dickson C, Pham MT, Nguyen V, Brubacher C,
Silverman MS, Khaled K, et al. Community outbreak of
invasive group A streptococcus infection in Ontario,
Canada. Can Commun Dis Rep. 2018;44:182–8.
https://doi.org/10.14745/ccdr.v44i78a06
Valenciano SJ, Onukwube J, Spiller MW, Thomas A,
Como-Sabetti K, Schaffner W, et al. Invasive group A
streptococcal infections among people who inject drugs
and people experiencing homelessness in the United States,

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

iGAS Disease, First Nations, Alberta, Canada

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

2010–2017. Clin Infect Dis. 2020:ciaa787. https://doi.org/
in10.1093/cid/ciaa787
McMillan DJ, Drèze P-A, Vu T, Bessen DE, Guglielmini J,
Steer AC, et al. Updated model of group A Streptococcus M
proteins based on a comprehensive worldwide study. Clin
Microbiol Infect. 2013;19:E222–9. https://doi.org/10.1111/
1469-0691.12134
Steer AC, Carapetis JR, Nolan TM, Shann F. Systematic
review of rheumatic heart disease prevalence in children
in developing countries: the role of environmental
factors. J Paediatr Child Health. 2002;38:229–34.
https://doi.org/10.1046/j.1440-1754.2002.00772.x
Jaine R, Baker M, Venugopal K. Acute rheumatic fever
associated with household crowding in a developed country.
Pediatr Infect Dis J. 2011;30:315–9. https://doi.org/10.1097/
INF.0b013e3181fbd85b
O’Grady KA, Kelpie L, Andrews RM, Curtis N, Nolan TM,
Selvaraj G, et al. The epidemiology of invasive group A
streptococcal disease in Victoria, Australia. Med J Aust.
2007;186:565–9. https://doi.org/10.5694/j.1326-5377.2007.
tb01054.x
Mearkle R, Saavedra-Campos M, Lamagni T, Usdin M,
Coelho J, Chalker V, et al. Household transmission of invasive
group A Streptococcus infections in England: a populationbased study, 2009, 2011 to 2013. Euro Surveill. 2017;22:30532.
https://doi.org/10.2807/1560-7917.ES.2017.22.19.30532
Anaya J. The situation of indigenous peoples in Canada
[cited 2020 Aug 1]. http://unsr.jamesanaya.org/?cat=11
Nasser W, Beres SB, Olsen RJ, Dean MA, Rice KA, Long SW,
et al. Evolutionary pathway to increased virulence and
epidemic group A Streptococcus disease derived from 3,615
genome sequences. Proc Natl Acad Sci U S A. 2014;111:E1768–
76. https://doi.org/10.1073/pnas.1403138111
Tyrrell GJ, Lovgren M, St Jean T, Hoang L, Patrick DM,
Horsman G, et al. Epidemic of group A Streptococcus M/
emm59 causing invasive disease in Canada. Clin Infect Dis.
2010;51:1290–7. https://doi.org/10.1086/657068
Fittipaldi N, Beres SB, Olsen RJ, Kapur V, Shea PR, Watkins ME,
et al. Full-genome dissection of an epidemic of severe invasive
disease caused by a hypervirulent, recently emerged clone of
group A Streptococcus. Am J Pathol. 2012;180:1522–34.
https://doi.org/10.1016/j.ajpath.2011.12.037
Brown CC, Olsen RJ, Fittipaldi N, Morman ML, Fort PL,
Neuwirth R, et al. Spread of virulent group A Streptococcus
type emm59 from Montana to Wyoming, USA. Emerg Infect
Dis. 2014;20:679–81. https://doi.org/10.3201/eid2004.130564
Engelthaler DM, Valentine M, Bowers J, Pistole J, Driebe EM,
Terriquez J, et al. Hypervirulent emm59 clone in invasive
group A Streptococcus outbreak, southwestern United States.
Emerg Infect Dis. 2016;22:734–8. https://doi.org/10.3201/
eid2204.151582
Chochua S, Metcalf BJ, Li Z, Rivers J, Mathis S, Jackson D,
et al. Population and whole genome sequence based
characterization of invasive group A streptococci recovered
in the United States during 2015. mBio. 2017;8:e01422–17.
https://doi.org/10.1128/mBio.01422-17
Dale JB, Penfound TA, Chiang EY, Walton WJ. New
30-valent M protein-based vaccine evokes cross-opsonic
antibodies against non-vaccine serotypes of group A
streptococci. Vaccine. 2011;29:8175–8. https://doi.org/
10.1016/j.vaccine.2011.09.005

EID Podcast

Telework during
Epidemic
Respiratory Illness

The COVID-19 pandemic has caused us
to reevaluate what “work” should look like.
Across the world, people have converted
closets to offices, kitchen tables to desks,
and curtains to videoconference backgrounds. Many employees cannot help but
wonder if these changes will become a
new normal.
During outbreaks of influenza, coronaviruses, and other respiratory diseases,
telework is a tool to promote social distancing and prevent the spread of disease.
As more people telework than ever before,
employers are considering the ramifications of remote work on employees’ use of
sick days, paid leave, and attendance.
In this EID podcast, Dr. Faruque Ahmed,
an epidemiologist at CDC, discusses the
economic impact of telework.

Visit our website to listen:
https://go.usa.gov/xfcmN

Address for correspondence: Gregory J. Tyrrell, University of
Alberta Hospital, ProvLab, 2B3.08 WMC, 8440-112 St, Edmonton,
AB T6G 2J2, Canada; email: gjt@ualberta.ca
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

451

RESEARCH

Effects of Social Distancing
Measures during the First Epidemic
Wave of Severe Acute Respiratory
Syndrome Infection, Greece
Vana Sypsa, Sotirios Roussos, Dimitrios Paraskevis, Theodore Lytras, Sotirios Tsiodras,1 Angelos Hatzakis1

Greece imposed a nationwide lockdown in March 2020
to mitigate transmission of severe acute respiratory syndrome coronavirus 2 during the first epidemic wave. We
conducted a survey on age-specific social contact patterns to assess effects of physical distancing measures
and used a susceptible-exposed-infectious-recovered
model to simulate the epidemic. Because multiple distancing measures were implemented simultaneously,
we assessed their overall effects and the contribution
of each measure. Before measures were implemented,
the estimated basic reproduction number (R0) was 2.38
(95% CI 2.01–2.80). During lockdown, daily contacts
decreased by 86.9% and R0 decreased by 81.0% (95%
credible interval [CrI] 71.8%–86.0%); each distancing
measure decreased R0 by 10%–24%. By April 26, the attack rate in Greece was 0.12% (95% CrI 0.06%–0.26%),
one of the lowest in Europe, and the infection fatality ratio was 1.12% (95% CrI 0.55%–2.31%). Multiple social
distancing measures contained the first epidemic wave
in Greece.

C

oronavirus disease (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARSCoV-2), emerged in China in December 2019 (1) and
by September 14, 2020, had spread worldwide, causing >28.6 million cases and >917,000 deaths (2). To
suppress the epidemic curve, public health authorities needed to use the strongest possible mitigation
strategies until effective therapies and vaccines are
available. Central mitigation strategies include nonpharmaceutical interventions, such as travel-related
restrictions, case-based, and social distancing interventions. Social distancing aims to decrease social
contacts and reduce transmission (3).
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In Greece, the first COVID-19 case was reported
on February 26, 2020 (4). Soon after, several social
distancing, travel-related, and case-based interventions were implemented. A nationwide lockdown
restricting all nonessential movement throughout
the country began on March 23 (Figure 1). By the
end of April, the first epidemic wave had waned,
and withdrawal of physical distancing interventions
became a social priority.
Despite an ongoing severe financial crisis and an
older population, Greece has been noted as an example of a country with successful response against
COVID-19 (5). However, given the resurgence of
cases in Greece and other countries, careful consideration and close monitoring are needed to inform
strategies for resuming and maintaining social and
economic activities.
We describe a survey implemented during lockdown in Greece and assess the effects of physical
distancing measures on contact behavior. We used
these data and mathematical modeling to obtain estimates for the first epidemic wave in the country,
during February–April 2020, to assess the effects of
all social distancing measures, and to assess the relative contribution of each measure towards the control of COVID-19.
Materials and Methods
Social Contacts Survey

We conducted a phone survey during March 31–
April 7, 2020, to estimate the number of social
contacts and age mixing of the population on a
weekday during the lockdown and on the same
day of the week before the pandemic, during
mid-January 2020, by using contact diaries (Appendix Figure 1, https://wwwnc.cdc.gov/EID/
1
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Figure 1. Daily number of coronavirus disease cases by date of sampling for laboratory testing (25) and timeline of key measures,
Greece. Dates of telephone survey are indicated. Asterisks indicate spikes in the number of diagnosed cases at the end of March and
late April that correspond to clusters of cases in 3 settings: a ship, a refugee camp, and a clinic. EU, European Union.

article/27/2/20-3412-App1.pdf). Participants provided oral informed consent. We defined contact as
either skin-to-skin contact or a 2-way conversation
with >3 words spoken in the physical presence of
another person (6). For each contact, we recorded
information on the contact person’s age and location of the contact, such as home, school, workplace, transportation, leisure, or other. We planned
to recruit 600 participants of all ages residing in
Athens by using proportional quota sampling and
oversampling among persons 0–17 years of age.
We estimated the average number of contacts
for the prepandemic and lockdown periods. We
defined 6 age groups to build age-specific contact
matrices, adjusting for the age distribution of the

population of Greece, by using socialmixr in R
software (R Foundation for Statistical Computing,
https://www.r-project.org).
Estimating the Course of the First Epidemic Wave
and Assessing Effects of Social Distancing

To estimate the course of the epidemic, we first estimated the basic reproduction number (R0), the average number of secondary cases 1 case would produce
in a completely susceptible population in the absence
of control measures. Then, we used social contacts
matrices to assess the effects of physical distancing
measures on R0. Finally, we simulated the course of
the epidemic using a susceptible-exposed-infectiousrecovered (SEIR) model.
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Estimating R0

We estimated R0 based on the number of confirmed
cases with infection onset dates before the first social
distancing measures were adopted, up to March 9,
and accounted for imported cases. We used a maximum-likelihood method to obtain the R0 and 95%
CI, assuming that the serial interval distribution is
known (7). We used the daily number of cases by date
of symptom onset and inferred infection dates assuming an average incubation period of 5 days (8,9). We
assumed a gamma distributed serial interval with a
mean of 6.67 (SD 4.85) days, in accordance with other
studies (10,11; D. Cereda et al., unpub. data, https://
arxiv.org/abs/2003.09320). As a sensitivity analysis,
we estimated R0 assuming a shorter serial interval of
4.7 days (Appendix) (12).
Assessing Effects of Social Distancing on R0

Primary social distancing measures implemented
in Greece began on March 11. These measures and
the dates implemented were closing all educational
establishments on March 11; theatres, courthouses,
cinemas, gyms, playgrounds, and nightclubs on
March 13; shopping centers, cafes, restaurants, bars,
museums, and archaeological sites on March 14; suspending services in churches on March 16; closing all
private enterprises, with some exceptions, on March
18; and, finally, restricting all nonessential movement
throughout the country on March 23 (Figure 1; Appendix Table 1).
We assessed the effects of these measures on R0
through the social contact matrices obtained before
and during lockdown, as used in other studies (13,14).
For respiratory-spread infectious agents, R0 is a function of the age-specific number of daily contacts, the
probability that a single contact leads to transmission,
and the total duration of infectiousness; thus, R0 is
proportional to the dominant eigenvalue of the social
contact matrix (15). If the other 2 parameters did not
change before and during social distancing measures,
the relative reduction, δ, in R0 is equivalent to the reduction in the dominant eigenvalue of the contact matrices obtained for the 2 periods (Appendix) (14,16). To
account for a lower susceptibility for children than for
adults, we introduced an age-dependent proportionality factor, si, measuring susceptibility to infection of
persons in age group i, as in other studies (13,17). We
performed the analysis using a conservative estimate
for si, and considered the susceptibility among persons
0–17 years of age to be 0.34 compared with persons >18
years of age (Appendix Table 2) (13).
We estimated the relative reduction in R0 in 2
periods: the period of initial measures until the day
454

before lockdown (March 11–22), which included
closure of schools, entertainment venues, and shops
(reduction δ1); and the period of lockdown (March
23–April 26) (reduction δ2). Because we did not assess
social contacts during the period of initial measures,
we created a synthetic contact matrix by assuming
no school contacts because of school closures, and a
reduction in leisure and work contacts (18–20) (Appendix). To assess uncertainty, we performed a nonparametric bootstrap on contact data by participant
to estimate the mean and 95% credible interval (95%
CrI) of δ1 and δ2 (n = 1,000 bootstrap samples).
Simulating the Epidemic in Greece

We used a SEIR model to simulate the outbreak from
the beginning of local transmission until April 26,
2020, the day before the originally planned date to
ease lockdown measures. Susceptible persons (S) become infected at a rate β and move to the exposed
state (E) as infected but not infectious. Exposed persons become infectious at a rate σ, and a proportion
p will eventually develop symptoms (p = 80%) (21).
To account for asymptomatic transmission during the
incubation period, we introduce a compartment for
infectious presymptomatic persons (Ipre). Ipre cases become symptomatic infectious (Isymp) cases at a rate of
σs. We assumed that infectiousness can occur 1.5 days
before the onset of symptoms (22–24). The remainder
(1 – p) will be true asymptomatic or subclinical cases
(Iasymp). We assumed that the infectiousness of subclinical cases relative to symptomatic cases was q =
50% (24). Symptomatic cases recover (R) at a rate of γs,
and asymptomatic cases recover (R) at a rate of γasymp
(Table 1; Figure 2; Appendix).
We derived the transmission rate β from R0 and
parameters related to the duration of infectiousness
(Appendix). We incorporated uncertainty in R0 by
drawing values uniformly from the estimated 95%
CI (2.01–2.80). We modeled the effect of measures by
multiplying β by the parameters δ1 and δ2; in which δ1
corresponds to the reduction of R0 in the period of initial social distancing measures, where δ1 was drawn
from a normal distribution with a mean of 42.7% (SD
1.7%); and δ2 corresponds to the reduction of R0 during lockdown, for which δ2 was drawn from a normal
distribution of 81.0% (SD 1.6%) estimated from the
bootstrap on the contact data. To account for the uncertainty in R0, δ1, and δ2, we performed 1,000 simulations of the model and obtained median estimates
and 95% CrIs.
We obtained the infection fatality ratio (IFR) and
the cumulative proportion of critically ill patients
by dividing the reported number of deaths and of
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Table 1. Parameters of the susceptible-exposed-infectious-recovered model used to assess effects of social distancing measures
during the first epidemic wave of coronavirus disease, Greece
Epidemiologic parameters
Value
Comments and references
R0 (95% CI)
2.38 (2.01–2.80)
Estimated from data on the number of confirmed cases
in Greece by accounting for imported cases and
assuming gamma distributed serial interval with mean
6.67 days (SD 4.88 days) (D. Cereda et al., unpub.
data, https://arxiv.org/abs/2003.09320) and aligned with
other studies (10,11)
Latent period (1/σ)
3.5 days
Based on an average incubation time of 5 days (8,9)
and assuming that infectiousness starts 1.5 days prior
to the symptom onset (22–24)
Percentage (p) infected cases developing symptoms
80
From K. Mizumoto et al. (21), the estimated proportion
of true asymptomatic cases was 20.6% assuming a
mean incubation period of 5.5 days
Symptomatic cases
Length of infectiousness before symptoms, d (1/σs)
1.5
(22–24)
Duration of infectious period from development of
4.5
To obtain a serial interval of 6 days (8,9)
symptoms to recovery, d (1/γs)
True asymptomatic cases
Infectiousness (q) of asymptomatic vs.
50
(24)
symptomatic persons, %
Duration of infectious period until recovery (1/γasymp)
6 days
The same duration of infectiousness as for
symptomatic cases = 1/σs + 1/γs

critically ill patients (25) by the total number of cases
predicted by the model. We used a lag of 18 days for
deaths and 14 days for critically ill patients based on
unpublished data on hospitalized patients from the
National Public Health Organization in Greece. To
validate our findings, we used a reverse approach;
we applied a published estimate of the IFR (26) to
the number of infections predicted by the model

and compared the resulting cumulative and daily
number of deaths to the observed deaths (Appendix
Table 3).
Effects of Social Distancing Interventions

Because multiple social distancing measures were
implemented simultaneously, to delineate the effects
of each measure on R0, we used information from the

Figure 2. Modified susceptible-exposed-infectious-recovered (SEIR) model used to estimate the course of the first epidemic wave of
coronavirus disease, Greece. Cases are classified into susceptible (S), exposed (E), infectious (I, which is divided into 3 conditions: Ipre,
before developing symptoms, Isymp for clinically ill, or Iasymp for true asymptomatic), and recovered (R). We assumed that a proportion (p)
of exposed cases will develop symptoms and that infectiousness can occur before the onset of symptoms. β is the rate at which persons
become infected and move to E; exposed individuals become infectious at a rate σ and presymptomatic infectious cases develop
symptoms at a rate σs; γasymp is the rate of recovery for asymptomatic persons; γs is the rate of recovery for symptomatic persons.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021
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contacts reported on a regular weekday in January
2020 and mimicked the impact of each intervention
by excluding or reducing subsets of corresponding
social contacts (16,17,19,20) (Appendix). We also assessed scenarios with less disruptive social distancing measures (Appendix). In addition, we evaluated
the increase in effective reproduction number (Rt) for
varying levels of infection control measures (hand
hygiene, use of facemasks, and maintaining distance
>1.5 m) when social distancing measures are partially
lifted after lockdown (Appendix).
Results
Social Contacts before and during Lockdown

In total, 602 persons provided contact diaries and reported 12,463 contacts before the pandemic and 1,743
during lockdown (Table 2). The mean daily number
of contacts declined from 20.7 before to 2.9 during
lockdown; when adjusted for the age distribution of
the population, the reduction was 19.9 before and 2.6
during lockdown (86.9%).
We noted a change in age-mixing patterns in the
contact matrices (Figure 3, panel A). In the prepandemic period, the diagonal of the contact matrix depicts the assortativity by age; participants tended to
associate more with people of similar age (Figure 3,
panel A). When social distancing measures were put
into effect, the assortativity by age disappeared and
contacts occurred mainly between household members (Figure 3, panels B–D).
R0 and Effects of Social Distancing Measures

Before lockdown, the estimated R0 was 2.38 (95% CI
2.01–2.80). During the first period of social distancing
measures, in which schools, entertainment venues,
and shops were closed, R0 was estimated to decrease
by 42.7% (95% CrI 34.9%–51.3%); under lockdown, R0
decreased by 81.0% (95% CrI 71.7%–86.1%). Thus, the

cumulative measures implemented during lockdown
would have reduced R0 to <1.0 even if the initial R0
had been as high as 5.3 (95% CrI 3.5–7.2). Estimated
Rt was 1.13 (95% CrI 1.38–1.61) during the period of
the initial measures but was 0.46 (95% CrI 0.35–0.57)
during lockdown (Figure 4, panel A).
Contribution of Each Social Distancing Measure

We assessed the effect of each measure separately
and in combinations (Figure 5). During lockdown,
the estimated reduction in R0 attributed to each measure was 10.3% (95% CrI 5.2%–20.3%) for the decline
in work contacts, 18.5% (95% CrI 10.7%–26.3%) for
school closures, and 24.1% (95% CrI 14.8%–34.3%)
for the decline in leisure activity contacts. Thus, each
measure separately would have reduced R0 to <1.0 if
the initial R0 had been as high as 1.11 for the decline
in work contacts, 1.23 for school closures, and 1.32
for the decline in leisure activity contacts. A combination of measures could be effective if the initial R0
had been as high as 1.78 for interventions reducing
work and school contacts, 1.72 for reducing work
and leisure contacts, and 1.43 for reducing school
and leisure contacts.
We assessed alternative scenarios with less disruptive social distancing measures. A 50% reduction
in school contacts, such as smaller class sizes; 20%
in work contacts, such as teleworking for part of the
population or rotating weekly schedules in which
employees telework some days and work onsite other
days; and 20% in leisure activities could reduce R0 to
<1.0 for initial levels as high as 1.32 (95% CrI 1.27–
1.38). An even larger decline in leisure activities (50%)
could successfully reduce an initial R0 as high as 1.48
(95% CrI 1.35–1.62).
Finally, we assessed the increase in Rt when measures were partially lifted after lockdown. To mimic
the measures implemented after lockdown in Greece,
we assumed that contacts at work would return to

Table 2. Number of contacts on a weekday during lockdown, March 31–April 7, 2020, and on the corresponding day in January 2020
before the coronavirus disease epidemic in Athens, Greece
Mid-January 2020
During lockdown
Reduction of reported
Covariate
Participants, no. (%)
No. (%)
Mean (95% CI)
No. (%)
Mean (95% CI)
contacts, %
Overall
602 (100.0)
12,463 (100.0) 20.7 (18.9–22.5)
1,743 (100.0)
2.9 (2.6–3.2)
86.0*
Sex
M
295 (49.0)
6,218 (49.9)
21.1 (18.3–23.9)
934 (53.6)
3.2 (2.7–3.6)
85.0
F
307 (51.0)
6,245 (50.1)
20.3 (18.0–22.7)
809 (46.4)
2.6 (2.2–3.1)
87.1
Age, y
0–4
20 (3.3)
386 (3.1)
19.3 (12.8–25.8)
53 (3.0)
2.7 (2.2–3.1)
86.3
5–11
58 (9.6)
2,020 (16.2)
34.8 (29.1–40.6)
168 (9.6)
2.9 (2.6–3.2)
91.7
12–17
83 (13.8)
2,758 (22.1)
33.2 (28.4–38.1)
275 (15.8)
3.3 (2.3–4.3)
90.0
18–29
74 (12.3)
1,316 (10.6)
17.8 (14.4–21.1)
361 (20.7)
4.9 (3.1–6.7)
72.6
30–64
209 (34.7)
4,852 (38.9)
23.2 (19.5–26.9)
529 (30.4)
2.5 (2.2–2.9)
89.1
>65
158 (26.3)
1,131 (9.1)
7.2 (5.4–8.9)
357 (20.5)
2.3 (1.8–2.7)
68.4
*The reduction in the reported contacts becomes 86.9% after adjusting for the age distribution of the population of Greece.
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Figure 3. Side-by-side comparisons of age-specific contact matrices in Greece before the coronavirus disease pandemic (January
2020; left) and during lockdown (April 2020; right). A) All contacts; B) contacts at home; C) contacts at work; and D) contacts during
leisure activities. Each cell represents the average daily number of reported contacts, stratified by the age group of the participants and
their corresponding contacts. In panel A, the diagonal of the contact matrix corresponds to contacts between persons in the same age
group, the bottom left corner of the matrix corresponds to contacts between school-age children, and the central part corresponds to
contacts mainly in the work environment.

levels 50% lower than pre-pandemic, school to 50%,
and leisure to 60%. For instance, class sizes were reduced 50% when schools reopened in May. Under
this scenario, Rt would remain <1.0 assuming >20%
reduction in susceptibility as a result of infection control measures, including hand hygiene, use of face
masks, and maintaining physical distances >1.5 meters (Figure 6). Under milder social distancing measures, infection control policies would need to be
much more effective (Appendix Figure 2).

Model Predictions on the Epidemic during
February 15–April 26

By April 26, 2020, Greece had 2,517 diagnosed COVID-19 cases, 23.0% of which were imported, and
134 deaths (Figure 1) (25). The corresponding naive case-fatality ratio (CFR) was 5.3%. Based on our
SEIR model, the cumulative number of infections
during February 15–April 26 would be 13,189 (95%
CrI 6,206–27,700) (Figure 4, panel B), which corresponds to an attack rate (AR) of 0.12% (95% CrI
Figure 4. The first wave of the
coronavirus disease epidemic
in Greece (February 15–April
26, 2020), estimated from
1,000 susceptible-exposedinfectious-recovered (SEIR)
model simulations. A) Effective
reproduction number; B)
cumulative number of cases; C)
new infections; and D) number
of infectious persons by date.
Orange lines represent the
median estimates, and the light
orange shaded areas indicate
95% credible intervals. Gray areas
indicate the period of restrictions
of all nonessential movement in
the country (i.e., lockdown).
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Figure 5. The percenage decline
of R0 associated with multiple
social distancing measures
during coronavirus disease
lockdown in Greece and the
relative contribution of each
measure or combination of
measures implemented. Boxplots
demonstrate distribution of the
estimated percent decline from
nonparametric bootstrap on
the social contacts data based
on 1,000 bootstrap samples.
R0 reduction during lockdown
was obtained by comparing
social contacts data collected
for April 2020 versus January
2020. The other estimates were
derived by using the information
from contact diaries in January
2020 corresponding to a regular school or work day and excluding or reducing subsets of social contacts at school, work, home, and
leisure activities, based on observations during lockdown. Because contact with a particular person can take place in multiple settings,
we assigned contacts at multiple locations to a single location by using the following hierarchical order: home, work, school, leisure
activities, transportation, and other locations. Dotted line indicates the minimum reduction needed to bring R0 from 2.38 to <1. Box
top and bottom lines indicate 25th and 75th percentiles; horizontal lines within boxes indicate medians; whiskers indicate 25th/75th
percentile plus 1.5 times the interquartile range. R0, basic reproduction number.

0.06%–0.26%). The estimated case ascertainment
rate was 19.1% (95% CrI 9.1%–40.6%). By the end of
April, 25 (95% CrI 6–97) new infections per day and
329 (95% CrI 97–1,027) total infectious cases were estimated (Figure 4, panels C, D).
On the basis of the number of deaths and critically
ill patients reported in Greece by April 26, and using
the number of infections obtained from the model as
denominator, we estimated the IFR to be 1.12% (95%
CrI 0.55%–2.31%) and the cumulative proportion
of critically ill patients to be 1.55% (95% CrI 0.75%–
3.22%). As a validation, we estimated the number of
deaths by applying a published age-adjusted estimated IFR to the number of infections predicted by the
model (Appendix Table 3). The predicted number of
deaths was 137 (95% CrI 66–279) compared with the
reported number of 134 deaths (Appendix Figure 3).
As a sensitivity analysis, we simulated the epidemic
and calculated IFR and AR assuming a shorter mean
serial interval of 4.7 days. We obtained similar results
for the AR and the IFR as when the serial interval was
6.67 days (Appendix Figure 4).
Discussion
Greece and other countries managed to successfully
slow the first wave of the SARS-CoV-2 epidemic early
in 2020. Assessing the burden of infection and death
in the population and quantifying the effects of social
distancing was necessary because the stringent measures taken had major economic costs and restricted
458

individual freedom. In addition, several countries,
including Greece, began seeing COVID-19 cases increase after resuming economic activities and travel,
indicating the need to reimplement some types of
location-specific physical distancing measures.
We assessed the effects of social distancing by
using a social contacts survey to directly measure
participants’ contact patterns during lockdown in a
sample including children. To our knowledge, only 2
other diary-based social contacts surveys have been
implemented during COVID-19 lockdown, 1 in China
(13) and 1 in the United Kingdom (14); only the study
from China included children. Our study had common findings with the other 2: a large reduction in the
number of contacts, 86.9% in Greece, 86.4%–90.3% in
China, and 73.1% in United Kingdom; and assortativity by age (i.e., contacts between people of the same
age group) disappeared during lockdown and contacts were mainly among household members. Other
studies have assessed the impact of social distancing
indirectly by using contact data from prepandemic
periods and assuming that interventions reduce social mixing in different contexts (18,20,27).
We estimated that R0 declined by 81% and reached
0.46 during lockdown. This finding agrees with findings from a study pooling information from 11 countries in Europe, which also reported an 81% reduction
in R0 (28) and with estimates from China (3,29), the
United Kingdom (76.2%; 14), and France (77%; 30). In
our analysis, we assumed lower susceptibility among

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

Effects of Social Distancing Measures, Greece

children because of support from a growing body of
evidence (13,17,31–33; K. Mizumoto et al., unpub.
data, https://doi.org/10.1101/2020.03.09.20033142).
We further attempted to delineate the effects of
each measure. For example, many countries, including Greece, instituted large-scale or national school
closures (34). We estimated that each measure alone
could reduce an R0 of ≈1.1–1.3 to <1.0. Only multiple
social distancing measures would be effective for
reducing an R0 at the initial level (2.38) observed in
Greece. The finding concerning an 18.5% reduction in
R0 related to school closures agrees with recent studies suggesting that this measure likely is much less
effective for COVID-19 than for influenza-like infections (17,28). Concerning the course of the epidemic
after lockdown, moderately relaxing social distancing could be safe if ongoing infection control strategies are adopted; milder social distancing measures
would demand stricter infection control policies.
By May 18, 2020, Greece had one of the lowest reported COVID-19 death rates in Europe, 15.2 deaths/1
million population (35) (Appendix Table 4). Our IFR
estimate of 1.12% was similar to that anticipated for
the population of Greece based on a published estimate adjusting for demography (26). In addition, the
estimated AR of 0.12% (95% CrI 0.06%–0.26%) was
one of the lowest in Europe (28,36). Other researchers
have applied back calculation of infections from reported deaths (28), and the resulting infection AR was
almost identical (0.13%) (36). Our estimate is further
confirmed by a serosurvey in residual serum samples
that identified 0.25% (95% CI 0.02%–0.50%) seroprevalence in Greece in April 2020 (37). The number of infectious cases subsided considerably towards the end
of April; however, even during this period with low

transmission levels, 2 local outbreaks were identified,
1 in a refugee camp and 1 in a private healthcare unit,
thus increasing the number of diagnosed cases in the
respective days (Figure 1). An increasing number of
reports around the world suggest the significance of
superspreading events (38–41), and caution should be
exercised to prevent or recognize these events early.
The first limitation of our study was that, due to
the absence of prepandemic data on social contacts,
we asked respondents to report their contacts ≈2
months prior to the survey to ensure reports were not
affected by increased awareness of the pandemic. Recall bias might be observed, although to what direction is not clear. A general limitation in contact diaries
is that participants record a fraction of their contacts
(42). However, biases in participant recall are difficult
to quantify, especially for those with many contacts
in different settings. For example, short-lived contacts
and work contacts are more likely to be underreported (42). Thus, recall bias could be different among
children and adults and in various settings. In addition, underreporting might have occurred before and
during lockdown because of many social contacts before the pandemic or because participants were afraid
to disclose contacts during lockdown. Second, the
survey was conducted in a sample from the Athens
metropolitan area and not from the whole country.
However, no consistent relationship has been found
between social contacts and urbanization (43). In addition, most (79%) of the population of Greece lives
in urban areas, and Athens accounts for 35% of the
population. Furthermore, the observed reduction of
social contacts during lockdown was similar to other
surveys (13,14). Third, estimated R0 depends on the
serial interval. Because no data from a local study of

Figure 6. Estimated Rt after the
partial lifting of social distancing
measures at the end of the first
coronavirus disease epidemic
wave in Greece for varying
effectiveness levels of infection
control measures, such as
hand hygiene, use of masks,
maintaining social distances,
in reducing susceptibility to
infection. Rt during lockdown
was 0.46. For the partial lifting
of measures, we hypothesized
a scenario in which contacts
at work and school contacts
will return to 50% lower than
pre-epidemic levels and leisure
activities will return to 60% lower than pre-epidemic levels. Dotted line indicates the threshold of Rt = 1. Boxplots of the distribution of
the estimated Rt from nonparametric bootstrap on the social contacts data based on 1,000 bootstrap samples. Box top and bottom lines
indicate 25th and 75th percentiles; horizontal lines within boxes indicate medians; whiskers indicate 25th/75th percentile plus 1.5 times the
interquartile range. Rt, effective reproduction number.
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infector–infectee pairs were available, the distribution
of the serial interval was based on previous estimates
(10,11; D. Cereda et al., unpub. data, https://arxiv.
org/abs/2003.09320). The estimated R0 aligned with
estimates obtained in China (44) and Italy (45), and
we accounted for the uncertainty in this value. We
also repeated the analysis assuming a shorter serial
interval (12), which resulted in a lower reproduction
number. Fourth, in assessing the effect of each social
distancing measure separately, we should note that
an interrelation exists between the different measures
and our approach might be an approximation. For example, school closure alone might result in increases
in leisure contacts or decline in work contacts because
parents need to be home with younger children. Fifth,
as elsewhere, we assumed that changes in social contacts occur as soon as interventions take place, rather
than gradually during lockdown dates (28), which
could be valid for some interventions, such as school
closure, but not for others. Finally, we did not consider case-based interventions that might have affected contacts, such as isolation of confirmed cases
and quarantine of close contacts. In Greece, narrow
testing criteria were applied beginning March 16 and
elderly or severely ill persons, other high-risk groups,
and healthcare personnel were tested but others were
not; also, the testing capacity during March and April
was low.
Overall, the social distancing measures Greece
put in place in early March 2020 had a substantial impact on contact patterns and reduced R0 to <1.0. By the
end of April, the spread of COVID-19 was contained
in Greece, and the country had one of the lowest ARs
in Europe after the first pandemic wave. However, as
social distancing and travel restrictions are relaxed,
close monitoring of Rt is essential in order to adapt
interventions over time without having to resort to
stringent measures. Measuring social mixing patterns
and adherence to infection control measures through
repeated surveys can be additional tools for real-time
monitoring of the epidemic potential in the months
to come.
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Role of Burkholderia pseudomallei–
Specific IgG2 in Adults with
Acute Melioidosis, Thailand
Panjaporn Chaichana, Kemajittra Jenjaroen, Suchintana Chumseng,
Manutsanun Sumonwiriya, Patpong Rongkard, Barbara Kronsteiner, Prapit Teparrukkul,
Direk Limmathurotsakul, Nicholas P.J. Day, Narisara Chantratita, Susanna J Dunachie

Melioidosis is a life-threatening infectious disease caused
by the gram-negative bacillus Burkholderia pseudomallei. An effective vaccine is needed, but data on protective
immune responses in human melioidosis are lacking. We
used ELISA and an antibody-dependent cellular phagocytosis assay to identify the major features of protective
antibodies in patients with acute melioidosis in Thailand.
We found that high levels of B. pseudomallei–specific
IgG2 are associated with protection against death in a
multivariable logistic regression analysis adjusting for
age, diabetes, renal disease, and neutrophil count. Serum from melioidosis survivors enhanced bacteria uptake
into human monocytes expressing FcγRIIa-H/R131, an
intermediate-affinity IgG2-receptor, compared with serum from nonsurvivors. We did not find this enhancement
when using monocytes carrying the low IgG2–affinity
FcγRIIa-R131 allele. The findings indicate the importance
of IgG2 in protection against death in human melioidosis,
a crucial finding for antibody-based therapeutics and vaccine development.

M

elioidosis is a major cause of fatal communityacquired septicemia in highly endemic areas,
including northeast Thailand and north Australia
(1,2). Melioidosis is now known to be endemic in
>45 countries across tropical regions (3). A formal
modeling framework predicted the global burden to
be 165,000 human melioidosis cases per year, with a
case-fatality rate of 54%. The causative agent of melioidosis, the highly pathogenic gram-negative bacillus
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Burkholderia pseudomallei, is classified as a Tier 1 Select
Agent by the US Centers for Disease Control and Prevention (https://www.cdc.gov/selectagent/index.
html). B. pseudomallei intrinsically is resistant to firstline commonly available antimicrobial drugs, making
a prophylactic vaccine the most desirable approach
for disease control.
Growing evidence supports the effects of cellular adaptive immunity in human defense against
B. pseudomallei infection (4–6), but additional evidence also points to the role of protective antibodies
against fatal melioidosis. For instance, animal studies have demonstrated that passive transfer of antibodies specific to the bacterial lipopolysaccharide
(LPS) or capsular polysaccharide (CPS) can protect
mice (7–9) or a diabetic rat model (10) from intranasal or intraperitoneal challenge of B. pseudomallei at
lethal doses. Intraperitoneal or subcutaneous immunization of mice with B. pseudomallei LPS, CPS (11),
or CPS covalently linked to recombinant CRM197
diphtheria toxin mutant (CPS-CRM197) plus hemolysin coregulated protein 1 (Hcp1) (12) provided an
optimal protective antibody response. In addition,
results from studies of human melioidosis patients
demonstrated that elevated levels of anti-oligo polysaccharide (OPS) II (13) and anti-LPSII IgG (14) were
correlated with survival. Previous studies demonstrated that IgG1 and IgG2 are the predominant
antibodies in response to the culture filtrate antigen (15,16). A recent study in a population from the
same region showed differences in IgG subclass effects in response to 2 key antigens in B. pseudomallei, Hcp1 and OPS (17), and IgG3 responses to Hcp1
correlated with melioidosis survival. However, little
data on the mechanistic effects of IgG subclasses in
human melioidosis are available.
Clarifying the mechanistic role of immunoglobulin-mediated protection against melioidosis would

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

463

RESEARCH

provide crucial information for developing an effective vaccine and therapeutic monoclonal antibodies.
We report on the role of B. pseudomallei–specific IgG2
subclass and its high binding activating Fc gamma
receptor (FcγR) IIa polymorphism H131 in protection against death in human melioidosis during the
acute phase.
Materials and Methods
Ethics Statement

The study was approved by the ethics committees
of the Faculty of Tropical Medicine, Mahidol University (submission no. TMEC 12–014) and Sunpasithiprasong Hospital, Ubon Ratchathani (reference
no. 018/2555), and by the Oxford Tropical Research
Ethics Committee (reference no. 64–11). We conducted the study according to the principles of the Declaration of Helsinki 2008 (https://www.wma.net)
and the International Conference on Harmonization
Good Clinical Practice guidelines (https://ichgcp.
net). We received written informed consent from all
patients enrolled in the study.
Serum Sample Collection

We enrolled 200 adult inpatients with acute melioidosis ≥18 years of age at Sunpasithiprasong Hospital
at a median of 5 days (range 2–13 days; interquartile
range [IQR] 3–6 days) after admission, as described
previously (4,18). We recruited healthy controls
among donors at the hospital’s blood donation clinic.
We defined melioidosis as isolation of B. pseudomallei
from any clinical sample submitted to the laboratory,
including blood, sputum, pus, urine, throat or endotracheal swabs, or bronchoalveolar lavage. Among
200 enrolled patients, 6 patients were lost to followup, with survival status unknown, so they were excluded from the analysis. Of 194 patients included,
61 had insufficient stored serum specimens for IgG
subclass assays; hence, we analyzed serum samples
from 139 subjects.
Antigen Preparation

We prepared whole-cell antigen from wild type strain
B. pseudomallei K96243, an isolate from a patient in
northeast Thailand, which was modified from a previous study (19,20). In brief, we grew the bacteria in rice
medium at 37°C for 14 days, then heat-inactivated the
bacteria at 121°C for 30 min. We centrifuged the wholecell heat-inactivated (HIA) B. pseudomallei at 2,000 × g
for 1 h, then used the supernatant as an antigen. We
aliquoted and kept the supernatant at −20°C until
used. We quantitated the protein concentration of the
464

antigens in the supernatant by using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, https://
www.thermofisher.com) according to the manufacturer’s protocol.
ELISA

We used ELISA to measure serum levels of IgM and
IgG specific to B. pseudomallei. We added whole cells
of HIA B. pseudomallei to wells of Nunc MaxiSorp flat
bottom 96-Well immunoplates (Thermo Fisher Scientific) at a concentration of 200 ng/well and incubated
the plates overnight at 4°C. Between each step, we
washed the ELISA plate 3 times with 300 µL of washing buffer consisting of 0.05% Tween-20 in phosphate
buffered saline (PBS; Sigma-Aldrich, https://www.
sigmaaldrich.com). After blocking with 5% skimmed
milk in PBS for 2 h at 37°C, we diluted the serum 1:100
and added it to the plate in duplicate, then incubated
for 1 h. We diluted the horseradish peroxidase (HRP)
enzyme–conjugated antihuman IgM or IgG (SigmaAldrich) 1:2,000 and then added it to the ELISA plate
before incubating for 1 h. We developed the ELISA
by using 3,3′,5,5′-tetramethylbenzidine (TMB; Thermo Fisher Scientific) substrate and determined the
absorbance value (optical density = 450 nm) by using
a Multiskan GO microplate spectrometer (Thermo
Fisher Scientific).
For IgG subclasses, we blocked the overnight precoated ELISA plate with 1% bovine serum albumin
(BSA) in PBS for 2 h. We then diluted the serum 1:100
for detecting IgG1, IgG3, and IgG4 or 1:2,000 for detecting IgG2, and then added the serum to the ELISA
plate. After 1-h incubation, we diluted the biotin-conjugated antihuman IgG1, IgG2, IgG3, or IgG4 1:1,000
and added them to the plate before incubating for 1 h.
Then we added streptavidin-HRP (Mabtech, https://
www.mabtech.com) to the plate and incubated for 1
h and developed by using TMB as we described in the
previous paragraph.
Genomic Methods

We extracted genomic DNA from blood samples
by using the QIAamp DNA Blood Midi kit (QIAGEN, https://www.qiagen.com) according to the
manufacturer’s instructions, then stored at −20°C.
We genotyped the FCGR2A c.535A>G (rs1801274)
single nucleotide variant (SNV) by using the TaqMan SNP genotyping assay (Applied Biosystems,
https://www.thermofisher.com) on a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, http://
www.bio-rad.com). The SNV context sequence was
AATGGAAAATCCCAGAAATTCTCCC(A/G)
TTTGGATCCCACCTTCTCCATCCCA.
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We labeled the bacteria by incubating with fluorescein
isothiocyanate (FITC) for 30 min in the dark at room
temperature, then washed the bacteria with PBS and
immediately used the bacteria in the assay. We incubated FITC-labeled B. pseudomallei with HIA serum
samples (10% vol/vol) or Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma-Aldrich) as a control
at 37°C for 1 h. We then added opsonized FITC-labeled
B. pseudomallei to human monocyte cell lines, THP-1
(FcγRIIa-R-H131 genotype) or U937 (FcγRIIa-R131 genotype), at a multiplicity of infection (MOI) of 5 CFUs/
cell. After incubation at 37°C for 30 min, we immediately transferred cells to ice to stop phagocytosis. We
washed the cells twice with cold PBS. We then added
cold trypan blue (Sigma-Aldrich) to the cells and incubated for 10 min on ice to quench the FITC signal of
bound B. pseudomallei on cell surface. Next, we washed
the cells twice with cold PBS and incubated with BD Cytofix Fixation Buffer (Becton Dickinson, https://www.
bd.com) cold fixative buffer at 4°C for 15 min. We then
washed the cells twice with cold MACSQuant Running
Buffer (Miltenyi Biotec, https://www.miltenyibiotec.
com), and analyzed the cells by using the MACSQuant
Analyzer 10 (Miltenyi Biotec). We expressed results as
fold-change in enhancement of phagocytosis calculated
by dividing the percentage of infected cells in the presence of serum by those in the absence of serum samples
in the RPMI-1640 control.

Among 194 patients in the cohort, median age was 56
years (range 19–89 years; IQR 46–63 years); 129 (66.5%)
were men and 65 (33.5%) were women. Underlying
conditions among patients included diabetes (57.7%),
renal disease (17.5%), and heart disease (11.8%) (Table
1). Forty-nine (25%) persons died within 28 days despite
receiving appropriate antimicrobial drug treatment.
Serum levels of IgM specific to whole-cell HIA B.
pseudomallei were not statistically significantly different between survivors (median 0.28, IQR 0.13–1.00)
and nonsurvivors (median 0.31, IQR 0.08–0.52; p =
0.18) (Figure 1, panel A). Similarly, anti–HIA B. pseudomallei IgG levels were not different between survivors (median 2.32, IQR 1.10–2.94) and nonsurvivors
(median 2.12, IQR 1.42–2.50; p = 0.29) (Figure 1, panel
B). As expected, HIA B. pseudomallei–specific IgM and
IgG levels in patients with melioidosis, including
those who died and survived, were much higher than
those in healthy controls (Figure 1, panels A, B).
We then measured anti–HIA B. pseudomallei IgG
subclasses in serum samples from melioidosis patients to determine whether IgG subclasses are associated with survival. We found statistically significantly higher IgG2 levels (median 1.30, IQR 0.45–2.04)
against whole-cell heat-killed B. pseudomallei in serum
from survivors than in serum from nonsurvivors (median 0.59, IQR 0.26–1.51; p = 0.047) (Figure 1, panel
D). Levels of IgG1, IgG3, and IgG4 subclasses were
comparable between groups (Figure 1, panels C, E, F).

Statistics

IgG2 Level Associated with Protection against Death

We reported nonnormally distributed continuous
data as median and IQR. We analyzed the statistical
significance of differences by using Mann-Whitney
U-test for 2 groups and the Kruskal-Wallis 1-way
ANOVA to test the mean difference among 3 groups
in GraphPad Prism Version 6 (GraphPad Software
Inc., https://www.graphpad.com). We calculated the
percentage of coefficient of variation (CV) in ELISA
by dividing SD of measurement by mean of measurement multiplied by 100. The cutoff was 10% intraassay CV and 15% for inter-assay CV. We performed
univariable and multivariable logistic regression adjusting for age, diabetes, pre-existing renal disease,
and neutrophil counts by using Stata version 14.0 for
Windows (StataCorp LLC, https://www.stata.com).
Results
Elevated IgG2 Levels in Patients
Who Survived Melioidosis

The characteristics of patients with acute melioidosis
enrolled in the study were previously described (4,18).

In a univariable model, we found that increasing IgG2
levels in serum samples was statistically significantly
associated with survival (odds ratio [OR] 0.63, 95% CI
0.43–0.92). In previous studies of the same cohort, we
found that age, pre-existing renal disease, and neutrophil count were associated with a 28-day mortality
rate of 26% (4,18). We next tested the association of
the IgG2 levels with death by using a multivariable
Table 1. Baseline demographic characteristics of patients with
acute melioidosis, Thailand
Characteristic
No. patients (%), n = 194
Deaths
49 (25.3)
Median age, y (IQR)
56 (46–63)
Sex
M
129 (66.5)
F
65 (33.5)
Underlying conditions
Diabetes
112 (57.7)
Renal disease
34 (17.5)
Heart disease
23 (11.8)
Chronic liver disease
7 (3.6)
Previous melioidosis
5 (2.6)
Clinical manifestation
Bacteremia
99 (51.0)
Pneumonia
48 (24.7)
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Figure 1. Comparison of
serum levels of Burkholderia
pseudomallei–specific antibody
subclasses between 94 survivors
and 45 nonsurvivors of acute
melioidosis, Thailand. A) IgM; B)
total IgG; C) IgG1; D) IgG2; E)
IgG3; and F) IgG4. Serum levels
were tested by using indirect
ELISA on heat-killed whole
cell B. pseudomallei. We used
Kruskal-Wallis 1-way ANOVA to
compare >2 groups and MannWhitney U to compare 2 groups.
Antibody levels in healthy
endemic controls (n = 30) are
shown for comparison for total
IgM and IgG only. OD450, optical
density at 450 nm.

model adjusting for age, diabetes, pre-existing renal
disease, and neutrophil count (Table 2). Our results
demonstrate that elevated IgG2 levels correlate with
survival (OR 0.50, 95% CI 0.30–0.83).
Serum from Survivors Enhanced Phagocytosis
in THP-1 Human Monocytic Cells

IgG2 has the least functional potency of the subclasses due to low affinity binding between its Fc region
and activating FcγRs expressed on effector innate immune cells (21,22). A single-nucleotide polymorphism
(SNP) resulting in a histidine (H) residue instead of
Table 2. Multivariable-adjusted logistic regression for melioidosis
mortality rates, Thailand*
Mortality rate
Variable
Adjusted OR (95% CI)
p value
Serum IgG2 level
0.50 (0.30–0.83)
0.007
Age >45 y
0.36 (0.10–1.30)
0.120
Diabetes
0.92 (0.34–2.53)
0.876
Preexisting renal disease
9.41 (2.48–35.80)
0.001
Neutrophil count/µL
>4,000–8,000
Referent
<0.001
<4,000
4.66 (0.52–41.50)
>8,000–12,000
19.00 (3.40–106.33)
>12,000
14.78 (2.78–78.73)
*OR, odds ratio.
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an arginine (R) at position 131 improves affinity for
human IgG2 and affects effector function (23). We
performed antibody-dependent cellular phagocytosis
(ADCP) assays by using 2 monocyte cell lines: U937
cells, containing a homozygous low-affinity R131 allele, and THP-1 cells, containing heterozygous intermediate-affinity H/R131 alleles of FcγRIIa.
The ADCP activities of antibodies were not statistically significantly different between serum from
survivors (median 37.63, IQR 19.88–82.62) and nonsurvivors (median 45.34, IQR 21.51–93.67) in U937
containing the low-affinity FcγRIIa-R131 phenotype (p
= 0.68) (Figure 2, panel A). In contrast, we did find a
statistically significant difference in phagocytic activity
between survivors (median 89.66, IQR 69.03–120.30)
and nonsurvivors (median 52.43, IQR 37.14–105.10)
when we used THP-1 expressing intermediate affinity
FcγRIIA-H/R131 (p<0.001) (Figure 2, panel B).
Association between Enhanced
Phagocytosis in THP-1 and Bacteremia

When we used U937 cells, we did not see a statistically significant difference in ADCP activity between patients without bacteremia (median 60.95,
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Figure 2. Comparison of
antibody-dependent cellular
phagocytosis (ADCP) activity
between 82 survivors and
38 nonsurvivors of acute
melioidosis, Thailand. ADCP
activity was tested by using
U937 (A) and THP-1 (B) human
monocytic cell lines. Heatinactivated serum samples
were incubated with live
fluorescein isothiocyanate–
labeling Burkholderia
pseudomallei before transfer to
the cells, and the percentage of
B. pseudomallei uptake by cells was analyzed by flow cytometer. We used the Mann-Whitney U test for statistical comparison.

IQR 18.18–93.38) and those with bacteremia (median
30.68, IQR 20.22–76.03; p = 0.12) (Figure 3, panel A).
Furthermore, the ADCP activity in THP-1 of serum
from patients without bacteremia (median 90.18, IQR
61.62–135.5) was higher than in those with bacteremia
(median 75.38, IQR 41.39–106.80), but this difference
did not reach statistical significance (p = 0.07) (Figure
3, panel B).
FcγRIIa Genotype Distribution among Cohort Patients

The genotype distribution was 63.4% FcγRIIaH131/H131, 29.3% FcγRIIa-H131/R131, and 7.3%
FcγRIIa-R131/R131 and exhibited a 9:4:1 ratio
in our melioidosis cohort. The frequency of the
FcγRIIa-H131 allele overall in our cohort was 78%.
However, we did not find a substantial association
between this FcγRIIa polymorphism and death, bacteremia, diabetes status, or preexisting renal disease
in our cohort (data not shown).
Discussion
Our major finding in this study is the elevated level
of serum IgG2 against whole-cell HIA B. pseudomallei lysate in melioidosis patients who survived the
disease compared with fatal cases. We confirmed the

association between elevated IgG2 level and survival
in a multivariable logistic regression analysis adjusting for age, diabetes, preexisting renal disease, and
neutrophil count. Some studies provide evidence for
a role of IgG2 in protection against various microorganismal infections, including Plasmodium falciparum
malaria (24), and encapsulated bacteria, including
Streptococcus pneumoniae (25,26), Haemophilus influenza (26,27), and Neisseria meningitidis (28). The IgG2
in those studies mainly recognized CPS epitopes that
are highly repeated T-independent antigens. Previous work did not show a correlation between IgG2
responses to Hcp1 or OPS and survival (14), so the
IgG2 responses to whole-cell B. pseudomallei in our
study are likely to be against other antigens yet to be
tested. Ongoing work also will address whether protective IgG2 also bind to carbohydrate epitopes on the
outside surface of Burkholderia spp.
A large body of literature supports IgG2 having no
or lower relative binding affinity for activating FcγRs
when compared with other IgG subclasses (21,29).
Nevertheless, IgG2 has been shown to possess opsonophagocytosis capacity in some studies (27,28,30). These
conflicting results might be explained by the presence
of a guanine to adenine SNP resulting in replacement
Figure 3. Comparison of
antibody-dependent cellular
phagocytosis (ADCP)
activity between 61 patients
without bacteremia and 59
patients with bacteremia
among patients with acute
melioidosis, Thailand. ADCP
activity was tested by using
U937 (A) and THP-1 (B)
human monocytic cell lines.
We used the Mann-Whitney U
test for statistical comparison.
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of arginine (R) with histidine (H) at residue 131 of
FcγRIIa. The product of FcγRIIa-H131, which has been
reported in 67% of persons with Chinese ethnicity (31),
45% of White populations, and 41% of Black populations (32), were found to bind IgG2-immune complex
more efficiently than those of R131 (33,34), hence enhancing phagocytosis. Therefore, the considerable
association between elevated IgG2 and protection
against death in this cohort could be partly due to an
increase of IgG2–mediated phagocytosis of the bacteria to effector innate immune cells via FcγRIIA, which
78% of our cohort possessed.
We used 2 types of human monocytic cells expressing different FcγRIIa phenotypes to compare
ADCP activity between patients who survived the
disease and those who did not. U937 cells are homozygous for low-affinity FcγRIIa-H/R131 phenotype,
whereas THP-1 cells are heterozygous for intermediate-affinity FcγRIIa-H/R131 phenotype. We demonstrated that serum from survivors with much higher
levels of IgG2 subclass could enhance B. pseudomallei uptake into THP-1 cells compared with those
from nonsurvivors. Conversely, we did not find a
difference in ADCP activity in U937 cells between
survivors and nonsurvivors. When using U937 cells,
comparable phagocytic activities of serum samples
between survivors and nonsurvivors might be due
to the comparable levels of IgG1or IgG3 that can effectively interact with FcγRIIa-R131. The phagocytic
activities of IgG1 and IgG3 imply that higher IgG2
levels can enhance ADCP activity in effector innate
immune cells carrying the FcγRIIa-H131 allele and
that this ADCP activity was associated with protection against death in acute melioidosis patients.
Elevated ADCP activity of serum samples from
patients without bacteremia almost reached statistical significance (p = 0.07) compared with those from
patients with bacteremia when we used THP-1 cells
but not when we used U937 cells. The ADCP activity
results imply that the immune complex in circulating blood can be removed more effectively in persons
with the FcγRIIa-H131 phenotype.
One limitation of this study is that we used different cell types, which might have different genetic and
phenotypic backgrounds resulting in different outcomes of ADCP activity in serum from survivors and
nonsurvivors. This finding should be confirmed in
U937 cells transfected with the FcγRIIa-H131 receptor. In addition, IgG2 serum samples from patients
also contain the other 3 IgG subclasses, IgG1, IgG3,
and IgG4, and IgM and IgA that might influence outcomes. In addition, the antibody-dependent phagocytosis activity of serum in this study was tested solely
468

in human monocytic cells, U937 and THP-1, whereas
FcγRIIa also is constitutively expressed on the surface
of other effective immune cells including dendritic
cells, neutrophils, and B cells.
We did not find a statistically significant association between FcγRIIa-H131 phenotype and ADCP activity in either THP-1 or U937 cells when adjusting for
death, diabetes status, and pre-existing renal disease.
This result might be due to a low number of patients
with the FcγRIIa-R131 phenotype (7.3%) in our cohort; therefore, we did not have the statistical power
to detect a difference in outcome.
In conclusion, the data in this study emphasize
the role of IgG subclasses in clinical outcomes of infectious diseases. The relationship between elevated
IgG2 levels and protection against death in melioidosis is comparable with those in other encapsulated
bacterial infections. The relationship between elevated IgG2 levels and protection against death in melioidosis constitutes critical information for selecting
the appropriate antibody subclasses for therapeutic
antibody and vaccine development, in particular for
patients with the FcγRIIa-H131 phenotype.
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Falciparum [fal-′sɪ-pə-rəm]
Aparna Tiwari, Abhinav Sinha

F

rom the Latin falx or falci (sickle or scytheshaped) and parum (like or equal to another)
or parere (to bring forth or bear). The species falciparum in the genus Plasmodium is the parasite
that causes malignant tertian malaria in humans.
There were many terms suggested for this
parasite, such as Ematozoo falciforme by Antolisei
and Angelini in 1890 and Haemotozoon falciforme by Thayer and Hewetson in 1895, because
of its sickle-shaped gametocytes, the sexual stage
of falciparum parasites. However, the term falciparum, suggested by William Henry Welch in
1897, was eventually accepted. In 1954, Plasmodium falciparum (previously Laverania malariae) Figure. Giemsa-stained thin blood smear of Plasmodium falciparum (original
was approved by International Commission on magnification ×1,000). Red arrows indicate gametocytes, and green arrows
indicate trophozoite stages. Photograph provided by A. Tiwari.
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Plasmodium falciparum
Histidine-Rich Protein 2 and 3
Gene Deletions in Strains from
Nigeria, Sudan, and South Sudan
Christiane Prosser, Karryn Gresty, John Ellis, Wieland Meyer, Karen Anderson, Rogan Lee, Qin Cheng

Deletion of histidine-rich protein genes pfhrp2/3 in Plasmodium falciparum causes infections to go undetected
by HRP2-based malaria rapid diagnostic tests. We analyzed P. falciparum malaria cases imported to Australia
(n = 210, collected 2010–2018) for their pfhrp2/3 status.
We detected gene deletions in patients from 12 of 25
countries. We found >10% pfhrp2-deletion levels in those
from Nigeria (13.3%, n = 30), Sudan (11.2%, n = 39), and
South Sudan (17.7%, n = 17) and low levels of pfhrp3
deletion from Sudan (3.6%) and South Sudan (5.9%). No
parasites with pfhrp2/3 double deletions were detected.
Microsatellite typing of parasites from Nigeria, Sudan,
and South Sudan revealed low relatedness among genedeleted parasites, indicating independent emergences.
The gene deletion proportions signify a risk of falsenegative HRP2-RDT results. This study’s findings warrant surveillance to determine whether the prevalence of
gene-deleted parasites justifies switching malaria rapid
diagnostic tests in Nigeria, Sudan, and South Sudan.

D

uring 2000–2015, global malaria incidence and
death rates were reduced by more than half (1).
Malaria control efforts are credited with increasing
life expectancy by 5% globally and by 12.3% in sub–
Saharan Africa, where ≈90% of the disease burden is
Author affiliations: Australian Defence Force Malaria and
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located (2). Gains in malaria control have been attributed primarily to the implementation of key intervention measures including insecticide-treated netting,
indoor residual spraying, combination medicines,
and diagnostic tests. Malaria decline has been more
gradual, or has stalled, in endemic regions with limited access to these interventions (3).
Rapid diagnostic tests (RDTs) are recommended,
and have become essential, for malaria case management in many regions because they meet the challenges for remote and low-resource settings. These
tests are affordable, easy to transport and store, and
less skill- and resource-demanding than microscopy,
but they offer comparable sensitivity to quality microscopy (4). These RDTs are used, along with Giemsa-stained blood films, for diagnosis of imported malaria in pathology laboratories in Australia (including
those of the Australian Defence Force) (5). A preliminary diagnosis using RDTs is made and the diagnosis
confirmed by stained thick and thin films. False-negative tests from RDTs will result in delayed treatment,
which may affect the patient’s clinical outcomes.
Histidine-rich protein 2 (HRP2)–based RDTs are
largely preferred for detecting P. falciparum malaria
because of their superior sensitivity and heat-stability profile over Plasmodium lactate dehydrogenase
(pLDH) or aldolase (6). HRP2-based tests detect the
HRP2 antigen (and, to a lesser extent, HRP3, because of cross-reactivity) at levels as low as ≈1 ng/
mL blood; however, in practice, the detection limit of
HRP2-based tests is reportedly comparable with that
of quality microscopy (≈200 parasites/μL) (7). This
level is adequate for case management but much less
sensitive than molecular methods. RDTs have been
reported to have failed to detect a substantial proportion of asymptomatic infections (8).
Parasite deletion of the genes pfhrp2 and pfhrp3
has been implicated in false-negative results using
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HRP2-based RDTs. There are recent reports of pfhrp2deleted parasites in several countries in Africa (9–15),
as well as India (16), China and Myanmar (17), and
countries in South America, including Peru (18). Single pfhrp2 gene deletions represent an increased risk
for RDT failure, especially in cases of low parasitemia
or inferior RDTs (19). In the instance of a double deletion of pfhrp2 and pfhrp3, the parasite is undetectable
with HRP2-based RDTs (20). Because RDTs are the
mainstay diagnostic tool for many endemic countries,
loss of effectiveness constitutes a public health emergency and poses a major challenge to P. falciparum
control and elimination efforts. For countries reliant
on RDTs, gene-deletion prevalence data are needed
to inform case management policy.
The World Health Organization has estimated a
threshold of 5% of parasites lacking HRP2 as the point
at which false negatives from lack of antigen expression would likely exceed the rate of false negatives
observed using alternative RDTs and, as such, the
point at which HRP2-based tests are no longer recommended for that location (21). Therefore, surveillance is critical to estimate whether the prevalence of
parasites with gene deletions has reached the threshold for switching RDTs and is recommended to focus
primarily on locations or nearby locations where gene
deletions have been detected. Imported cases of malaria are a resource to detect gene deletions in countries of origin and the outcomes can prompt largescale surveillance.
When case management policies for imported
malaria are developed, regional pfhrp2/pfhrp3 deletion levels should also be considered. The lack of clarity regarding the status of many endemic regions has
fueled concern on the part of physicians. In settings
where only RDTs are used for diagnosis, laboratories
need to be aware of the possibility of false negatives
when testing samples with >5% rate of HRP2 deletion. Consequently, we investigated the pfhrp2/pfhrp3
status of malaria cases imported from travelers, immigrants, and refugees entering Australia to identify
evidence for pfhrp2 and pfhrp3 deletions in P. falciparum from malaria-endemic countries.
Methods
Sample Collection and DNA Extraction

Malaria cases in Australia require that a blood sample
be sent to a regional reference laboratory for confirmation and storage. We determined Plasmodium spp.
infection and species by microscopy (Giemsa-stained
thick and thin smears) and confirmed them by PCR
(22) at the New South Wales Health Pathology Parasi472

tology Laboratory at Westmead Hospital (Westmead,
New South Wales, Australia). We aliquoted whole
blood from archived P. falciparum–positive samples
from imported malaria cases (n = 210) and recorded
deidentified patient information. We extracted genomic DNA from whole blood using QIAamp mini
DNA kits (QIAGEN, https://www.qiagen.com) according to the manufacturer’s directions. We assessed
DNA quality by subjecting DNA to agarose gel electrophoresis. We measured DNA concentrations by
spectrophotometric analysis using a Nanodrop Spectrophotometer ND-1000 (Thermo Fisher, https://
www.thermofisher.com) at 260 nm and 280 nm. We
included genomic DNA from P. falciparum laboratory
reference strains in each PCR assay as experimental
controls for various pfhrp2/pfhrp3 deletion statuses:
3D7 (pfhrp2 +/pfhrp3 +), HB3 (pfhrp2 +/pfhrp3 −),
3BD5 (pfhrp2 −/pfhrp3 −), Dd2 (pfhrp2 −/pfhrp3 +),
and D10 (pfhrp2 −/pfhrp3 +). We stored samples at
−20°C before use.
Characterization of pfhrp2 and pfhrp3

We investigated the status (presence/absence) of pfhrp2 (PlasmoDB gene ID Pf3D7_0831800) and pfhrp3
(PlasmoDB gene ID Pf3D7_1372200) genes by amplifying across exon 1–exon 2 and exon 2, as previously
described (10; Appendix Table, https://wwwnc.cdc.
gov/EID/article/27/2/19-1410-App1.pdf). Samples
were considered to contain the pfhrp2- or pfhrp3-deleted parasites when there was a negative PCR result
for exon 1 or exon 2 of the gene, or both, along with
a positive PCR amplifying all 3 single-copy reference
genes: merozoite surface protein 1 (pfmsp1), merozoite
surface protein 2 (pfmsp2), and glutamate-rich protein
(pfglurp). The use of the comparable single copy reference gene assays as a DNA quality control has been
observed in several studies reporting P. falciparum
with and without deletions to show a concordant limit of detection when the genes are present (23).
Rapid Diagnostic Testing

We used SD Bioline (Standard Diagnostics, https://
www.globalpointofcare.abbott) HRP2-based malaria
RDTs according to the manufacturer’s instructions
to test thawed whole blood samples that had been
determined to contain P. falciparum with gene deletions (when whole blood was available). We performed additional tests on pfhrp2/pfhrp3 positive and
negative samples at various parasite densities, and
we conducted comparative tests using BinaxNOW
(Inverness Medical Binax, https://www.globalpointofcare.abbott) and Carestart (AccessBio, https://accessbiodiagnostics.net) HRP2-based malaria RDTs.
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P. falciparum hrp2 and hrp3 Gene Deletions
Microsatellite Analysis

We conducted microsatellite analysis as described
elsewhere (10). In brief, for each sample originating
from Sudan, South Sudan, or Nigeria, we analyzed
7 neutral microsatellite markers (TA1, PolyA, PfPK2,
TA109, 2490, 313, and 383). We amplified markers per
PCR conditions and primers listed (Appendix Table).
We sized amplicons using an ABI 3100 Genetic Analyzer (Applied Biosystems, https://www.thermofisher.com). We scored alleles manually using Peak
Scanner Software version 1.0 (Applied Biosystems),
including a minimum peak height of 300 relative
fluorescence units (Appendix Figure 1). To exclude
artifactual stutter peaks (likely polymerase slippage
on extended tandem repeats, which are frequent in
Plasmodium genomes), we disregarded peaks less
than one third of the predominant peak (24).
Genetic Diversity Phylogenetic Analysis

We produced a predominant haplotype for each sample based on the sizes of the 7 microsatellite markers.
We used PHYLOViZ software (25) using a minimum
spanning tree approach to compare the genetic diversity and genetic relatedness of the Sudan, South
Sudan, and Nigeria cohorts within this study and to
compare with parasites from Eritrea and Peru (haplotypes characterized in a previous study [10]). We
standardized values for the microsatellite marker
sizes against the P. falciparum 3D7 reference strain.
We used FSTAT to calculate microsatellite allele frequencies at each locus, average number of alleles, and
expected and observed heterozygosity (26).
Results
Patient Data Analysis

This study included parasite samples from persons
from 25 countries, with most (194/210) originating
from countries in Africa. A large proportion of the
patient cohort traveled to Australia from Nigeria (n
= 30) or Sudan (n = 39); for all other countries of origin, n<20. The clinical state, when known, was predominantly symptomatic travelers who came to the
hospital; however, the cohort included >15 potentially asymptomatic samples collected during refugee screening (n = 8 within the cohort from South
Sudan). The study population was composed of 149
male patients, 53 female patients, and 8 patients with
unknown gender; age range was 6 months to 79 years
at the time of infection (median age 42 years). Of the
samples collected, 75.2% had a parasitemia ranging
from 0.01% (≈500 parasites/μL) to 30.1% (1,505,000
parasites/μL), with a mean of 1.34 ± 3.00%, 67,000

parasites/μL; 24.8% had a parasitemia <0.01%. Only
48% of patients (when reported) had used chemoprophylaxis (doxycycline, artemether/lumefantrine, or
mefloquine), and instances of concurrent conditions
were low (reported in <5% of cases, most commonly
dengue fever; Appendix Table 2).
Presence/Absence of pfhrp2 and pfhrp3

We observed pfhrp2 or pfhrp3 deletion (together with
positive pfmsp1, pfmsp2, and pfglurp results) in 24 of
210 parasite samples from 12 of 25 countries of origin
(Table 1). Results from assays amplifying exon 2 of
pfhrp2 and pfhrp3 matched the findings from assays
amplifying across exon 1–2, suggesting whole rather
than partial gene deletion. We observed pfhrp2-deleted parasites in 3 samples from Nigeria (3/30, 10%),
4 samples from Sudan (4/39, 10.26%), and 4 samples
from South Sudan (4/17, 17.65%) (Figure 1). We observed a single sample with pfhrp2-deletion in specimens originating from Ghana (1/17, 5.88%), Kenya
(1/18, 5.55%), Mali (1/3, 33.33%), Togo (1/1, 100%),
and Zambia (1/5, 20%). We found 3 samples (3/27) of
unknown African origins to be pfhrp2-deleted.
We observed a single sample with pfhrp3 deletion per origin in parasites from Sudan (1/39, 2.56%),
South Sudan (1/17, 5.88%), Tanzania (1/4, 25%), Sumatra (1/2, 50%), and Peru (1/1, 100%). No parasites
were observed to have both the pfhrp2 and pfhrp3
gene deletion.
Rapid Diagnostic Test Results

We tested 20 gene deletion blood samples with HRP2
RDTs (18 pfhrp2 deleted, 2 pfhrp3 deleted). Of these,
16 samples produced a positive Pf band using HRP2based SD BioLine malaria RDTs (14 pfhrp2 deleted, 2
pfhrp3 deleted). Of the 16 gene deletion parasites detected by HRP2 RDT, 10 samples had a parasitemia
>1000/μL. Four of 18 pfhrp2-deleted parasites failed
to be detected by HRP2 RDTs; 3 of these 4 cases had
a parasitemia level <500/μL (Table 2). Only 9 of 20
samples gave a positive pan band; 8 of the 9 had a
parasitemia level >2,000/μL.
Microsatellite Analysis

We amplified and scored 7 microsatellite loci for
each sample from Sudan, South Sudan, and Nigeria
(n = 86), finding 88 unique haplotypes. Two samples
shared a haplotype, and we observed 2 instances of
multiple haplotype infection. All 7 microsatellite
markers were found to be polymorphic. We found a
mean of 11 alleles per locus, a range from 6 (microsatellite markers TA109 and 2490) to 16 (microsatellite marker 383) distinct alleles. We found the genetic
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relatedness of P. falciparum populations to correspond
weakly with country of origin (represented by small
clusters of 2–3 haplotypes), as compared with the
population structure of parasites from Eritrea (Figure
2, panel A). Unlike large clustering of pfhrp2/3-deleted
parasites in Eritrea, pfhrp2- or pfhrp3-deleted parasites
within the cohorts from Sudan, South Sudan, and
Nigeria were not found to be more closely related
to each other than to pfhrp2/pfhrp3-positive parasites
within their cohort (Figure 2, panel B). The expected
heterozygosity of populations (by country and by deletion status) did not exceed the observed heterozygosity for any cohort.
Discussion
Increasing availability and use of HRP2-based malaria RDTs in Africa has been pivotal to improving case
management over the past 20 years (27). Evaluation
of compliance to RDT outcomes in sub-Saharan Africa found that protocols often varied among healthcare workers, particularly in the case of negative RDT
results (28). Increased rates of RDT false-negative

results may undermine confidence in adherence
to World Health Organization guidelines (29) and
would threaten the recent gains in malaria control.
Several countries relying on HRP2-based malaria RDTs lack molecular data on parasite pfhrp2
and pfhrp3 deletion. Sudan and South Sudan had no
previously reported data regarding pfhrp2 and pfhrp3 status. We observed the presence of both pfhrp2
and pfhrp3-deleted parasites in this study, although
no double deletions were detected. The presence of
these parasites is not altogether unexpected given
the low level of pfhrp2- and pfhrp3-deleted parasites
previously found in natural P. falciparum populations
(30) and the presence of these parasites in neighboring endemic regions (10). The levels of pfhrp2 deletion
raise concerns: 10.3% observed from Sudan (mean
collection date 2016), and 17.5% from South Sudan
(mean collection date 2017–2018) (Figure 1). Mathematical modeling predicts rapid (≈3 years) selection
for widespread pfhrp2-deletion within a population
subjected to HRP2-based RDT use, with a baseline
pfhrp2-deletion level lower than what we observed

Table 1. Summary of pfhrp2/pfhrp3 gene deletion screening results showing pfhrp2/pfhrp3 status for Plasmodium spp. isolates, by
parasite country of origin, Australia*
pfhrp2/pfhrp3 status, no. (%)
+/−
−/+
−/−
Source
Country/strain name No. cases
% Symptomatic
% Refugee
Africa
Cameroon
3
0
0
0
66.6
33.3
Gambia
5
0
0
0
100
0
Ghana
17
0
1 (0.06)
0
100
0
Ivory Coast
2
0
0
0
100
0
Kenya
18
0
1 (0.06)
0
100
0
Madagascar
1
0
0
0
100
0
Malawi
6
0
0
0
33.3
66.6
Mali
3
0
1 (33.3)
0
100
0
Nigeria
30
0
4 (13.3)
0
100
0
Sierra Leone
13
0
0
0
92.3
7.7
South Africa
2
0
0
0
100
0
South Sudan
17
1 (5.9)
3 (17.6)
0
52.9
47.1
Sudan
39
1 (2.6)
4 (10.3)
0
100
0
Sumatra
2
1 (50)
0
0
100
0
Togo
1
0
1 (100)
0
100
0
Tanzania
4
1 (25)
0
0
100
0
Uganda
2
0
0
0
100
0
Zambia
5
0
1 (20)
0
100
0
Zimbabwe
1
0
0
0
100
0
Unknown†
27
0
3 (11.1)
0
100
0
Asia
Cambodia
1
0
0
0
100
0
India
3
0
0
0
100
0
Indonesia
1
0
0
0
100
0
Papua New Guinea
5
0
0
0
100
0
Thailand
1
0
0
0
100
0
South America
Peru
1
1 (100)
0
0
100
0
Laboratory
3D7
1
0
0
0
NA
NA
strains
3BD5
1
0
0
1 (100)
NA
NA
D10
1
0
1 (100)
0
NA
NA
Dd2
1
0
1 (100)
0
NA
NA
HB3
1
0
1 (100)
0
NA
NA
*NA, not applicable.
†Cases in which clinical notes state African origins but do not specify a country.
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Figure 1. Summary of pfhrp2 and pfhrp3 deletion key results showing pfhrp2 and pfhrp3 deletion results for Plasmodium spp. isolates,
by parasite country of origin (where n>4), Australia. National P. falciparum endemicity depicted is measured as population-weighted
mean P. falciparum infection rate of children 2–10 years of age, using data available from the Malaria Atlas Project (http://www.map.
ox.ac.uk). Data were mapped using the AuthaGraph world map projection to more truthfully visualize the potential paths of dissemination
and adjacency of various endemic zones, as this is considered the most accurate representation of land proportions and relative
orientations (https://hrcak.srce.hr/185867). P.f., P. falciparum.

in parasites originating from Sudan and South Sudan
(31). In addition, this region of Africa experiences a
great deal of human migration (32,33), notably in Sudan’s neighbor Eritrea (where pfhrp2/pfhrp3 double
deletion parasites are prevalent [10]), increasing the
risk for deletion-parasite dissemination.
Samples originating from Nigeria (n = 30) were
collected during 2011–2015 (1 sample from 2011 was,
to our knowledge, the earliest reported pfhrp2-deleted parasite from Nigeria); however, the proportion
of pfhrp2-deleted parasites observed (13.3%) is similar to the 17% observed in a 2019 study of contemporary parasites from Nigeria (likewise finding no
double deletion) (14). Countries in western Africa,
such as Nigeria, often make use of exclusively HRP2based RDTs (no pan–Plasmodium spp. antigen target);
because reliance on P. falciparum–only RDTs would
further exacerbate the public health consequences of

pfhrp2/pfhrp3-deleted parasites, ongoing monitoring
in these locations is warranted (31).
No gene-deleted parasites were observed within the cohorts from several countries (Cameroon,
Gambia, Côte d’Ivoire, Madagascar, Malawi, Sierra
Leone, South Africa, Sumatra, Uganda, Zimbabwe,
and all countries in Asia); in 6 countries in Africa, a
single gene-deleted parasite was found (pfhrp2: Ghana, Kenya, Mali, Togo, and Zambia; pfhrp3: Tanzania). The sample sizes are insufficient to comment on
regional proportions. Baselines for these regions are
undetermined, although a low level of false-negative
results using HRP2-based RDTs has been reported
in rural Ghana (34), and varying levels (0%–30%)
of pfhrp2 deletion have been observed in regions of
Kenya (12). pfhrp2/pfhrp3 double-deleted parasites
have been observed within the China–Myanmar
border area, where baseline pfhrp2-deleted parasite
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proportions were as low as 4% (17). The observation
of a low level of gene-deleted parasites in this study
emphasizes the need to monitor pfhrp2/pfhrp3 status
for early detection of emergent double deletions in
the countries of origin.
SD BioLine and Carestart HRP2-based tests
consistently produced the same outcome, but those
results occasionally differed from results from BinaxNOW, which was less sensitive (Table 2). Subjecting the selected samples to testing with HRP2-based
SD BioLine malaria RDTs corroborated the hypothesis that infections by pfhrp2-deleted parasites may
occasionally fail to be detected, particularly in cases
of low parasite density (<1,000/μL) and less-sensitive RDT varieties. Indeed, most pfhrp2-negative/
pfhrp3-positive samples tested positive with HRP2based SD BioLine malaria RDTs when parasitemia
was >1000 parasites/μL, which suggests that HRP3
cross-reaction with HRP2-based tests acts as a failsafe, in cases of adequate parasite density (generally
observed to be >1,000 parasites/μL [14]). pfhrp2-deleted parasites, in the absence of a double deletion,
may suffer a loss of sensitivity, but these assays

remain a viable interim option for remote and lowresource settings.
P. falciparum and pan–Plasmodium spp. RDTs failing to detect pfhrp2/3-deleted P. falciparum through
pan–Plasmodium spp. pLDH likely reflects the freezing/thawing of whole blood samples, which is reported to degrade the antigen and to cause hemolysis
of the blood, leading to sample inhibition (35). Freezethawing of archived blood is not observed to degrade
HRP2 appreciably (7).
The main purpose of microsatellite analysis was
to compare the genetic relatedness between parasites
with gene deletions reported from different areas
globally so that we could determine whether parasites with gene deletions were of de novo emergence.
For this purpose, we used the same set of microsatellite markers that have been used in other parts of
the world, including South America, and included a
common control of 3D7 parasite in each run at different laboratories to calibrate outcomes. Microsatellite analyses found high heterogeneity of P. falciparum populations within and between Sudan, South
Sudan, and Nigeria. The lack of genetic relatedness

Table 2. Assessment of HRP2-based SD BioLine RDT for pfhrp2/pfhrp3 deletion genotypes for Plasmodium spp. isolates, by parasite
country of origin, Australia*
BioLine RDT†
Parasites/L
Collection
Parasitemia,
Genotype,
Country
Sample ID
year
% erythrocytes
blood
pfhrp2/pfhrp3
Pan
Pf
Sudan
BDA1
2016
0.16
8,000
+/+
1
2
Sudan
BDA2
2016
0.79
39,500
–/+
1
3
Sudan
BDA3
2016
0.3
15,000
–/+
0
1
Sudan
BDA4
2016
0.02
1,000
–/+
0
1
Sudan
BDA37
2014
<0.01
NA
–/+
0
0
South Sudan
BDD4
2018
1.24
62,000
+/–
1†
3
South Sudan
BDC98
2018
0.5
25,000
–/+
1
1
South Sudan
BDB94
2017
0.5
25,000
–/+
1
1
South Sudan
BDB99
2017
<0.01
NA
–/+
0
1†
Nigeria
BDA24
2015
1.1
55,000
–/+
0
1
Nigeria
BDA92
2012
4
200,000
–/+
1
1
Nigeria
BDA91
2012
2.5
125,000
–/+
1
1
Nigeria
BDB31
2011
0.08
4,000
–/+
0
0
Kenya
BDA42
2014
0.12
6,000
–/+
2
1
Kenya
BDB19
2011
<0.01
NA
+/+
0
3
Ghana
BDA5
2016
<0.01
NA
–/+
1‡
1‡
Tanzania
BDA28
2015
<0.01
NA
–/+
0
1
Zambia
BDA31
2015
0.2
10,000
–/+
0
1
Togo
BDA50
2014
0.27
13,500
–/+
0
1
Peru
BDA52
2014
0.4
20,000
+/–
1
3
Papua New Guinea
BDB6
2012
2.81
140,500
+/+
1‡
2
Papua New Guinea
BDB5
2012
<0.01
NA
+/+
1‡
1
Africa
BDA99
2012
0.46
23,000
+/+
0
3
Africa
BDA90
2012
1.2
60,000
+/+
0
3
Africa
BDA100
2012
<0.01
NA
+/+
0
1
Africa
BDB11
2011
<0.01
NA
–/+
0
0
Africa
BDB46
2010
0.01
500
–/+
0
0
*Gray shading signifies a negative result with both the pan-pLDH and pfHRP2 antigen tests on the RDT. Africa indicates unknown country of origin. ID,
identification; NA, not applicable; pan, pan–Plasmodium spp.; Pf, P. falciparum; pfHRP2, Plasmodium falciparum histidine-rich protein 2; pLDH,
Plasmodium lactate dehydrogenase; RDT, rapid diagnostic test.
†0–4 result scored by World Health Organization guidelines.
‡Sample results matched outcomes using CareStart Malaria RDT, whereas parasites were not detected by BinaxNOW RDT (Appendix Figures 2, 3,
https://wwwnc.cdc.gov/EID/article/27/2/19-1410-App1.pdf).
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Figure 2. Minimum spanning
tree of microsatellite allelic data
showing genetic relatedness
of Plasmodium falciparum
populations from Sudan, South
Sudan, Nigeria, and Eritrea
(A), and pfhrp2 and pfhrp3
deletion status of haplotypes
(B) (positive: gene present;
negative: gene absent).
Numbered circles represent
specific haplotypes. Plots were
generated using PHYLOViZ
software (25) with a cutoff value
of 2 (minimum differences for
2 microsatellite loci) depicted
as lines connecting haplotypes
and a cutoff value of 3
depicted as haplotype circle
arrangements/proximities.

observed between gene-deleted parasites, including
between the gene-deleted parasites observed in this
study and those analyzed within Eritrea in a previous
study (10), suggests independent, de novo emergence
of parasites with gene deletions. The high level of genetic diversity may reflect the broad geographic and
temporal sampling range, as well as the heterogenicity, of natural P. falciparum populations in areas with
moderate or high transmission intensities.
We analyzed microsatellite peaks for the presence of multiple peaks (indicating multiple unique
haplotypes within an individual infection). Three

samples had evidence of infection by multiple strains
with cocirculating strains potentially present at lower
density; all other samples had no secondary peaks
exceeding our thresholds for calling (this necessary
threshold may prevent the detection of minor alleles).
Although it detected few multiclonal infections in this
sample set, microsatellite analysis was able to detect
a very high level of heterogeneity (88 haplotypes/86
samples) within and between countries, demonstrating the quality of the analysis. The low level of multiple clone infections may reflect the source of samples.
For instance, Nigeria is a high-transmission country
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with a high median multiplicity of infection; however, the Nigerian cohort was composed of travelers or
immigrants to Australia who returned home for family events, usually traveling for <2 weeks.
A notable consideration when interpreting results from this study is the opportunity sampling.
Using imported P. falciparum from travelers provided
small sample sizes for most countries of origin and
a broad collection timeframe (2010–2018). The sampling timeframe does not capture the true prevalence
of pfhrp2 and pfhrp3 deletion in contemporary parasite
populations or allow us to consider the effects of seasonal profiles (38). As a result, the cohort is not representative of cases within endemic regions, which
is noteworthy because pfhrp2/3 deletion needs to be
interpreted considering clinical relevance. Deletion
proportions between symptomatic and asymptomatic patients within groups were too small and too often
status unknown for meaningful analysis. This limitation restricts the conclusions that can be drawn from
the screening results, although analyses of imported
malaria cases in persons entering Australia has the
added benefit of informing local case management.
Because clinicians’ notes informed patient data,
the specific geographic origins were limited to the
country level (and, in 27 cases, were reported only as
having origins in Africa). To the best of our knowledge, travelers contracted malaria parasites from
their country of origin. However, we cannot exclude
the possibility that parasites were contracted from
another endemic region. Specimens from South Sudan were obtained primarily from refugees who had
reported staying in camps for long periods (3–12
months), including settlements bordering Uganda
and Ethiopia. Therefore, parasites may have originated from bordering endemic regions.
Malaria control is complicated in regions bordering other endemic nations by human–vector migration. Border regions are often rural, which may lead
to high transmission coupled with inadequate health
services (36). Similarly, the remoteness, limited resources, and political complexity of border regions
often produces suboptimal surveillance responses
(37). Given the genetic exchange expected between
adjacent parasite populations, monitoring of pfhrp2
and pfhrp3 for Sudan and South Sudan would ideally
be coordinated together with neighboring countries.
In conclusion, analysis of imported P. falciparum
cases revealed pfhrp2 and pfhrp3 deletion from 12
countries, including levels of pfhrp2-deleted parasites
exceeding 10% from Nigeria, Sudan, and South Sudan, where pfhrp2-based malaria RDT failure would
constitute a major public health threat. These nations
478

require urgent prevalence surveys and ongoing monitoring for early detection of emergent double deletion parasites.
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Hepatitis C Virus Transmission
Clusters in Public Health
and Correctional Settings,
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Ending the hepatitis C virus (HCV) epidemic requires
stopping transmission among networks of persons who
inject drugs. Identifying transmission networks by using
genomic epidemiology may inform community responses
that can quickly interrupt transmission. We retrospectively identified HCV RNA–positive specimens corresponding to 459 persons in settings that use the state laboratory, including correctional facilities and syringe services
programs, in Wisconsin, USA, during 2016–2017. We
conducted next-generation sequencing of HCV and
analyzed it for phylogenetic linkage by using the Centers for Disease Control and Prevention Global Hepatitis Outbreak Surveillance Technology platform. Analysis
showed that 126 persons were linked across 42 clusters.
Phylogenetic clustering was higher in rural communities
and associated with female sex and younger age among
rural residents. These data highlight that HCV transmission could be reduced by expanding molecular-based
surveillance strategies to rural communities affected by
the opioid crisis.

H

epatitis C virus (HCV) infections have sharply
increased in the United States, where an estimated 2.4 million persons are living with chronic infection (1). In 2013, ≈19,368 persons died of HCV-related
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complications, exceeding the number of deaths from
all other nationally notifiable infectious diseases
combined (2). During 2004–2014, prevalence of HCV
increased by 2-fold, a direct result of the opioid epidemic and associated increases in the sharing of contaminated injection drug use equipment (3). Because
the intersecting epidemics of opioid injection and
infectious diseases are complex and dynamic, implementing community-specific comprehensive prevention services remains challenging.
Public health experts are increasingly using molecular-based surveillance techniques to identify and
control emerging outbreaks (4–7). For example, the
Centers for Disease Control and Prevention (CDC)
has scaled up use of molecular HIV surveillance (8);
however, the application of such programs for HCV
surveillance has lagged. For molecular HCV surveillance and outbreak investigation, CDC developed a
public health tool, Global Hepatitis Outbreak and Surveillance Technology (GHOST), which uses next-generation sequencing methods (9). GHOST integrates a
suite of computational tools to accurately detect possible HCV transmission clusters from next-generation
sequencing data in a simple fashion, regardless of the
user’s level of expertise.
During 2016–2017, the rate of opioid overdose
in Wisconsin increased by 109%, the steepest increase observed in any US state and nearly 3 times
the average national increase over that period (10).
This sharp increase in opioid use was accompanied
by substantial increases in HCV incidence. During
The methods described in this article, along with preliminary results
from the first 231 specimens analyzed, were presented in poster
format at the 8th International Conference on Hepatitis Care in
Substance Users; 2019 Sep 11–13; Montreal, Quebec, Canada.
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2011–2015, an average of 2,955 new HCV diagnoses
were reported annually; during the previous 5-year
period, the average was 2,396. As a result of recent
injection drug use, the rate of new PCR-confirmed
HCV diagnoses among persons 15–29 years of age
more than doubled during that period, from 40 to 87
cases/100,000 population (11).
In this study, we integrated public heath surveillance and molecular analyses with GHOST to identify
putative HCV transmission clusters among persons
most likely infected through injection drug use during a period of expanded HCV transmission (12). We
also investigated the network characteristics among
members of this high-risk group.
Materials and Methods
Study Setting and Population

All HCV-positive test results in Wisconsin are routinely reported to the Wisconsin Electronic Disease
Surveillance System (WEDSS), a secure, Internetbased health information system used for the reporting, investigation, and surveillance of communicable
diseases in Wisconsin. Blood samples collected for
HCV RNA confirmatory testing at sites supported by
the Wisconsin Division of Public Health (e.g., syringe
services programs [SSPs], correctional facilities, local health departments, community-based organizations, and public health clinics) are processed at the
Wisconsin State Laboratory of Hygiene and stored for
5 years. Approximately 15% of all HCV cases reported to WEDSS represent persons who underwent feeexempt HCV RNA confirmatory testing through the
state laboratory. The cohort of persons tested comprised primarily younger persons with a history of
injection drug use, resulting from the types of organizations that submit test results to the state laboratory.
We identified persons confirmed to have an HCV
RNA–positive sample analyzed at the state laboratory and reported to WEDSS for the first time during 2016–2017 by 2 methods. First, we identified 241
persons residing in rural catchment areas. Of the 72
counties in Wisconsin, 51 were included in the rural
catchment area and selected on the basis of participation in an ongoing federally funded research program.
These counties were classified as rural because they
were served by 1 of the 6 rural offices of the statewide
SSP. Second, to improve network completeness and
compare the extent of clustering between rural and
nonrural populations, we identified 2 additional cohorts: 54 persons residing in nonrural catchment areas and 164 residing in correctional facilities. Because
resource limitations prevented data collection from

all HCV-infected persons in nonrural catchment areas and correctional facilities, we included those who
were considered likely to represent recent or acute
infections because they either had acute HCV when
reported to WEDSS or were 15–39 years of age at diagnosis with an HCV viral load >1,000,000 IU/L. The
nonrural catchment area included the other 21 Wisconsin counties served by 1 of the 4 SSP urban offices,
and the correctional cohort included those incarcerated in a state correctional setting (i.e., state prison) at
the time of testing.
Specimen Processing

Per standard protocol, the state laboratory stores serum remaining after completion of HCV antibody and
RNA PCR testing at -80°C. Specimens corresponding to the HCV RNA–positive persons identified in
WEDSS were retrieved and shipped to the Ragon Institute of MGH, MIT and Harvard (Cambridge, MA,
USA) for virus sequencing.
Nucleic Acid Extraction and PCR Amplification

RNA was isolated from 140 µL of plasma by using
a QIAamp Viral RNA Mini Kit (QIAGEN, https://
www.qiagen.com). A 1-step reverse transcription
PCR (RT-PCR) was performed to amplify a 305-bp
segment at the E1/E2 junction of the HCV genome
(H77 positions 1301–1606), which contains the hypervariable region (HVR) 1 (13). This region was chosen for its high variability and its ability to reliably
detect transmission events in outbreak settings (14).
The first round of RT-PCR consisted of an Illumina
adaptor-specific portion, a sample-specific barcode
segment, and an HCV HVR–specific primer segment
F1-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-NNNNNNNNNN-GGA-TAT-GAT-GATGAA-CTG-GT and R1-ACA-CTC-TTT-CCC-TACACG-ACG-CTC-TTC-CGA-TCT-NNNNNNNNNNATG-TGC-CAG-CTG-CCG-TTG-GTG-T at a final
concentration of 4 pM. Amplification conditions (SuperScript III One-Step RT-PCR System with Platinum
Taq High Fidelity [ThermoFisher, https://www.
thermofisher.com]) were cDNA synthesis for 30 min
at 55°C followed by heat denaturation at 95°C for 2
min. PCR amplification conditions were 40 cycles of
denaturation (94°C for 10 s), annealing (55°C for 10 s),
and extension (68°C for 10 s) with a final extension at
68°C for 5 min. Amplified products were run on 1%
agarose gel and either PCR purified with a QIAquick
PCR Purification Kit (QIAGEN) or gel extracted and
purified by using a PureLink Quick Gel Extraction Kit
(Invitrogen, https://www.thermofisher.com). A second round of limited cycle PCR (94°C for 2 min, [94°C
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for 15 s; 55°C for 30 s; 68°C for 30 s] × 8 cycles, 68°C
for 5 min) was performed to add barcode-specific indexes and sequencing-specific adapters and primers
to each sample to allow for multiplexing as well as
internal controls for cross-contamination. Negative
controls were introduced at each stage, and all PCR
procedures were performed under PCR clean room
conditions by using established protocols. Indexed
samples were purified by solid phase reversible immobilization (SPRI) 2 times at a bead-to-DNA ratio
of 0.7× to remove excess primer dimer and short fragments that can interfere with the sequencing process.
Deep Sequencing and Analysis

Resulting PCR amplicons were quantified by using
a PicoGreen kit (Invitrogen) on a QuantiFluor ST
fluorometer (Promega, https://www.promega.com),
and the integrity of the fragment was evaluated by
using a 2100 Bioanalyzer (Agilent, https://www.
agilent.com). Samples were pooled and sequenced on
an Illumina MiSeq platform (https://www.illumina.
com) by using a 2 × 250–bp v2 Nano reagent kit. A
sequence library consisted of 8–16 specimens, including 1 negative control for every 7 serum specimens.
Paired-end reads were subject to stringent cleaning
and quality control criteria as outlined previously
(15–17). Duplicate reads were removed by using default settings with FastUniq version 1.1 (18) and quality trimmed by using Trimmomatic version 0.36 (19).
Viral contigs were generated by using default settings
with Vicuna version 1.1 (20), and a de novo consensus assembly was generated by using Viral Finishing
and Annotation Toolkit (V-FAT) version 1.1 (https://
www.broadinstitute.org/viral-genomics/v-fat).
Read data are available from the National Center for
Biotechnology Information Read Archive (https://
www.ncbi.nlm.nih.gov) under BioProject accession
no. PRJNA661611.
Phylogenetic Reconstruction

We aligned the consensus sequences by using MEGA
version 6.0 (21) and IQ-TREE version 1.6 (22). We then
constructed a maximum-likelihood phylogenetic tree
with 1,000 ultrafast bootstrap replicates (23).
HCV Transmission Network Analyses

We uploaded Illumina paired-end reads to GHOST
and subjected them to automatic quality control criteria. In brief, read pairs were filtered out if a read
had >3 Ns (N indicates that software was not able
to make a basecall for this base) or a length <185
bp. Each identifier on forward and reverse reads
was examined, and the pair was discarded if either
482

identifier was not an exact match to a given list of
valid identifiers. We discarded pairs containing valid
identifiers if they were not a constituent of the majority identifier tuple. If >11% of the read pairs contained
valid identifiers that were not the majority tuple, we
discarded the entire sample without further processing. Random subsampling of 5,000–20,000 read pairs
was undertaken, and primer sequences were located
in each read, allowing for a combined error total of
<3. Read pairs were discarded when the primer could
not be found. Remaining read pairs were then unified
in a single error-corrected sequence, and only those
sequences with a nonsense-free reading frame were
collapsed into unique occurences with associated
frequencies. Further methodologic details on quality
filtering can be found elsewhere (9,24). We examined
transmission links that represent the genetic similarity among virus populations from infected persons.
For each case, we compared the intrahost populations between infected persons and calculated the
genetic distance (defined as the Hamming distance)
between their closest haplotypes. If the genetic distance is smaller than an empirically defined threshold
of 3.77%, then samples are considered to be genetically related and indicate a transmission cluster (14). To
further analyze each cluster’s genetic relationship, we
built k-step networks of intrahost HCV HVR1 variants, as previously described (9).
Data Collection

Variables routinely reported to WEDSS for HCVpositive persons include age, sex, race/ethnicity,
HCV-positive antibody and RNA test date(s), testing
site(s), and residential address. In addition, persons
tested by the multisite SSP provide risk information
per standard HCV testing procedures. Reporting
of risk information is voluntary. When possible, local health department staff members gather risk information from the healthcare provider or directly
from patients and enter it into WEDSS. Persons with
HCV originally reported from state correctional facilities are not interviewed by local public health officials, and risk information for them is typically not
available. When risk information was missing from
WEDSS, we were unable to determine whether a patient answered “no” to a risk behavior or whether the
data were missing. For persons who reported risk behaviors, we assessed whether they ever engaged in
injection drug use, shared injection equipment, were
men who have sex with men (MSM), or were ever
incarcerated. Persons were considered ever incarcerated if any result for an HCV test conducted at a state
correctional facility was reported to WEDSS or if the
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person reported (on risk information forms) having
ever been incarcerated. Because availability of risk information depends on the type of facility where the
person was tested, we present demographic characteristics and risk behaviors by type of testing facility:
SSP, correctional facility, local health department, or
other public venue. Other venues include a limited
number of community health centers, public health
clinics, community-based organizations, and safety
net hospitals. Local jails also were considered other
venues because only 2 persons were tested in jails and
local jails are more representative of where the person resides, whereas persons may be placed in other
facilities anywhere across the state regardless of their
county of residence.
This study was approved by the University of
Wisconsin Health Sciences Institutional Review
Board, which granted a waiver of informed consent,
and the Massachusetts General Hospital Institutional
Review Board. Data Use Agreements and a Materials Transfer Agreement were established between the
University of Wisconsin, Wisconsin Division of Public Health, the state laboratory, and the Ragon Institute of MGH, MIT and Harvard.
Statistical Analyses

To compare clustering by demographics and risk behaviors, we conducted χ2, Fisher exact, Student t, and
analysis of variance tests by using Stata SE 16 (StataCorp, https://www.stata.com). Because sampling
techniques differed in rural and nonrural catchment
areas and the characteristics assessed were strongly
determined by which catchment area persons were
in, and because persons tested in correctional facilities
could come from either rural or nonrural areas of the
state, we compared persons who clustered with those
who did not cluster, stratified by 3 groups based on
testing location: the rural catchment area, the nonrural catchment area, and correctional facilities. We also
compared characteristics between rural catchment
area–only clusters, nonrural catchment area–only
clusters, corrections-only clusters, and clusters that
contained persons from >1 group. Statistical significance was determined by using α<0.05.
Results
Study Sample

During 2016–2017, a total of 459 persons tested by the
Wisconsin State Laboratory of Hygiene were HCV
RNA positive for the first time. For those 459 persons,
sufficient (>200 µL) residual serum was stored to enable virus sequencing for 424 (92.4%). Of these, virus

was successfully amplified, sequenced, and passed
GHOST quality control metrics for 379 (89.4%) samples. Among the samples that failed, 23 (5.4%) failed
PCR and 22 (5.2%) failed GHOST quality control metrics. After quality control, the median number of error-corrected reads/person was 16,740 (interquartile
range 13,302–18,262) and the median number of haplotypes was 3,322 (interquartile range 2,479–4,345).
Patient Demographic Characteristics and Risk Behaviors

Among the 379 persons whose specimens were successfully analyzed by GHOST, positive HCV results
were first obtained at an SSP for 119 (31.4%), a correctional facility for 154 (40.6%), a local health department for 38 (10.0%), and other settings for 68 (17.9%)
(Table 1). The study population was primarily nonHispanic white (83.9%), 18–39 years of age (90.8%),
and male (75.5%). Self-reported injection drug use
was documented for 177 (46.7%) persons. Of these,
145 (81.9%) self-reported having ever shared injection equipment. MSM status was reported by 8 (2.1%)
persons. Most of the study population (335 [88.4%])
had been incarcerated; 154 received their first HCVpositive test result while at a correctional facility, and
180 reported a history of incarceration.
Among the 379 persons, 171 (45.1%) resided in the
rural catchment area, of which 67 (39.2%) clustered;
54 (14.3%) resided in the nonrural catchment area, of
which 14 (25.9%) clustered; and 154 (40.6%) resided in
correctional facilities, of which 45 (29.2%) clustered.
Among the 171 persons in the rural catchment area,
women were significantly more likely to cluster (49%)
than men (33%) (p = 0.04), and persons who clustered
were significantly younger (mean age 28.7 years) than
persons who did not cluster (mean age 34.1 years) (p
= 0.0001). For in the nonrural catchment area or corrections groups, we found no statistically significant
differences between those who clustered and those
who did not cluster.
Phylogenetic Analysis

We genetically characterized HCV strains by using
HVR1 consensus sequences derived from isolates
from all 379 persons. Phylogenetic analysis demonstrated a predominance of genotypes 1a (n = 255,
67.3%) and 3a (n = 88, 23.2%), followed by 2b (n = 22,
5.8%), 1b (n = 9, 2.4%), 2a (n = 4, 1.1%), and 4a (n = 1,
0.3%) (Figure 1).
HCV Transmission Linkages

GHOST detected 42 clusters comprising 126 persons
for an overall clustering rate of 33% (Figure 2). Cluster
sizes ranged from 2 to 11 persons. Transmission net-
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Table 1. Demographics and risk factor information, by type of testing facility, for all 379 persons tested for HCV while in public health
or correctional settings, Wisconsin, USA, 2016–2017*
Setting of first HCV-positive test result, no. (%)
Variable
Overall no. (%) Syringe services program Corrections setting Local health department
Other
Total
379 (100)
119 (31.4)
154(40. 6)
38 (10.0)
68 (17.9)
Year first reported to
WEDSS
2016
222 (58.6)
68 (57.1)
87 (56.5)
22 (57.9)
45 (66.2)
2017
157 (41.4)
51 (42.9)
67 (43.5)
16 (42.1)
23 (33.8)
Age, y
18–29
190 (50.1)
57 (47.9)
77 (50.0)
19 (50.0)
37 (54.4)
30–39
154 (40.6)
39 (32.8)
75 (48.7)
16 (42.1)
24 (35.3)
>40
35 (9.2)
23 (19.3)
2 (1.3)
3 (7.9)
7 (10.3)
Race/ethnicity
Non-Hispanic white
318 (83.9)
103 (86.6)
127 (82.5)
34 (89.5)
54 (79.4)
Hispanic or Latino
18 (4.8)
4 (3.4)
7 (4.6)
2 (5.3)
5 (7.4)
American Indian or
21 (5.5)
7 (5.9)
9 (5.8)
1 (2.6)
4 (5.9)
Alaska Native
Asian
2 (0.5)
0
1 (0.7)
0
1 (1.5)
Non-Hispanic black or
12 (3.2)
4 (3.4)
5 (3.3)
1 (2.6)
2 (2.9)
African American
Other/unknown
8 (2.1)
1 (0.8)
5 (3.3)
0
2 (2.9)
Sex
F
93 (24.5)
44 (36.9)
14 (9.1)
13 (34.2)
22 (32.3)
M
286 (75.5)
75 (63.0)
14 (90.9)
25 (65.8)
46 (67.7)
Ever injected drugs
Yes
177 (46.7)
98 (82.4)
16 (10.4)
32 (84.2)
31 (45.6)
No or unknown
202 (53.3)
21 (17.7)
138 (89.6)
6 (15.8)
37 (54.4)
Ever shared works
Yes
145 (38.3)
88 (74.0)
10 (6.5)
29 (76.3)
18 (26.5)
No, unknown, or NA
234 (61.7)
31 (26.1)
144 (93.5)
9 (23.7)
50 (73.5)
MSM
Yes
8 (2.1)
4 (3.4)
0
2 (5.3)
2 (2.9)
No or unknown
371 (97.9)
115 (96.6)
154 (100)
36 (94.7)
66 (97.1)
Ever incarcerated
Yes
335 (88.4)
92 (77.3)
154 (100)
34 (89.5)
54 (79.7)
No or unknown
44 (11.6)
27 (22.7)
0
4 (10.5)
14 (20.6)
*HCV, hepatitis C virus; MSM, men who have sex with men; NA, not applicable; WEDSS, Wisconsin Electronic Disease Surveillance System.

works were composed of mostly dyads (n = 23, 54.8%),
followed by groups of 3 (n = 9, 21.4%), 4 (n = 3, 7.1%),
and 5 (n = 6, 14.3%). The largest cluster involved 11
persons, all infected with genotype 3a. Among those
11 persons, 5 received their first HCV-positive test

result from the same local health department and 3
from the same SSP. Also among those 11 persons,
evidence of past injection drug use was available for
7 persons, 8 were male, and all 11 were non-Hispanic
white with a history of incarceration.
Figure 1. Maximum-likelihood
phylogenetic tree of hepatitis
C virus hypervariable region
1 consensus sequences from
samples from 379 persons in
public health and corrections
settings, Wisconsin, USA,
2016–2017. The breadth of
genetic diversity is shown,
and genotypes are labeled.
Scale bar indicates nucleotide
subsitutions per site.
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Figure 2. Hepatitis C virus
(HCV) transmission network
among persons in public
health and corrections settings,
Wisconsin, USA, 2016–2017,
showing 42 clusters identified
by Global Hepatitis Outbreak
and Surveillance Technology
(GHOST). Each node represents
an HCV-infected person for
whom HCV sequence data were
generated. A transmission link
is denoted as a line connecting
persons where the minimal
Hamming distance between
sequences is smaller than the
previously validated genetic
threshold of 3.77%. Lines
connecting clusters are colored
according to genotype.

Among the 42 clusters identified, none comprised
only persons residing in the nonrural catchment area,
12 comprised only persons residing in the rural catchment area (n = 34), 7 comprised only persons from
corrections settings (n = 15), and 23 comprised persons from >1 group (n = 77). Rural catchment area–
only clusters were more likely to comprise a higher
percentage of women (47.1%) compared with 6.7% of
corrections-only clusters and 27.3% of mixed clusters;
this finding probably results from the higher incarceration rate among men. We found no other significant differences in demographics between rural-only,
corrections-only, and mixed clusters. We were unable to compare risk behaviors between these cluster

types because limited risk behavior data were available for corrections settings–only clusters, there were
no urban-only clusters, and mixed clusters comprised
many persons from corrections settings.
Intrahost Genetic Variation within
Transmission Clusters

GHOST analysis of the intrahost HVR1 variants
revealed that 5 (1.3%) of the 379 persons were infected with multiple strains of HCV (Table 2). To
further describe the nature of HCV transmission
across clusters, we examined the population structure of HVR1 variants to address whether the same
virus variant was shared among HCV-infected

Table 2. Characteristics of samples with mixed hepatitis C virus genotypes, collected from persons in public health or correctional
settings, Wisconsin, USA, 2016–2017
Sample/person no.
Major genotype (%)
Minor genotype (%)
Risk factor*
116
1a (96.75)
2a (3.25)
Unknown
63
1a (99.38)
3a (0.62)
Ever injected drugs, ever shared works
318
1a (96.18)
3a (3.82)
Unknown
338
1a (99.72)
6f (0.28)
Ever injected drugs
306
1a (98.57)
2b (0.59)
Ever injected drugs, ever shared works
*When this evidence is available, the person can be classified as man who has sex with men, ever injected drugs, or ever shared works.
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persons as previously described (14). Although it
is not possible to illustrate the k-step networks for
each sample, we highlight representative examples
of clusters. One cluster comprised 3 persons (nos.
372, 338, and 362), and persons 338 and 362 harbored little viral intrahost genetic variation and
shared 19 viral variants (modified Hamming distance = 0) (Figure 3, panel A). The third person, no.
372, was infected with many virus variants with a
single subpopulation that is genetically similar to
variants found in persons 338 (Figure 3, panel B)
and 362 (Figure 3, panel C). Another representative
cluster comprised a simple dyad of persons (nos.
84 and 86) who shared a virus variant (modified
Hamming distance = 0.37) with only a minor difference between each (Figure 4, panel A). In contrast,
the cluster of persons 281 and 367 shared a more
distantly related variant (modified Hamming distance = 3.18) (Figure 4, panel B).
Discussion
This study demonstrates the ability to link statewide
public health surveillance to HCV transmission clusters identified by GHOST. The 33% rate of clustering
that we found among key affected populations in Wisconsin is comparable to that found in Vancouver, British Columbia, Canada (where 31% of persons who inject drugs [PWIDs] cluster), and Baltimore, Maryland,
USA (where 46% of PWIDs cluster) (25,26). However,
those prior studies included only PWIDs from their

respective metropolitan areas. Our study included
both urban and rural populations. We found a higher
rate of clustering in the rural catchment area, and rural persons who clustered were younger, a finding
that aligns with the literature describing the particular burden of HCV on young persons in rural communities (27,28). Moreover, these data highlight that
the increasing rurality of opioid injection and HCV
transmission among young PWIDs could be better
supported by the expansion of molecular-based surveillance strategies to reduce transmission. The availability of transmission networks would enable targeting of the underlying contact network structure such
that persons who are highly central within a network
contribute much more to infection than those on the
periphery. This type of network-based disruption
strategy has been shown to reduce incidence more
than randomly targeted prevention strategies (29).
Use of molecular epidemiologic methods to investigate transmission of infectious diseases addresses many limitations of traditional contact tracing, for
which data collection is often time-intensive and results may be subject to recall and social desirability
biases. Contact tracing among persons who engage
in illegal activity is especially challenging because
these persons are often reluctant to disclose injecting behaviors or name injecting partners because of
stigma or fear of criminal repercussions (30). Therefore, identifying transmission linkages with GHOST
can support more targeted contact tracing strategies.

Figure 3. Hepatitis C virus (HCV) transmission network among persons in public health and corrections settings, Wisconsin, USA,
2016–2017, showing intrahost genetic heterogeneity within 1 representative transmission cluster. K-step network contains all possible
minimum spanning trees and enables efficient visualization of genetic relatedness among all intrahost hypervariable region 1 (HVR1)
variants for persons 338 and 362 (A), persons 338 and 372 (B), and persons 362 and 372 (B). Each node represents an HCV sequence,
and the color of the node corresponds to the sample of origin: red, variant found in both samples; green, variant found only in the
first sample; blue, variant found only in the second sample. Node size is based on frequency of the HVR1 variant, and edge length is
proportional to the modified Hamming distance (does not count positions with insertions or deletions as differences).
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Hepatitis C Virus Clusters, Wisconsin, USA
Figure 4. Intrahost genetic
variation of representative
transmission clusters of
hepatitis C virus (HCV) among
persons in public health and
corrections settings, Wisconsin,
USA, 2016–2017, highlighting
the genetic relatedness of
distinct variants. K-step network
contains all possible minimum
spanning trees and enables
efficient visualization of genetic
relatedness among all intrahost
hypervariable region 1 (HVR1)
variants for persons 84 and
86 (A) and persons 281 and
367 (B). Each node represents
an HCV sequence. Color of
the node corresponds to the
sample of origin: green, found only in the first sample; blue, found only in the second sample. The node size is based on frequency
of the HVR1 variant, and edge length is proportional to the modified Hamming distance (does not count positions with insertions or
deletions as differences).

Unfortunately, contact tracing was not performed
among our study population, precluding further
analyses. Because modeling studies have demonstrated that HCV can be eliminated through scaling up
and targeting treatment (31,32), a concept known as
treatment as prevention, often used in HIV research
(33,34), conducting routine molecular surveillance
may also advance HCV prevention efforts by facilitating efficient allocation of limited resources to target
and treat members in clusters.
The first limitation of our study is that HCV testing
and surveillance challenges make identifying a complete cohort of HCV-infected PWIDs difficult. CDC
estimates that approximately half of all HCV-infected
persons are unaware of their infection status (35). Persons not included in our analysis include those who
were never tested, were tested outside of Wisconsin,
or were tested in other settings (e.g., primary care)
that use commercial or hospital-based laboratories
for HCV testing. Accordingly, the population studied
is not fully representative of the Wisconsin general
population. However, our results do provide a credible picture of the HCV epidemic across public health
and correctional settings throughout rural and urban
Wisconsin. Second, the association we found between
clustering and younger age among rural residents
could result from having sampled a larger number of
younger persons. Third, risk-behavior data are missing for a large proportion of the sample because few
agencies routinely collect and report these data. Data
may also be missing because persons may choose to
not disclose potentially stigmatizing drug use and
sexual behaviors, particularly in settings such as

correctional facilities ,where persons may fear further
punishment. Fourth, we were unable to determine
from which catchment area persons in corrections facilities orginated. Last, phylogenetic clustering alone
cannot directly assert whether transmission has occurred between persons (36).
In conclusion, our findings provide a snapshot
of the HCV epidemic throughout Wisconsin during
2016–2017. They illustrate the need to especially direct resources to rural communities affected by the
opioid crisis.
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Prolonged Maternal Zika
Viremia as a Marker of Adverse
Perinatal Outcomes
Léo Pomar, Véronique Lambert, Séverine Matheus, Céline Pomar, Najeh Hcini,
Gabriel Carles, Dominique Rousset, Manon Vouga, Alice Panchaud,1 David Baud1

Whether prolonged maternal viremia after Zika virus infection represents a risk factor for maternal–fetal transmission and subsequent adverse outcomes remains unclear. In this prospective cohort study in French Guiana,
we enrolled Zika virus–infected pregnant women with a
positive PCR result at inclusion and noninfected pregnant women; both groups underwent serologic testing
in each trimester and at delivery during January–July
2016. Prolonged viremia was defined as ongoing virus
detection >30 days postinfection. Adverse outcomes (fetal loss or neurologic anomalies) were more common in
fetuses and neonates from mothers with prolonged viremia (40.0%) compared with those from infected mothers
without prolonged viremia (5.3%, adjusted relative risk
[aRR] 7.2 [95% CI 0.9–57.6]) or those from noninfected
mothers (6.6%, aRR 6.7 [95% CI 3.0–15.1]). Congenital
infections were confirmed more often in fetuses and neonates from mothers with prolonged viremia compared
with the other 2 groups (60.0% vs. 26.3% vs. 0.0%, aRR
2.3 [95% CI 0.9–5.5]).

T

he recent worldwide epidemic confirmed maternal–fetal transmission of Zika virus (ZIKV) and its
association with adverse perinatal outcomes, particularly severe central nervous system lesions and fetal
losses (1–3). Whether prolonged viremia after ZIKV
infection in pregnant women represents a risk factor
for maternal–fetal transmission, congenital Zika syndrome (CZS), or other adverse outcomes is on ongoing controversy (4).
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(S. Matheus, D. Rousset); University of Bern, Bern, Switzerland
(A. Panchaud)
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ZIKV is detectable in maternal blood by reverse
transcription PCR (RT-PCR) during the acute phase
of infection. ZIKV viremia usually lasts from 2 days
before to 16 days after symptom onset; median time
of ZIKV RNA clearance is 5 days (5). Driggers et al.
(6) detected ZIKV RNA in maternal serum samples
8 weeks after onset of clinical symptoms; they suggested that prolonged viremia might occur as a consequence of viral replication in the fetus or placenta
and might be correlated with CZS. In other reports,
however, prolonged maternal viremia has been described in pregnant women with both normal and
adverse fetal outcomes (6–10).
In a cohort of pregnant women exposed to ZIKV
in French Guiana, we investigated the impact of prolonged viremia on fetal and neonatal adverse outcomes (fetal loss or neurologic anomalies) compared
with infected pregnant women without prolonged
viremia and noninfected pregnant women. We also
compared the rates of congenital infections between
these groups.
Methods
Study Population, Recruitment, and Follow-up

The study was conducted at the Centre Hospitalier de
l’Ouest Guyanais (CHOG; Saint-Laurent-du-Maroni,
in French Guiana) during January 1–July 15, 2016,
at the beginning of the ZIKV epidemic. Persons for
inclusion were initially identified either through routine serologic testing of all pregnant women admitted
to the prenatal diagnosis unit of CHOG (performed in
each trimester of pregnancy and at birth), or through
serologic and molecular testing in cases of maternal
symptoms, acute exposure in the previous 2 weeks
(patients who arrived in French Guiana from a nonendemic country or patients who arrived from an
1
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endemic country [e.g., Brazil in January 2016] before
the epidemic began in French Guiana), fetal or neonatal central nervous system anomalies, or in cases of
amniocentesis performed for suspected CZS or other
indications (i.e., aneuploidy diagnosis). All pregnant
women with ZIKV testing available with ongoing
follow-up at CHOG were invited to participate in the
study. Written consent was obtained from all participants. The study received ethics approval from the
CHOG institutional review board (11). Data regarding demographic, medical, and obstetrical characteristics and possible risk factors for congenital diseases
were collected prospectively at inclusion.
Patients were monitored in accordance with the
clinical standard of care in France, with the exception
that prenatal ultrasound was performed monthly for
patients who tested positive for ZIKV. Two supplementary ultrasounds were provided to patients who
tested negative for ZIKV (at 26–28 and 36–38 weeks’
gestation), as recommended by health authorities in
France and other organizations (12–15). In cases of
fetal loss (>14 weeks’ gestation) or termination of
pregnancy, a postmortem examination was offered,
including macroscopic imaging and anatomic–pathologic examination.
In cases of live birth, a clinical examination (with
particular attention to neurologic and systemic symptoms such as hypertonia, swallowing disorders, hypotonia, hepatomegaly, and jaundice) and testing
for congenital ZIKV infection were performed for all
neonates. Biologic, ophthalmologic, and imaging follow-up was offered for neonates from ZIKV-infected
pregnant women (16).
Pregnant women not followed at the CHOG prenatal diagnosis unit after ZIKV testing, as well as patients who only delivered at CHOG without appropriate prenatal follow-up, were excluded from this
study. Fetuses or neonates who did not undergo testing for ZIKV at birth or an appropriate postnatal or
postmortem examination also were excluded.
Definition of Maternal ZIKV Infection

Molecular and serologic testing was performed at the
French Guiana National Reference Center for arboviruses (Institut Pasteur of French Guiana, Cayenne,
French Guiana) using the Realstar Zika Kit (Altona
Diagnostics GmbH, https://altona-diagnostics.com)
for RT-PCR, in-house IgM and IgG antibody-capture
ELISA, and microneutralization assays for serologic
testing. The limit of detection for serum samples tested using the Realstar Zika Kit was 0.61 (95% CI 0.39–
1.27) copies/µL (17). A cycle threshold (Ct) value <37
was considered positive.

When ZIKV RNA was initially detected, molecular
diagnosis was performed monthly and at delivery on
maternal serum samples. Prolonged viremia was defined as ongoing viral detection >30 days after symptom
onset or after initial detection of viremia in asymptomatic patients. Absence of prolonged viremia in infected
patients was defined as a subsequent negative molecular test <30 days after symptom onset or after initial detection of viremia in asymptomatic patients.
In all cases, ZIKV serologic tests were performed
in each trimester of pregnancy and at delivery. Patients with only positive IgM without RT-PCR testing
or with a negative RT-PCR result were excluded from
the analysis.
Maternal symptoms potentially related to ZIKV
were recorded at each prenatal visit and at birth.
These symptoms included rash, fever, asthenia, pruritus, arthralgia, retro-orbital headache, myalgia,
conjunctival hyperemia, edema of the extremities,
and neurologic complications (18). Asymptomatic
pregnant women who remained ZIKV-negative on
serologic tests during their pregnancy and at delivery
were considered noninfected.
Definition of Fetal and Neonatal Adverse
Outcomes and Congenital Infection

Fetal and neonatal outcomes were reviewed by 3
independent reviewers, including 2 maternal–fetal
medicine specialists who had not been in contact with
these patients previously. Cerebral anomalies were
defined as >1 major cerebral sign, based on an extended definition of CZS (14,19,20) (Appendix 1 Table
1,
https://wwwnc.cdc.gov/EID/article/27/2/200684-App1.pdf). Fetal loss was defined as a spontaneous fetal demise at >14 weeks’ gestation, including
late miscarriages (14–24 weeks’ gestation) and stillbirths (fetal demise >24 weeks’ gestation up to intrapartum); intrapartum and early postpartum deaths
were excluded. For the analysis, fetuses and neonates
who had major cerebral anomalies, fetal losses, or
both were categorized as having adverse outcomes.
Termination of pregnancy for reasons other than major cerebral abnormalities were not considered as adverse outcomes in this analysis.
All fetuses and neonates underwent ZIKV testing
at birth or after fetal loss. Prenatal testing by amniocentesis was offered in those with fetal anomalies, if an
amniocentesis was indicated for other indications (i.e.,
aneuploidy diagnosis), or both. A confirmed congenital ZIKV infection was defined either by ZIKV RNA
amplification by RT-PCR from >1 fetal or neonatal
sample (e.g., placenta, amniotic fluid, cerebrospinal
fluid, urine, or blood) or identification of ZIKV-specific
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IgM in the umbilical cord or neonatal blood or in cerebrospinal fluid. Details of congenital ZIKV testing are
discussed elsewhere (19).
Statistical Analyses

Standardized differences were calculated to compare
baseline characteristics of patients with prolonged viremia to those of the reference groups (i.e., pregnant
women with positive RT-PCR results without prolonged viremia and noninfected pregnant women).
These characteristics were considered unbalanced
when the standardized difference was >0.15.
Relative risks (RRs) and 95% CIs were calculated
for fetal and neonatal adverse outcomes by using generalized linear regression. Adjusted RRs (aRRs) were
calculated for variables reflecting unbalanced baseline
characteristics that could represent confounding factors
(maternal age and maternal underlying conditions).
When fetuses from mothers with prolonged viremia
were compared with those from infected mothers
without prolonged viremia, RRs were also adjusted for
the trimester of maternal infection diagnosis. A robust
SE option was used for twins in order to not affect the
variance in considering twins as separate cases.
We conducted a sensitivity analysis to test the
robustness of our findings, using different criteria
for the diagnosis of maternal prolonged viremia. We
compared fetuses and neonates from patients with
stable or increasing quantitative PCR (qPCR) values
between the inclusion and the first follow-up with
those from mothers with decreasing qPCR values.
The missing data were considered to be random,
and thus we performed a complete case analysis. All
statistical analyses were conducted by using Stata 15
(StataCorp, https://www.stata.com).
Results
Recruitment and Maternal ZIKV Diagnosis

During January 1–July 15, 2016, a total of 1,690 pregnant women were admitted to CHOG and tested for
ZIKV infection (Figure 1). Among 498 women with a
positive test, 198 were not prospectively followed in
the CHOG prenatal diagnosis unit (including 20 patients with early miscarriages, 70 who were followed
elsewhere after initial diagnosis of ZIKV infection, and
108 with a diagnosis at delivery without appropriate
prenatal follow-up). A total of 300 pregnant women
(including 5 with dichorionic twin pregnancies) with
a positive ZIKV test were monitored in the unit. Full
fetal and neonatal testing and follow-up was available for 287 of them (including 4 with twin pregnancies). Among these 287 ZIKV-positive patients, 254
492

(including 3 with twin pregnancies) had ZIKV infection diagnosed only by positive IgM, without molecular testing or with negative molecular testing, preventing calculation of the start of viremia. These patients
were excluded from the analysis. Positive molecular
testing was found in 33 patients (including 1 with a
twin pregnancy); 30 were positive by RT-PCR in maternal blood, 9 were positive by RT-PCR in urine samples.
Among these ZIKV RNA–positive pregnant women,
14 (including 1 with a twin pregnancy) exhibited a
prolonged viremia, whereas the other 19 became subsequently negative within 30 days. Details of positive
molecular testing are presented in Appendix 1 Table
2 and the evolution of qPCR values for each positive
patient in Appendix 2 Figure (https://wwwnc.cdc.
gov/EID/article/27/2/20-0684-App2.xlsx).
During the same period, 399 pregnant women (including 6 with dichorionic twin pregnancies) with negative serologic test results for ZIKV were followed for
routine scans at CHOG. Full maternal, placental, and
neonatal testing was available for 326 of them (including 6 with twin pregnancies). These patients remained
negative for ZIKV during the entire pregnancy and at
delivery, and constituted the noninfected group. The
recruitment process is summarized in Figure 1.
Baseline Characteristics of Participants

As shown in Appendix 1 Table 3, baseline characteristics were similar between pregnant women with prolonged viremia and the reference groups, except for
a history of congenital abnormalities or intrauterine
fetal demise, maternal underlying conditions, rate of
dichorionic twins, and high risk for fetal aneuploidy
(>1/250), for which standardized differences >0.15
were observed. Maternal ZIKV infections were diagnosed earlier in pregnancies with prolonged viremia
than in those without prolonged viremia.
Fetal and Neonatal Adverse Outcomes and
Congenital Infections

ZIKV testing and outcomes were available for 15
fetuses from 14 infected pregnant women with prolonged viremia (including 1 with a dichorionic twin
pregnancy) (Appendix 1 Tables 4, 5). Two pregnancies (2/15 [13.3%]) were terminated for severe neurologic anomalies, and 2 fetal losses (2/15 [13.3%])
were recorded. Among fetuses with imaging studies
and examinations available, 4 (4/14 [28.6%]) exhibited neurologic anomalies and 4 (4/11 [36.4%]) ocular anomalies (Appendix 1 Table 4). Congenital ZIKV
infections were confirmed in 9 (9/15 [60.0%]) of these
fetuses or newborns, of which 6 (6/9 [66.7%]) cases
resulted in adverse outcomes (4 suspected CZS and 2
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Figure 1. Flowchart of pregnant women admitted to CHOG, French Guiana, January 1–July 15, 2016. All women were routinely tested
for ZIKV-specific IgM and IgG in each trimester of pregnancy and at delivery. In cases of maternal symptoms, acute exposure in the
previous 2 weeks, fetal anomalies, or if an amniocentesis was indicated, pregnant women were also tested for ZIKV RNA by RT-PCR
in blood and urine. Patients with a positive RT-PCR result were offered to participate in the study and underwent monthly RT-PCR
testing up to clearance or delivery. Prolonged viremia was defined as ongoing viral detection >30 days after symptom onset or after
initial detection of viremia. Asymptomatic patients who remained negative for ZIKV IgM during the whole pregnancy were recruited and
considered as non–ZIKV-infected. Patients with only positive IgM without or with a negative RT-PCR test result were excluded of this
analysis because of the inability to accurately date the onset and clearance of viremia. Patients without appropriate monthly follow-up
were also excluded from this study (e.g., those who had early miscarriages, late diagnosis of infection at delivery, or were not followed
in our center after the diagnosis). After expulsion, fetal losses were tested by RT-PCR (as well as by IgM, if available). Fetuses with
anomalies were tested by RT-PCR on amniotic fluid. Neonates were tested for ZIKV at birth (RT-PCR on placenta, urine, blood and
IgM on blood [as well as on cerebrospinal fluid, if symptomatic]). Fetuses and neonates without appropriate testing and examination
after fetal loss or birth were excluded from this analysis. Overall, 15 fetuses from 14 infected pregnant women with prolonged viremia
(including 1 with a twin pregnancy), 19 fetuses from 19 infected pregnant women without prolonged viremia, and 332 fetuses from 326
noninfected pregnant women (including 6 with twin pregnancies) were included. CHOG, Centre Hospitalier de l’Ouest Guyanais (SaintLaurent-du-Maroni, French Guiana); RT-PCR, reverse transcription PCR; ZIKV, Zika virus.

fetal losses). All pregnancy outcomes for women with
prolonged viremia are detailed in Figure 2. Figure 3
presents an example of CZS related to maternal prolonged viremia.
Among 19 fetuses from mothers with an initially
positive RT-PCR result without prolonged viremia, no
fetal loss or termination of pregnancy was recorded.
Neurologic anomalies were found in 1 (1/19 [5.3%]) of
these fetuses, who also had ocular anomalies (confirmed
at birth). Congenital ZIKV infections were confirmed
in 5 (5/19 [26.3%]) of these newborns, of which 1 (1/5
[20%]) resulted in adverse outcomes (suspected CZS).
ZIKV testing and outcomes were available for 332
fetuses or newborns from noninfected pregnant women (including 6 with dichorionic twin pregnancies).

Four pregnancies (4/332 [1.2%]) resulted in termination of pregnancy (1 for severe neurologic anomalies
and 3 for extraneurologic anomalies [congenital heart
disease, skeletal dysplasia, and Down syndrome]).
Four (4/332 [1.2%]) fetal losses were recorded. Among
the fetuses with imaging studies and examination
available, 17 (17/331 [5.1%]) had neurologic anomalies. None of these fetuses or neonates were found to
be ZIKV-positive at birth.
Associations between Prolonged Viremia,
Fetal and Neonatal Adverse Outcomes, and
Congenital Infections

Overall, fetuses or neonates from mothers with a prolonged viremia during pregnancy exhibited a higher
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risk for adverse outcomes (6/15 [40%] with fetal loss,
neurologic anomalies, or both) compared with those
from infected mothers without prolonged viremia
(1/19 [5.3%], RR 7.6 [95% CI 1.0–56.5]) and noninfected mothers (20/332 [6.0%], RR 6.6 [95% CI 3.1–14.1]).
Similar results were observed for fetal losses and
neurologic anomalies when analyzed independently
(Appendix 1 Table 4). After adjustment for maternal
underlying conditions and considering the twin pregnancies in the variance, these associations and trends
persisted (aRR 7.2 [95% CI 0.9–57.6] when compared
with fetuses from infected mothers without prolonged
viremia and aRR 6.7 [95% CI 3.0–15.1] when compared
with fetuses from noninfected mothers). In the comparison with fetuses from infected mothers without
prolonged viremia, the analysis was also adjusted for
the trimester of maternal infection diagnosis (Appendix 1 Tables 4, 6).
Congenital infections were confirmed more
frequently in fetuses from mothers with prolonged
viremia (9/15 [60.0%]) when compared with those
from infected mothers without prolonged viremia

(5/19 [26.3%], RR 2.3 [95% CI 1.0–5.4]) and noninfected mothers (0/332 [0.0%]). After adjustment for
the trimester of maternal infection diagnosis and
consideration of twin pregnancies in the variance,
this trend persists (aRR 2.3 [95% CI 0.9–5.5]) (Appendix 1 Tables 4, 6).
Our sensitivity analysis found similar results
when considering the evolution of qPCR values between the inclusion and the first follow-up instead of
prolonged viremia as a binary variable (Appendix 1
Table 7). Neurologic or systemic symptoms at birth
were also more frequent in newborns from mothers
with prolonged viremia compared with those from
infected mothers without prolonged viremia or noninfected mothers (Appendix 1 Table 5).
Discussion
The main findings of this cohort study are 2-fold. First,
maternal ZIKV infection with prolonged viremia is associated with a 7-fold increased risk for fetal or neonatal
adverse outcomes compared with pregnancies without prolonged viremia. Second, maternal prolonged

Figure 2. Pregnancy outcomes of patients with prolonged viremia in a cohort study of pregnant women admitted to Centre Hospitalier
de l’Ouest Guyanais, French Guiana, January 1–July 15, 2016. Description and outcomes of 14 pregnancies with prolonged maternal
ZIKV viremia (including 1 with dichorionic twin pregnancy). Congenital ZIKV infection was confirmed in 9/15 (60%) fetuses, and 6/15
(40%) fetuses had adverse outcomes. Four of them had multiple abnormalities consistent with CZS (1 live birth, 1 TOP, 1 IUFD, and 1
stillbirth). The 2 fetuses from the dichorionic twin pregnancy also had adverse outcomes, with an IUFD at 24 wk and a TOP for severe
ventriculomegaly in the other fetus at 29 wk. CSF, cerebrospinal fluid; CZS, congenital Zika syndrome; HC, head circumference; IUFD,
intrauterine fetal demise; RT-PCR, reverse transcription PCR; TOP, termination of pregnancy; ZIKV, Zika virus.
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Figure 3. Prenatal ultrasound, computed tomography, and postmortem aspect of a fetus with congenital Zika syndrome related to
maternal prolonged viremia in patient (case no. 122) in a cohort study of pregnant women admitted to Centre Hospitalier de l’Ouest
Guyanais, French Guiana, January 1–July 15, 2016. The mother had symptomatic acute Zika virus infection at 8 weeks’ gestation (and
had ongoing viremia until birth of her stillborn child with signs of congenital Zika syndrome. Severe microcephaly, ventriculomegaly, and
calcifications were detected by ultrasound at 13 weeks’ gestation. Overall, this fetus had arthrogryposis detected on 3-D ultrasound
(A) and postmortem (B); severe bilateral microphthalmia (blue arrows) detected on 3-D ultrasound (C) and fetal computed tomography
(D); microcephaly with atrophic cortex detected on ultrasound (E) showing a head circumference of 160 mm at 25 weeks’ gestation
(−5 SDs); ventriculomegaly detected on ultrasound (E); brain calcifications (blue arrows) detected on ultrasound (F) and computed
tomography (G); pontocerebellar hypoplasia (yellow arrows) detected on ultrasound (F); and corpus callosum dysgenesis (yellow
arrows) detected on ultrasound (H).

viremia is associated with a 2-fold increased risk for
confirmed congenital infection compared with infected mothers without prolonged viremia.
Our study was limited by the sample size of the
infected group because only patients with a positive
ZIKV RT-PCR result at enrollment were included in
the analysis and followed up with monthly RT-PCR
testing until clearance or delivery. Because the measured effect size was high, the sample size was sufficient to identify an association. The limited number
of cases with prolonged viremia, however, forced us
to group all adverse outcomes together to conduct
an analysis with sufficient power and prevented the
evaluation of its association with individual signs or
symptoms or new characteristics (21,22).
Although ZIKV testing was based on the previous
guidelines relevant during the 2015–2016 epidemic
with adaptation to local capacities, testing does not
follow the more recent CDC guidelines (23) (i.e., patients considered as noninfected underwent serologic
testing in each trimester rather than nucleic acid testing, as is currently recommended). Patients included
as noninfected, however, remained negative for IgM
and IgG in each trimester and at delivery, limiting the

risk for exposure misclassification. Similarly, women
with only positive IgM testing were excluded from
the study because some of them might have had undetected prolonged viremia, which would have led to
an exposure misclassification and an underestimation
of the consequences of prolonged viremia.
Information about the sensitivity and specificity of neonatal testing remains limited, and several
studies have shown the progressive disappearance of
ZIKV RNA in the maternal–fetal compartments (24).
Although the identification of IgM in fetal or neonatal
blood was used to avoid congenital ZIKV false negatives, we cannot exclude an outcome misclassification
because some neonates with negative results could
have been infected by ZIKV without viremia and immunity against ZIKV detectable at birth. This risk is
likely low given that >80% of fetuses or neonates from
infected pregnant women underwent testing in >3
different samples (including blood, urine, placenta,
cerebrospinal, and amniotic fluid) (19), and all neonates from noninfected pregnant women underwent
serologic testing at birth. Undetected congenital infections in the 2 reference groups might result in overestimation of the effect of prolonged viremia overall.
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Neonates from noninfected mothers underwent
postnatal transfontanellar ultrasound (as well as by
computed tomography and magnetic resonance imaging, if available) only in the case of an abnormal
prenatal ultrasound or symptoms at birth, in contrast
to those from infected mothers who underwent routine postnatal imaging. However, when they are asymptomatic, some neonates from noninfected mothers might have undetected cerebral anomalies at birth,
resulting in an overestimation of the consequences of
prolonged Zika viremia. We cannot totally exclude
this bias; however, all neonates from noninfected
mothers underwent multiple prenatal ultrasound
assessments (enhanced by 2 supplementary examinations with neurosonograms during the epidemic),
reducing the risk for undetected cerebral anomalies.
Molecular testing has been proposed for use
at different stages of pregnancy depending on the
presence of maternal symptoms. Thus, symptomatic patients might have had ZIKV infection diagnosed earlier than asymptomatic patients for whom
a molecular diagnosis was proposed in cases of fetal
anomalies, amniocentesis (for fetal signs or other
indications [i.e., aneuploidy diagnosis]), or both,
occurring later in pregnancy. Among infected pregnant women without prolonged viremia, 7 were
asymptomatic with a continuous exposure and did
not have molecular testing before amniocentesis,
preventing accurate identification of the time of infection during pregnancy. Thus, we cannot exclude
that some of these patients were in fact infected earlier in pregnancy and had an undetected prolonged
viremia resulting in an exposure misclassification.
This bias would result in an underestimation of the
consequences of prolonged viremia because a case
that included neurologic anomalies (CZS) in the
reference group from infected mothers without prolonged viremia could in fact be related to prolonged
viremia. Similarly, we cannot exclude a potential selection bias given that some patients were tested by
RT-PCR because their fetus had anomalies at inclusion. Because this proportion did not differ between
the groups (3/14 vs. 4/19), even if we consider only
anomalies suggestive of fetal infection at inclusion
(2/14 vs. 2/19), we would not expect relative risks to
be significantly affected. However, this potential selection bias could overestimate absolute frequencies
of fetal anomalies in RT-PCR–positive patients, and
this bias seems to be inherent in contemporary cohorts because inclusion after the observation of fetal
anomalies potentially related to Zika were common.
Driggers et al. (6) were the first to highlight a
possible association between prolonged maternal
496

viremia and congenital infection with CZS. In their
cohort study, Rodo et al. (25) described 9 cases of
prolonged maternal viremia, among which 2 resulted in congenital ZIKV infection, with 1 of those 2
infections resulting in severe neurologic anomalies.
The rates of congenital infection and fetal or neonatal adverse outcomes in women with prolonged
viremia seem to be higher in our study (9/15 for
congenital infections and 4/15 for CZS). This difference might be explained by the exclusive use of
amniocentesis for diagnosis in the Rodo et al. cohort,
whereas multiple fetal or neonatal samples were
tested in our study (>80% of the fetuses or newborns
had >3 different samples tested). Our results are
congruent with Meaney et al. (10), who identified
prolonged ZIKV RNA detection in 4 symptomatic
pregnant women in the US Zika Pregnancy Registry,
of which 1 pregnancy (25%) resulted in congenital
Zika syndrome. Suy et al. (8) described a case of CZS
with prolonged maternal viremia where the viral
load in the maternal serum sample remained stable
for 14 weeks and then became negative, instead of
decreasing progressively, as would be expected. Suy
et al. suggested that the prolonged viremia that was
detected in the mother could be the result of viral
replication in the fetus or placenta, which thus might
act as a reservoir. However, their study still lacks a
consensual threshold to define prolonged viremia.
In our study, we defined prolonged viremia as ongoing viral detection >30 days after symptom onset
or after initial detection of viremia for a question of
feasibility. Indeed, many of our patients were living around the Maroni River, in isolated areas, and
came monthly to CHOG for their clinical follow-up.
In light of this geographic distance, we decided that
monthly RT-PCR testing in case of initial detection
of viremia was the most appropriate. In the context
of a smaller area with local facilities, testing patients
every 2 weeks to fulfill the threshold used in other
studies might have been useful (10,25).
Negative and positive predictive values of prolonged maternal viremia for congenital infections and
adverse outcomes related to ZIKV seem to be moderate because fetal and neonatal adverse outcomes and
congenital infections also occur in pregnant women
without identified prolonged viremia. One explanation could be that prolonged viremia might reflect
viral replication in the placenta without further involvement for the fetus (27). In addition, some of our
cases with prolonged maternal viremia (6/15) did
not exhibit congenital infections, suggesting that prolonged maternal viremia might also reflect persistent
viral replication in other reservoirs than the fetus or
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the placenta. The study of Rodo et al. (10) and the
CDC report (25) also described fetuses without congenital infection or adverse outcomes from mothers
with prolonged viremia (10,25).
Our results also indicate that noninfected women exhibited a 5.1% risk for fetal neurologic anomalies and 1.2% risk for fetal losses (higher than the
estimation of 3% risk for neurologic anomalies and
0.5%–1.0% risk for fetal losses in developed countries), reflecting that other etiologies for adverse
perinatal outcomes remain present even in the context of a ZIKV epidemic (28), particularly in French
Guiana, where pregnant women are exposed to
lead poisoning, poverty, and higher risk for underlying conditions (29). To reduce the impact of these
cofounding factors on our assessment of adverse
neonatal outcomes related to prolonged ZIKV viremia, we chose to adjust the RR estimates for unbalanced maternal underlying conditions that might
have an effect on the exposure and on adverse
perinatal outcomes.
In conclusion, prolonged maternal ZIKV viremia
could be a marker for an increased risk for maternal–
fetal transmission and subsequent adverse perinatal
outcomes. Even if prolonged maternal viremia is not
consistently present in cases of congenital infection, it
might reflect active viral replication in the fetal–placental compartment and should lead to an enhanced
prenatal and neonatal follow-up.
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Use of Commercial Claims
Data for Evaluating Trends in
Lyme Disease Diagnoses,
United States, 2010–2018
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We evaluated MarketScan, a large commercial insurance claims database, for its potential use as a stable
and consistent source of information on Lyme disease
diagnoses in the United States. The age, sex, and geographic composition of the enrolled population during
2010–2018 remained proportionally stable, despite fluctuations in the number of enrollees. Annual incidence of
Lyme disease diagnoses per 100,000 enrollees ranged
from 49 to 88, ≈6–8 times higher than that observed for
cases reported through notifiable disease surveillance.
Age and sex distributions among Lyme disease diagnoses in MarketScan were similar to those of cases reported through surveillance, but proportionally more diagnoses occurred outside of peak summer months, among
female enrollees, and outside high-incidence states.
Misdiagnoses, particularly in low-incidence states, may
account for some of the observed epidemiologic differences. Commercial claims provide a stable data source
to monitor trends in Lyme disease diagnoses, but certain
important characteristics warrant further investigation.

L

yme disease is caused by infection with certain
Borrelia spirochetes and transmitted to humans by
Ixodes ticks (1). It is the most commonly reported vectorborne disease in the United States, despite a highly
focal geographic distribution (1,2). Most reported cases of Lyme disease occur in 14 states in the Northeast,
mid-Atlantic, and upper Midwest, although the geographic area with elevated disease risk is expanding
(2,3). Lyme disease affects persons of all ages, but incidence peaks in children and older adults, presumably
due to behaviors that put persons of these age groups
in more frequent contact with infected ticks (2).
Lyme disease has been a nationally notifiable condition in the United States since 1991. Healthcare providers report cases to state or local health authorities, who
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evaluate the information and transmit it to the Centers
for Disease Control and Prevention (CDC) through
the National Notifiable Diseases Surveillance System
(NNDSS) (4). Lyme disease surveillance was designed
to provide public health officials with data to monitor
trends and inform decision making. However, as the
frequency and geographic distribution of Lyme disease
cases have grown, so too has the burden of conducting surveillance. Several high-incidence jurisdictions
are pursuing alternative ways to reduce the associated
human resource and fiscal burden of conducting Lyme
disease surveillance (5–7). As more jurisdictions adopt
alternative sampling, estimation, or triage methods, the
comparability of information gained from notifiable disease surveillance decreases (5,7).
Alternative data sources are increasingly more accessible and could supplement our understanding of
the epidemiology of Lyme disease (6). Although intended for billing purposes, insurance claims data have
been used to describe the epidemiology of many types
of conditions (8–10), including the frequency and characteristics of clinician-diagnosed Lyme disease, its geographic distribution, and risk factors for disseminated
illness (11,12). We expand on prior work by Nelson et
al. (11) to examine the reliability of commercial claims
data as an annual source of data on Lyme disease diagnoses. Specifically, we evaluated the stability and
representativeness of a single commercial claims database during 2010–2018, variability in characteristics of
identified Lyme disease diagnoses, and comparability
to data obtained through routine passive surveillance.
Methods
Data Sources

IBM Watson Health MarketScan Commercial Claims
and Encounters (CCAE) databases contain deidentified health encounter information on >25 million US
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residents <65 years of age who receive employersponsored health insurance, including early retirees
and Consolidated Omnibus Budget Reconciliation
Act (COBRA) continuees, and their dependents. Consistent with the methods described in Nelson et al.,
we restricted the MarketScan population to persons
who had insurance coverage for an entire calendar
year and who had the potential for associated pharmaceutical claims data to more accurately convey annual rates of coded Lyme disease diagnoses (11). State
of primary beneficiary residence was used as a proxy
for patient residence.
Evaluation of the Stability and Representativeness
of MarketScan

We evaluated characteristics of the insured population included in the MarketScan CCAE databases
each year during 2010–2018 to define overall and annual population volume, composition, and representativeness with respect to sex, age, and geographic
distribution. To evaluate the representativeness of
the MarketScan population as compared with the US
population <65 years of age, we used annual data
from the US Census Bureau Vintage 2018 population
estimates (13). To assess geographic representation
given the focal nature of Lyme disease, we grouped
states in geographic categories of Lyme disease endemicity in accordance with a recent Lyme disease
surveillance summary (2). Connecticut, Delaware,
Maine, Maryland, Massachusetts, Minnesota, New
Hampshire, New Jersey, New York, Pennsylvania,
Rhode Island, Wisconsin, Vermont, and Virginia
were classified as high-incidence states. Illinois, Indiana, Iowa, Kentucky, Michigan, North Carolina,
North Dakota, Ohio, South Dakota, Tennessee, West
Virginia, and the District of Columbia all shared >1
border with a high-incidence state or were located
between areas of high-incidence and thus were classified as neighboring states. All other states were classified as low-incidence for the purpose of this analysis.
Identification of Lyme Disease Diagnoses
in MarketScan

International Classification of Diseases (ICD) diagnosis
codes are included in inpatient and outpatient healthcare encounter records in MarketScan; <15 diagnosis
codes are included in each inpatient record and <4 diagnosis codes are included in each outpatient record.
ICD-9-CM codes from the ICD, 9th Revision, Clinical
Modification (ICD-9-CM), were used before October
2015; after this date, coding specialists were required to
use codes from the ICD, 10th Revision, Clinical Modification (ICD-10-CM), in the United States (14).
500

For this analysis, we defined an outpatient Lyme
disease diagnosis as the first outpatient healthcare
encounter record per calendar year with a diagnosis code for Lyme disease (ICD-9-CM code 088.81 or
ICD-10-CM code A69.2x) and a prescription for >7
days of treatment with an antimicrobial drug appropriate for Lyme disease and filled within +30 days of
the encounter date. This approach was highly similar
to the previous effort by Nelson et al. but with the
necessary addition of ICD-10-CM codes (11) (Appendix, https://wwwnc.cdc.gov/EID/article/27/2/202728-App1.pdf). We defined an inpatient Lyme
disease diagnosis as a hospitalization record that contained a principal diagnosis code for Lyme disease, or
a principal diagnosis code of a documented objective
clinical manifestation of Lyme disease or a tickborne
disease transmitted by the same vector (e.g., babesiosis) and a secondary diagnosis code for Lyme disease
in the same record (Appendix). We included 1 Lyme
disease diagnosis per person per calendar year; we
used the earliest date of service on which all criteria
were met as proxy for illness onset date for analysis
of seasonality.
Comparison of Lyme Disease Diagnoses in
MarketScan with Cases Reported through Public
Health Surveillance

Lyme disease cases are classified and reported by states
according to the Council of State and Territorial Epidemiologists surveillance case definition in effect during
the year of report (4). For our analysis, we used confirmed and probable cases among those <65 years of
age reported to CDC during 2010–2018. We compared
Lyme disease diagnoses as identified in MarketScan to
those of cases reported through national public health
surveillance with respect to incidence, seasonality, sex,
age, and geographic distributions.
Statistical Comparisons

To compare sex, age, and geographic distributions
between the MarketScan population and the US population (2014 estimates) and compare distributions
of select characteristics of Lyme disease diagnoses
versus cases identified through public health surveillance, we used both χ2 tests and Cramer’s V values,
an approach similar to that used by Nelson et al. (11).
Whereas χ2 tests are influenced by large cell sizes,
Cramer’s V is not and provides more insight into the
magnitude of similarity between the 2 populations
(11). We considered Cramer’s V values <0.1 to indicate minimal to no difference between distributions
because low values of Cramer’s V suggest a high
goodness-of-fit. We used SAS software version 9.4
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(SAS Institute, https://www.sas.com) for data management and analysis.
Results
Health insurance claims from a mean of 39,004,340
enrollees were captured in the MarketScan database
annually from 2010–2018; the lowest annual total was
26,146,275 persons in 2017 and the highest 53,131,420
in 2012. When restricting this population to persons
enrolled for an entire calendar year and with available prescription data, a mean of 22,869,944 persons
met these criteria annually, with the lowest total of
18,166,082 persons in 2017 and the highest 28,747,962
in 2012 (Figure 1). Demographic characteristics of the
restricted and unrestricted MarketScan populations
did not notably differ (data not shown), although the
number of persons in the restricted population was
more stable over time (Figure 1). Henceforth, the
MarketScan population figures we cite here reflect the
restricted population.
Stability and Representativeness of MarketScan
as an Annual Data Source

Age, sex, and geographic distributions of the MarketScan population were qualitatively stable during the study period, showing <8% proportional
variation among years. The annual median age in
MarketScan was 35−36 years; median age of the US
population <65 years was lower, 32 years. Overall,
MarketScan contained a smaller proportion of children 0–9 years of age and adults 25–29 years of age
and a larger proportion of adults 40–59 years of age
compared with the US population (p<0.0001 by χ2
test; Cramer’s V = 0.042); however, the low Cramer’s
V value suggests comparability in the age distributions (Figure 2). Female enrollees were slightly overrepresented in the MarketScan population during the
study period (median 51.7% female, annual range

51.3%–51.9% female) compared with the US population <65 years of age (49.8%–49.9% female) (p<0.0001
by χ2 test; Cramer’s V = 0.009); however, the very low
Cramer’s V value suggests this difference is unlikely
to be meaningful.
Overall, the regional representation in the MarketScan population based upon geographic categories of Lyme disease endemicity differed slightly
from that of the US population (p<0.0001 by χ2 test;
Cramer’s V = 0.026); however, the Cramer’s V value
suggests lack of a substantial difference between
these geographic distributions. An average of 25.6%
of the US population resided in high-incidence states
for Lyme disease, and 23.7% of the MarketScan population (range 20.1%–28.1%) resided in high-incidence
states. Whereas an average of 52.8% of the US population resided in low-incidence states during the study
period, 51.0% (range 47.1%–54.0%) of the MarketScan
population resided in low-incidence states.
Characteristics of Lyme Disease Diagnoses in
MarketScan vs. Cases Reported through Surveillance

We identified 140,281 MarketScan enrollees with
Lyme disease diagnoses during 2010–2018, of whom
1.2% were hospitalized. The minimum in a year was
12,256 enrollees in 2010; the maximum, 19,880 in 2014.
Median incidence of Lyme disease diagnoses during
2010–2018 was 73.3/100,000 enrollees; annual incidence ranged from a low of 49.1/100,000 enrollees in
2010 to a high of 87.9/100,000 enrollees in 2017 (Table
1). By comparison, median annual incidence of Lyme
disease (among those <65 years of age) according to
surveillance was 9.3 cases/100,000 population; incidence ranged from 7.9/100,000 population in 2012
to 11.8/100,000 population in 2017 (Table 1). Annual
variability in incidence of Lyme disease diagnoses in
MarketScan tracked with a similar trajectory to the
annual variability in surveillance data (Figure 3).
Figure 1. Annual restricted
and unrestricted MarketScan
database enrollment population
by year, United States,
2010–2018. The restricted
MarketScan population was
limited to enrollees with
insurance coverage for an
entire calendar year, with the
potential for pharmaceutical
claims data, and a primary
beneficiary residing in the
United States (excluding
territories when possible).
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Figure 2. Population composition comparison of MarketScan enrollees (A) and US population (B) by age group and sex, United States,
2010–2018.
Seasonality

The seasonal distribution of Lyme disease diagnoses
peaked in the summer months, as it does for cases reported through surveillance (Table 1). Nevertheless,
proportionally fewer coded diagnoses occurred during the historically higher incidence season for Lyme
disease of May–August (57%) than among cases reported through surveillance (70%) (p<0.0001 by χ2
test; Cramer’s V = 0.142) (Table 1).

Sex and Age Distributions

Median annual incidence of Lyme disease diagnoses
among male enrollees was 74.0 (range 46.8–88.9) diagnoses/100,000 enrollees; median annual incidence
among female enrollees was similar at 72.0 (range
51.2–86.9) diagnoses/100,000 enrollees. In comparison,
median incidence of cases among the male population
according to surveillance was 10.6 (range 8.5–13.7) cases/100,000 population; median incidence among the

Table 1. Characteristics of Lyme disease diagnoses in MarketScan database versus national surveillance, United States, 2010–2018*
Category
2010
2011
2012
2013
2014
2015
2016
2017
2018
Overall incidence
MarketScan
49.1
58.2
56.2
73.0
79.0
74.7
75.2
87.9
73.3
Surveillance
8.4
9.3
7.9
9.2
9.7
10.9
10.4
11.8
9.2
Incidence among male enrollees
MarketScan
46.8
58.2
54.1
74.0
81.0
77.9
74.8
88.9
73.9
Surveillance
9.2
10.4
8.5
10.6
11.3
12.8
11.9
13.7
10.6
Incidence among female enrollees
MarketScan
51.2
58.1
58.1
72.0
77.2
71.7
75.6
86.9
72.7
Surveillance
7.2
7.7
6.8
7.5
7.8
8.7
8.5
9.6
7.5
Seasonality, peak month (% of total occurring during May−August)
MarketScan
June
June
June
July
July
July
June
July
June
(53.0)
(55.2)
(52.0)
(59.4)
(60.1)
(60.5)
(53.6)
(57.9)
(56.9)
Surveillance
June
June
June
July
July
July
June
July
June
(68.8)
(71.4)
(64.6)
(73.7)
(72.8)
(74.0)
(69.2)
(71.0)
(66.0)
*Incidence calculated as diagnoses/100,000 enrollees in MarketScan or cases/100,000 population among each subcategory.
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Figure 3. Incidence of patients
with Lyme disease diagnoses
in MarketScan database versus
cases found by surveillance, by
sex, United States, 2010–2018.
Incidence was calculated as
diagnoses/100,000 enrollees in
MarketScan or cases/100,000
population among each
subcategory. Scales for the
primary and secondary y axes
differ substantially to underscore
sex-related incidence patterns
but do not permit direct
comparison of the magnitude of Lyme disease incidence between systems.

female population was generally lower at 7.7 (range
6.8–9.6) cases/100,000 population (Table 1; Figure 3).
Proportionally more diagnoses in MarketScan were
among female patients compared with cases identified
through surveillance (p<0.0001 by χ2 test; Cramer’s
V= 0.095).
The sex and age distributions of Lyme disease
diagnoses showed similar patterns across the years
under study (Appendix Figure). Although both MarketScan and surveillance data display a bimodal age
distribution with incidence peaks among children
5–9 years of age and adults >50 years of age, the peak
among adults was more pronounced for diagnoses in
MarketScan (p<0.0001 by χ2 test; Cramer’s V = 0.126)
(Appendix Figure).
Geographic Distribution

State of residence was available for 94.9% of Lyme
disease diagnoses captured in MarketScan during
2010–2018. Of these, ≈80.5% (range 76.6%–83.6%) were
from high-incidence states. Although that figure represents most diagnoses, it was smaller than the 93.2%
of cases reported from high-incidence states through
surveillance (p<0.0001 by χ2 test; Cramer’s V = 0.216).
Median annual incidence of Lyme disease diagnoses

per 100,000 enrollees in MarketScan in high-incidence
states was 242.8 (range 190.8–264.3); in neighboring
states, 21.5 (range 14.8–32.0); and in low-incidence
states, 15.0 (range 11.7–19.9). Median annual incidence
per 100,000 population of Lyme disease according to
surveillance in high-incidence states was 34.3 (range
28.7–43.0); in neighboring states, 2.1 (range 1.2–3.4);
and in low-incidence states, 0.3 (range 0.3–0.5).
A smaller proportion of coded diagnoses identified in MarketScan occurred during the peak months
of May–August compared with cases reported from
surveillance across each geographic region (p<0.0001
by χ2 test and Cramer’s V = 0.1–0.2 for all 3 regional
comparisons). Among diagnoses identified in MarketScan, a higher proportion from high-incidence
states (59%) occurred during the summer compared
with diagnoses from neighboring (53%) and lowincidence states (42%) (p<0.0001 by χ2 test; Cramer’s
V = 0.113) (Table 2).
In both MarketScan and surveillance data, patient
age distributions by sex differed across high-incidence, neighboring, and low-incidence states (Figure
4). Male patients accounted for a greater proportion
of diagnoses in high-incidence states (50.8%) than in
neighboring (41.9%) and low-incidence (36.6%) states

Table 2. Characteristics of Lyme disease diagnoses in MarketScan and reported cases in national surveillance by geographic
category of Lyme disease endemicity, United States, 2010–2018*
Geographic category of Lyme disease endemicity
High-incidence states
Neighboring states
Low-incidence states
Characteristic
MarketScan
Surveillance
MarketScan Surveillance
MarketScan Surveillance
No. cases
107,125
220,320
10,891
11,435
15,117
4,627
%M
50.8
58.5
41.9
57.1
36.6
46.6
%F
49.2
41.5
58.1
42.9
63.4
53.4
Incidence among male
237.9
40.4
18.5
2.5
11.3
0.3
enrollees/population
Incidence among female
220.5
28.5
24.1
1.9
18.2
0.4
enrollees/population
No. (%) occurring during
63,251 (59)
112,660 (70)
5,792 (53)
6,631 (73)
6,291 (42)
2,172 (62)
May−August
% Change in incidence rate, 2010–
19.5
7.4
88.9
177.0
48.0
14.7
2018
*Incidence calculated as diagnoses/100,000 enrollees in MarketScan or cases/100,000 population among each subcategory.
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(Table 2). Among high-incidence states, the peak incidence of diagnoses was among children 5–9 years
and adults >50 years of age, and incidence was elevated among male enrollees across all ages, similar to trends seen in surveillance (Figure 4). In the
neighboring states, a peak in incidence among male
children was apparent in both MarketScan and surveillance data; however, disproportionately more
diagnoses were among female enrollees >15 years of
age. In low-incidence states, we observed no obvious
trend by age and sex, and overall, the rate of diagnoses among female enrollees was higher than for male
enrollees across most age groups (Figure 4).
During 2010–2018, the overall rate of coded Lyme
disease diagnoses as identified in MarketScan increased 20% in high-incidence states and 48% in lowincidence states and nearly doubled (89%) in neighboring states (Table 2). Lyme disease incidence according

to surveillance during this period increased 7% in
high-incidence states and 15% in low-incidence states
and more than doubled (177%) in neighboring states.
Discussion
MarketScan, containing data on >25 million persons
annually, is one of the largest sources of health insurance claims data currently available for US residents.
We evaluated this database for its potential to serve
as a stable source of data on Lyme disease diagnoses.
Despite annual fluctuations in the size of the covered
population and its restriction to commercially insured persons <65 years of age, the MarketScan population was demographically similar to the US population. Temporal trends observed in MarketScan data
were similar to those observed in surveillance data,
although the relative rate of diagnoses was substantially higher than that of reported cases. The median

Figure 4. Lyme disease incidence by age group and sex in MarketScan enrollees (A, C, E) and from surveillance (B, D, F) by
geographic category of Lyme disease endemicity (A– B, high-incidence states; C–D, neighboring states; E–F, low-incidence states),
United States, 2010–2018. Incidence was calculated as diagnoses/100,000 enrollees in MarketScan or cases/100,000 population
among each subcategory. Scales for each y-axis differ substantially to underscore overall age-related incidence patterns but do not
permit direct comparison of the magnitude of Lyme disease between systems or geographic categories.
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incidence of coded Lyme disease diagnoses in MarketScan was 73/100,000 enrollees during 2010–2018,
≈62% higher than the 45/100,000 enrollees observed
in MarketScan during 2005–2010 (11), a temporal increase in Lyme diagnoses comparable to that reported in another insurance claims–based analysis (15).
In addition, both the rate of Lyme disease diagnoses
based on insurance claims and disease incidence as
reported through surveillance increased substantially in states neighboring traditionally high-incidence
states, a pattern consistent with ongoing geographic
expansion of Lyme disease. Lyme disease diagnoses
increased at a slower pace in traditionally high-incidence areas, a possible indication that disease risk is
becoming more stable in these states. From this analysis, we conclude that MarketScan can serve as a stable
source of data for annual evaluation of epidemiologic
trends among Lyme disease diagnoses.
The higher incidence observed for Lyme disease diagnoses in MarketScan compared with cases
identified through public health surveillance can be
explained in large part by underreporting (16,17).
However, variability in seasonal, demographic, and
geographic distributions between data from these 2
systems suggest that some proportion of Lyme disease diagnoses captured through MarketScan are the
result of misdiagnosis or miscoding. A larger proportion of Lyme disease diagnoses in MarketScan occurred outside of peak summer months, in female enrollees, and outside high-incidence states, compared
with cases reported through surveillance. These characteristics may reflect the inclusion of other medical
conditions for which Lyme disease may be considered in a differential diagnosis (18–21). In addition,
given our objective of evaluating MarketScan for use
on an annual, routine basis, our analysis treats each
year independently. Individual patients could meet
our designated criteria in multiple years, and consequently, a portion of identified diagnoses may actually reflect retreatment for a nonincident condition.
Nevertheless, 91% of persons were diagnosed only
once during the 9-year time frame.
In a recent evaluation of >1,200 persons referred for tertiary evaluation for Lyme disease in
a high-incidence area, nearly three quarters lacked
clinical or laboratory evidence of Borrelia burgdorferi infection; the majority of these persons referred
with a diagnosis of Lyme disease were female and
experiencing a long duration of constitutional
symptoms (18). Given the relative scarcity of infected host-seeking ticks in low-incidence areas, the
potential for locally acquired Lyme disease is often
very low (22,23). Moreover, this low likelihood of

Lyme disease translates to an increased probability of false-positive test results and, in turn, misdiagnoses for both humans and animals (24–27). In
both MarketScan and surveillance data, the epidemiologic characteristics of Lyme disease differ between low- and high-incidence regions, consistent
with proportionally more misdiagnoses in low-incidence states (2,25,28,29). Similarly, in a previous
evaluation of Lyme disease cases reported through
surveillance from low-incidence states (25), epidemiologic characteristics of cases with recent travel
to high-incidence areas differed from those cases
lacking reported travel. Further study would be
helpful to understand which conditions, signs, or
symptoms may be commonly mistaken for Lyme
disease in these areas.
We used a Lyme disease−specific ICD code combined with appropriate antimicrobial treatment as
a proxy measure for clinical diagnosis, a measure
that is subject to limitations. Comprehensive laboratory data were not available for the majority of
MarketScan enrollees and were not used to identify
or rule out Lyme disease diagnoses. ICD codes are
primarily used by medical institutions for billing, not
for health studies, and practices are known to vary by
coder and facility (30). We attempted to minimize use
of rule-out codes by marrying temporally relevant
treatment information, but some persons counted as
Lyme disease diagnoses may not have received treatment for presumptive Lyme disease, but for another
condition for which a similar antimicrobial therapy
may be appropriate. Conversely, prior research suggests that Lyme disease−specific ICD codes are often
omitted from medical records of patients with Lyme
disease (16,31,32). Thus, the diagnoses summarized
here using disease-specific codes likely reflect a fraction of all Lyme disease diagnoses and are therefore
not comprehensive, even within the MarketScan database (32). Additional efforts analyzing coding patterns can be employed to create generalizable estimates regarding the incidence of clinician-diagnosed
Lyme disease, which cannot be construed from these
data alone (11,33). Despite statistical tests that indicated significant differences in the distributions of
sex, age, and geographic representation between
the MarketScan population and the US population,
very low Cramer’s V values together suggest minimal differences in these distributions. However, the
MarketScan CCAE databases do not contain information on uninsured persons, adults >65 years of age, or
members of the military; consequently, these data are
not entirely representative of the US population. Exploration of Medicare and Medicaid data may provide
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more insight into patterns of Lyme disease in populations not reflected in this analysis.
As access to electronic data sources for healthrelated information increases, more diverse data can
be queried to more comprehensively inform the epidemiology of Lyme disease. However, when using
novel data sources, the volume, stability, and representativeness must be considered before drawing
inference. We evaluated the potential for 1 commercial health insurance claims database, MarketScan,
to provide reliable information on an annual basis
about the epidemiology of Lyme disease diagnoses.
Despite limitations in generalizability of the data
source and incompleteness of use of Lyme disease−
specific codes, MarketScan provided a stable source
of data for Lyme disease diagnoses that is comparable across years and could serve as a resourceefficient adjunct to surveillance. Although Lyme
disease diagnoses identified from claims data are
not supported by the robust evidence of infection required for surveillance reporting, they are a consistent indicator of trends in the healthcare system. In
addition, the sheer volume of data available through
MarketScan provides potential for new insights into
the epidemiology of Lyme disease diagnoses in the
United States.
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Highly Pathogenic Avian Influenza
A(H5N8) Virus Spread by
Short- and Long-Range
Transmission, France, 2016–17
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We detected 3 genotypes of highly pathogenic avian influenza A(H5N8) virus in France during winter 2016–17.
Genotype A viruses caused dramatic economic losses in
the domestic duck farm industry in southwestern France.
Our phylogenetic analysis suggests that genotype A viruses formed 5 distinct geographic clusters in southwestern France. In some clusters, local secondary transmission might have been started by a single introduction.
The intensity of the viral spread seems to correspond to
the density of duck holdings in each production area. To
avoid the introduction of disease into an unaffected area,
it is crucial that authorities limit the movements of potentially infected birds.

I

nfluenza A viruses are enveloped viruses of the
Alphainfluenzavirus genus in the Orthomyxoviridae
family. Their negative-stranded RNA genome consists of 8 segments encoding a total of 10–14 proteins.
Avian influenza viruses (AIVs) are classified on the
basis of antigenic differences in their surface glycoproteins, hemagglutinin (H1–H16) and neuraminidase (N1–N9) (1). H5 and H7 subtypes can become
highly pathogenic avian influenza (HPAI) viruses
after the evolution of multiple basic amino acids in
the cleavage site of hemagglutinin protein (2,3). This
mutation enables the virus to replicate efficiently in
all organs, causing a severe and often fatal systemic
disease. In contrast, the cleavage site of hemagglutinin in low pathogenicity AIVs lacks these multiple
amino acids, restricting viral replication to the respiratory and digestive tracts. Low pathogenicity AIVs
Author affiliation: Agence Nationale de Sécurité Sanitaire
de l’Alimentation, de l’Environnement et du Travail, Ploufragan,
France
DOI: https://doi.org/10.3201/eid2702.202920
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cause subclinical or mild disease that can be aggravated by secondary infections (4,5). Because H5 and H7
AIVs can evolve to be highly pathogenic, the diseases
caused by these subtypes are notifiable to national
and international bodies (6).
Since 1996, highly pathogenic H5 viruses of the
A/goose/Guangdong/1/96 (Gs/GD/96) lineage
have caused recurrent outbreaks with high death rates
in birds. These HPAIs are categorized into 10 distinct
clades (0–9) on the basis of hemagglutinin sequences
(7). These clades are found in Asia; a few have spread
to Africa, Europe, and North America (8–10). Europe
experienced major introductions of H5N1 of clade 2.2
during 2005–2007 and H5N8 of clade 2.3.4.4 during
2014–2020 (11–14). Many reassortments were observed
on Gs/Gd/1/96–like viruses, especially within clade
2.3.4.4. The reassortments generated several subtypes
including H5N1, H5N2, H5N5, H5N6, and H5N8
(11,15–17). During winter 2016–17, twenty-nine countries in Europe reported 1,576 cases of Gs/Gd/1/96–
like H5N8 infections in wild birds and 1,134 in poultry,
especially domestic ducks (18).
During this outbreak, researchers identified 6
HPAI A(H5N8) genotypes in Europe; 2 of these genotypes were identified using 6 sequences from infected
birds in France (19). France had 539 cases of HPAI
A(H5N8) infections, 51 in wild birds and 488 in poultry
flocks, most of which occurred at duck farms producing foie gras (18). A previous study used spatiotemporal analysis of clinical cases comprising 2 distinct
epizootic periods in southwestern France (20). The
first period spanned November 28, 2016–February 2,
2017 and comprised 4 spatiotemporal clusters (20). The
second period spanned February 3–March 23, 2017
and comprised a single spatiotemporal cluster (20).
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During the first period, the disease spread mainly
among local farms; during the second period, after local farm-to-farm spread, the average distance between
affected farms increased (20). To limit viral spread
among poultry farms, the French Ministry of Agriculture and Food established protection zones (3 km
radius) and surveillance zones (1 km radius) around
outbreak sites according to European Union regulations (21). Additional control measures included preventive culling of poultry inside surveillance zones
and of outdoor palmipeds inside protection zones (21).
We sequenced 212 whole genomes of HPAI A(H5N8)
viruses infecting wild and domestic birds during the
outbreak in France. We used these molecular data
to identify the geographic distribution and track the
spread of H5N8 genotypes.
Material and Methods
Sampling

We collected oropharyngeal and cloacal swab samples from wild birds that had died of suspected H5N8
infection and from domestic or captive birds that had
clinical signs of avian influenza. Official veterinarians
from the Ministry of Agriculture and Food collected
samples from poultry in surveillance zones before
they were transferred or culled (21). Staff at district
laboratories approved by the Ministry of Agriculture
and Food suspended the swab samples in 2 mL of
phosphate-buffered saline (PBS) and separated samples from domestic poultry into 5 pools.
Detection and Characterization of
HPAI A(H5N8) Genomes

Staff at the district laboratories extracted viral RNA
from each pool using the RNeasy Mini Kit (QIAGEN,
https://www.qiagen.com) according to the manufacturer’s instructions. They tested RNA samples by
real-time reverse transcription PCR selective for the
matrix gene and H5 gene; pathotype was determined
as described (22) at the French National Reference
Laboratory for Avian Influenza (Ploufragan, France).
Samples from domestic poultry that had a cycle
threshold (Ct) value <30 underwent whole-genome
sequencing at the Agence Nationale de Sécurité Sanitaire de l’Alimentation, de l’Environnement et du Travail (Ploufragan). All AIV-positive samples from wild
birds, regardless of Ct value, also underwent wholegenome sequencing at the Agence Nationale de Sécurité Sanitaire de l’Alimentation, de l’Environnement et
du Travail. We amplified viral genomes with real-time
reverse transcription PCR using specific primers at the
5′ and 3′ conserved ends of all 8 AIV genome segments

(23). We sequenced amplicons with Ion Torrent technology (ThermoFisher Scientific, https://www.thermofisher.com). Libraries were prepared by using the
Ion Xpress Plus Fragment Library Kit (ThermoFisher
Scientific), selected by size, and cleaned by using the
Agencourt AMPure XP (Beckman Coulter Life Sciences, https://www.beckman.com). We conducted
emulsion PCR on the Ion OneTouch 2 system and subsequent enrichment of template particles on the Ion
OneTouch ES system using the Ion PI template OT2
200 Kit version 3 (ThermoFisher Scientific). We loaded
the samples onto a PI chip and sequenced them on an
Ion Torrent Proton (ThermoFisher Scientific). We obtained the consensus sequence by comparing the de
novo analysis with reference sequences from the Influenza Research Database (https://www.fludb.org)
(24). We downsampled the reads to fit a coverage of
80× and submitted them to the SPAdes version 3.1.1
de novo assembler (http://cab.spbu.ru/software/
spades). We submitted the de novo contigs to BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) on a local
nucleotide database. For each segment, we selected
the best matches for Bowtie 2 alignment (25). Finally,
we compared de novo assemblies and alignment on
the references and assessed their strict identities. We
retained only the sequences with a coverage of >30×
for all segments for further analysis. For the following analyses we considered only sequences from nucleotide positions 20–2248 for polymerase basic (PB)
2 protein, 4–2259 for PB 1 protein, 41–2151 for polymerase acidic (PA) protein, 49–1704 for hemagglutinin, 14–1458 for nucleoprotein (NP), 50–1385 for neuraminidase, 38–936 for matrix protein, and 28–815 for
nonstructural protein, according to the first ATG. We
submitted sequences to GenBank (Appendix Table 1,
https://wwwnc.cdc.gov/EID/article/27/2/20-2920App1.pdf).
Phylogenetic Analysis

For the phylogenetic analysis, we used only samples
with complete sequences for each segment. We aligned
the sequences with ClustalW (http://www.clustal.org).
We used MEGA version 7.0 software (26) to construct
maximum-likelihood phylogenetic trees with 500 bootstrap replicates using the Tamura 3-parameter model.
Then, we compared each segment that was representative of a phylogenetic group (i.e., closed sequences with
>98% nucleotide identity) to sequences available in the
GISAID database (https://www.gisaid.org).
For each sequence, we concatenated 8 AIV gene
segments and tested them for reassortment using the
RDP4 software (27) with the SIScan, Bootscan, RDP,
MaxChi, and GENECOV methods. We estimated the
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time to most recent common ancestor (tMRCA) of
the viral sequences by performing Bayesian coalescent phylogenetic analyses in BEAST version 1.7 (28).
The models considered constant size, exponential
growth, expansion growth, and Bayesian Skygrid for
coalescent model in combination with a strict or uncorrelated lognormal clock model. We chose the best
model on the basis of Akaike’s Information Criterion
value (29). We applied the uncorrelated lognormal
molecular clock with the SDR06 model of nucleotide
substitution and Bayesian Skygrid coalescent model
(30) as in previous studies (8,19). We ran the model
for 40 million generations with sampling evolutionary parameters every 4,000 generations. We visualized the trace files with Tracer 1.6 (http://beast.
community/tracer) to check that the effective sample
size values were >200, which corresponded to an acceptable number of independent samples (31). After
removing a 10% burn-in with TreeAnnotator version
1.7.5 (https://beast.community/treeannotator), we
generated maximum clade credibility trees. We annotated the trees with Figtree version 1.4 (http://tree.
bio.ed.ac.uk/software/figtree). We visualized the

evolution of the effective population size of A(H5N8)
viruses in southwestern France using Icytree (32).
Potential Transmission Networks

We reconstructed the potential transmission networks
using a minimum spanning tree from PopART version 1.7 (33) corresponding to a parsimony method
to reconstruct the relationships among highly similar
genomes. We analyzed 197 genomes of H5N8 viruses
from southwestern France and determined the number of local geographic clusters by testing the model
using 2–8 clusters; 5 geographic clusters produced
the most consistent relationship between geographic
clustering and genome similarity.
Results
Epizootic Case Situation

During winter 2016–17, France declared 539 cases of
HPAI H5 infection, the second-highest number of
cases in Europe. In total, 488 cases were in domestic
or captive birds, primarily ducks, and 51 cases were
in wild birds (Figure 1). The 488 domestic cases were
Figure 1. Distribution of highly
pathogenic avian influenza H5N8
cases, France, 2016–17 (database
of the French National Reference
Laboratory for Avian Influenza).
Blue indicates cases in wild birds;
red indicates cases in domestic
or captive birds. Dashed circles
indicate zones of high duck farm
density (34).
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mainly in southwestern France, whereas H5N8 infection was more common in wild birds in other areas
of France (Appendix Table 1). Seventeen cases were
detected in wild birds, mostly common buzzards,
in southwestern France, whereas cases in wild birds
from other areas were in waterfowl (mostly swans).
During this period in southwestern France, other
AIVs were also identified, indicating viral cocirculation within poultry farms (data not shown).
H5N8 Genotypes

Of the 539 detected HPAI H5 viruses, we characterized
212 viral genomes: 15 from wild birds (Appendix Table
2) and 197 from domestic or captive birds. Phylogenetic analyses of 8 genes indicated that the H5N8 viruses
from France formed a monophyletic cluster for only the
hemagglutinin, neuraminidase, matrix, and nonstructural genes (a monophyletic cluster has >98% similarity and a bootstrap value of >75), whereas the PB2, PB1,
PA, and NP sequences formed 2 different phylogenetic
clusters. We identified 3 genotypes (A–C) in France on

the basis of all segment sequences. Genotype A differed
from genotype B in segments PB2, PA, and NP and
differed from genotype C in only segment PB1. Genotype A comprised 197 viruses and was a H5N8-A/
mute_swan/Croatia/70/2016–like virus (35). Although
genotype A was the most common genotype in our
study, we found it only in southwestern France (Figure
2). We detected 192 genotype A viruses in poultry but
only 5 in wild birds. Genotype B was a A/wild_duck/
Poland/82A/2016–like virus (35,36). We found genotype B viruses in northern, western, and eastern France
and detected 3 viruses in captive/domestic birds and 5
in wild birds. Genotype C was a A/domestic_goose/
Poland/33/2016–like virus (37). We detected 7 genotype C viruses: 2 in captive/domestic birds in southwestern France and 5 in wild birds in eastern France.
Geographic Clustering of Genotype A Viruses

On November 28, 2016, we detected genotype A
virus in domestic breeding ducks in southwestern France. In total, we found 496 cases of HPAI

Figure 2. Distribution of the 3 detected genotypes of highly pathogenic avian influenza H5N8 viruses, France, 2016–17. A) Geographic
distribution of genotypes. B) Representation of viral genome. Horizontal bars correspond to the 8 gene segments of each characterized
genotype. Segments colored according to phylogenetic cluster.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021
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A(H5N8) infection in southwestern France. Of the
496 cases, we determined full genome sequences for
197 (41.25%) viruses, all of which were genotype A.
The 197 genomes comprised 5 geographic clusters:
geocluster 1 contained 10 viruses in France departments nos. 12 and 81; geocluster 2 contained 5 viruses in department no. 47; geocluster 3 contained
41 viruses mostly in departments nos. 32 and 65;
geocluster 4 contained 74 viruses in the east of the
department no. 40 and a few viruses in departments
nos. 32 and 64; geocluster 5 contained 67 sequences
in departments nos. 40 and 64 (Figure 3).
The viruses in geocluster 1 were closely related
(Figure 3); the tMRCA was November 16, 2016 (highest posterior density [HPD] 95% CI November 9–23)
(Appendix Table 3). The viruses in geocluster 5 had a
common ancestor that emerged on January 15, 2017
(HPD 95% CI January 7–23) from geocluster 3 (Appendix Table 4). This date probably corresponds with
introduction of HPAI A(H5N8) into geocluster 5; the
first case in geocluster 5 was documented in domestic
ducks on January 30, 2017 (Figure 4). The first sequences to emerge in geoclusters 2, 3, and 4 were similar;
afterwards, the sequences diverged into each geocluster. We did not calculate the viral transmission dates
for geoclusters 2, 3, and 4 because these phylogenetic
groups were not monophyletic and did not have posterior probabilities >0.8 for their ancestral nodes.

We constructed a phylogenetic tree of the 197
analyzed genomes (Figure 3). The tree had several
principle nodes composed of identical sequences;
many leaves were linked, indicating the evolution of
numerous sequences from the principal nodes. The
mean nucleotide difference between 2 related sequences belonging to distinct nodes was ≈3.1 mutations (range 1–11 mutations). The mean mutation rate
of the complete genome was 6.68 × 10–3 (HPD 95% CI
5.96–7.43 × 10–3) substitutions/site/year.
Dynamic Evolution of Genotype A

We used a Bayesian Skygrid plot to analyze the population growth of H5N8 viruses in southwestern France
(Figure 5). The overall population increased during
November 2016–January 2017, which corresponds to
the period in which moderate viral spread occurred
in geoclusters 1 and 2 and more pronounced spread
occurred in geoclusters 3 and 4. After this time, we
noted an overall population decrease corresponding
with the last cases reported in geoclusters 3 and 4.
The population dramatically increased during February 2017, when cases began in geocluster 5. The HPAI
A(H5N8) population size declined in March 2017.
Discussion
The 2016–17 HPAI A(H5N8) outbreak in Europe affected 1,576 wild birds and 1,134 domestic birds (18).
Figure 3. Minimum spanning
tree and map of clusters
of highly pathogenic avian
influenza H5N8 genotype A
viruses, France, 2016–17. A)
Geographic clusters. Number of
dashes indicates the number of
observed mutations between 2
nodes. Circle size corresponds
to the number of identical
sequences. B) Geographic
repartition of genotype in
southwestern France. Inset
shows identification numbers
of affected departments: 12,
Aveyron; 31, Haute-Garonne;
32, Gers; 47, Lot et Garonne;
40, Landes; 64, PyrénéesAtlantiques; 65, HautesPyrénées. Trees created using
PopART (32).
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Figure 4. Maximum credibility
tree of the 8 concatenated
gene segments in highly
pathogenic avian influenza
H5N8 genotype A viruses,
France, 2016–17. Tree
generated using SDR06 model
according to Bayesian method
(38). Branch and leaf color
indicates geoclusters. The
estimated dates of common
ancestors and their 95% CIs
are indicated for geocluster 1
and geocluster 5.

In France, we identified 3 genotypes that had previously been described elsewhere in Europe (19,35–7),
indicating that H5N8 was introduced into France >3
times during November 2016–April 2017. We found
sporadic cases of genotypes B and C, mostly in wild
birds. We found 197 viruses of genotype A, almost
all of which were in domestic ducks in southwestern
France. Only 2 viruses of genotype A were in backyard poultry, an observation that corresponds to the
findings of Souvestre et al. (39), which showed the
minor role of backyards in the H5N8 transmission
dynamic. Of the 6 genotypes characterized during
this outbreak in Europe, 3 genotypes resemble the
sequences now described in France (i.e., genotype
A corresponds with reassortants 6-like, B with reassortants 3-like, and C with reassortants 7-like) (19).
Similar sequences to genotype A viruses were
identified in Croatia, Italy, Belgium, Poland, and the
Czech Republic; they also were found in domestic
ducks in Hungary (19). France and Hungary are the
main producers of foie gras in Europe. Areas with
high duck farm density (34) had an increased number
of H5N8 cases in domestic birds during this outbreak
(18,19). The H5N8 sequences found in Hungary are

closely related to the genotype A viruses described
in this study, an observation that might indicate an
epidemiologic link between these 2 regions. Alternatively, the viral similarity could have been caused by
the common use of mule ducks for foie gras, which
might be more susceptible to genotype A than other
H5N8 viruses.
All genotype A viruses found in France were
closely related and formed a monophyletic cluster,
strongly suggesting that this genotype was introduced only once into southwestern France. Genotype
A viruses might have spread among domestic duck
farms in a multistep process. First, genotype A viruses were introduced into southwestern France, where
they spread and formed geocluster 1. According the
tMRCA values, this introduction probably occurred
around November 16, 2016. Second, the apparent
transfer of infected ducks enabled H5N8 to spread to
other areas of southwest France, prompting the formation of geoclusters 2, 3, and 4 (40). Third, the virus spread among farms in newly affected areas, possibly through airborne transmission or movements
of animals, materials, or personnel among farms, as
suggested by Andronico et al. (41). Fourth, the virus
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Figure 5. Evolution of highly pathogenic avian influenza H5N8 genotype A viruses, France, 2016–17. A) Bayesian Skygrid plot of viral
population size over time. B) Timeline of cases of H5N8 genotype A. Pink indicates geocluster 1; green indicates geocluster 2; red
indicates geocluster 3; orange indicates geocluster 4; blue indicates geocluster 5.

entered the geographic area corresponding to geocluster 5. This geocluster included viral genome sequences
closely related to those of geocluster 3. This finding
was unexpected because the geographic area of geocluster 5 is closer to that of geocluster 4 than geocluster 3. The low variability among geocluster 5 sequences suggests that the virus was introduced through a
single viral transmission. We estimated that this event
occurred around January 15, 2017, approximately 2
weeks before we first sequenced virus in this geocluster (i.e., January 30, 2017). This delay suggests that we
might not have sampled all cases. In addition, the precision of our model could have been increased by using path and stepping-stone sampling methods. The
single introduction seems to have been the origin of all
subsequent infections in this area. This long-range viral transmission could have occurred through animal
transport or the movement of wild birds. Once this
new area was infected, the virus spread among nearby
farms, resulting in the formation of geocluster 5.
Our results correspond with the estimation of
the effective population size of the HPAI A(H5N8)
viruses in southwestern France. The first increase of
the viral population coincided with the emergence of
514

geoclusters 3 and 4. The subsequent population decrease might reflect governmental actions to control
viral dissemination, such as the preventive culling
of poultry and ducks in farms with confirmed infection. In addition, the 5 geoclusters identified in this
study correspond with the geoclusters characterized
by Guinat et al. (20) on the basis of the dates and locations of clinical reports. According to Guinat et al.,
the depopulation of poultry farms and restrictions
on movement of animals, materials, or personnel
among farms could have substantially reduced viral
spread within each geocluster. The second increase
in the viral population coincided with the introduction of H5N8 into a new area (i.e., that of geocluster
5) with a high density of poultry farms (41). These
results highlight the importance of controlling poultry movements to prevent viral spread, especially because these movements were identified as a risk factor for transmission in southwest France during this
outbreak (42). Our data suggest that viral spread was
directly related to the density of duck holdings. For
example, the virus was effectively restrained in geoclusters 1 and 2, which corresponded to areas of low
duck-holding density. The other 3 geoclusters had a
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higher density of duck farms, facilitating the local (inside the same geocluster) and long distance (between
geoclusters) spreads of the virus. These results should
be further combined with the epidemiologic data and
Bayesian discrete trait phylogeography analysis to
identify transmission factors.
In conclusion, during winter 2016–17, Europe
faced a large outbreak of HPAI A(H5N8). Three
viral genotypes were detected in France, but only
genotype A caused dramatic economic losses. In
southwestern France, a major producer of foie gras,
genotype A viruses were detected in 5 separate geographic clusters. Our data show that local dissemination and long-distance transmission contributed
to the severity of the outbreak, especially in areas
of high duck-holding density. This study highlights
the importance of limiting introduction of infected
birds into a disease-free area. Implementing control
measures for infected flocks is crucial to avoiding
the spread of AIVs.
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Outbreak of Severe Vomiting in
Dogs Associated with a Canine
Enteric Coronavirus, United Kingdom
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The lack of population health surveillance for companion animal populations leaves them vulnerable to
the effects of novel diseases without means of early
detection. We present evidence on the effectiveness
of a system that enabled early detection and rapid response to a canine gastroenteritis outbreak in the United Kingdom. In January 2020, prolific vomiting among
dogs was sporadically reported in the United Kingdom.
Electronic health records from a nationwide sentinel
network of veterinary practices confirmed a significant
increase in dogs with signs of gastroenteric disease.
Male dogs and dogs living with other vomiting dogs
were more likely to be affected. Diet and vaccination
status were not associated with the disease; however,
a canine enteric coronavirus was significantly associated with illness. The system we describe potentially
fills a gap in surveillance in neglected populations and
could provide a blueprint for other countries.

P

opulation health data is lacking for companion
animals such as dogs, cats, and rabbits, leaving a surveillance gap for endemic diseases and
delayed detection of incursions of disease, such as
equine influenza virus (H3N8) (1), avian influenza
(H3N2) (2,3), and parvoviruses (3). In the absence
of legislated programs of population surveillance,
several attempts have been made to fill this gap
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using secondary data, particularly from pet insurance providers (4). More recently, researchers have
exploited the rapid digitization of electronic health
records (EHRs) for passive surveillance. Data can
be collected at great scale and analyzed in near–
real time. EHR data are now routinely used in human heath efforts (5–8), in which their timeliness,
simplicity, and breadth of coverage complements
surveillance based on diagnostic data (9,10). Such
approaches are beginning to find healthcare value
in veterinary species, especially among companion
animals (4,11–13), a high proportion of which visit
veterinarians (14).
In January 2020, one of the authors of this article (D.G.), a primary care veterinarian in northwest
England, contacted the other authors about seeing
an unusually high number of cases (≈40) of severe
vomiting in dogs; responses to a social media post
suggested other veterinarians might have been experiencing similar events. Vomiting is a common
complaint among dogs whose owners seek treatment for them (15,16). However, documented outbreaks are rare because established vaccines are
available for most common known pathogens (17).
In the absence of robust populationwide data, such
sporadic reports frequently do not raise awareness
of outbreaks.
For the response we describe, we obtained data
from syndromic surveillance and text mining of EHRs
collected from sentinel veterinary practices and diagnostic laboratories, which we then linked with data
from field epidemiology and enhanced genomic testing. In 8 weeks, using this approach, we described the
temporal and spatial epidemiology, identified a possible causative agent, and provided targeted advice
to control the outbreak. Ethics approval was given
by Liverpool University Research Ethics Committees
(Liverpool, UK; VREC922/RETH000964).
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Methods

Laboratories

Data Sources
Veterinary Practices

During March 17, 2014–February 29, 2020, we collected data from 7,094,397 consultation records
(4,685,732 from dogs and 1,846,493 from cats) from
EHRs from the Small Animal Veterinary Surveillance Network (SAVSNET), a volunteer network
of 301 veterinary practices (663 sites) in the United
Kingdom, recruited based on convenience (11). In
brief, EHRs included data collected during individual consultations on species, breed, sex, neuter
status, age, owners’ postcodes, and vaccination
status. Each EHR is also compulsorily annotated
by the veterinary clinician with a main presenting
complaint (MPC) at time of visit, using a questionnaire window embedded in the practice management system. Options for reasons for visit included
gastroenteric, respiratory, pruritus, tumor, kidney
disease, other unwell, post-op check, vaccination,
or other healthy.
Given that severe vomiting was a key outbreak feature, we undertook 2 complementary analyses. First,
we used regular expressions to identify clinical narratives describing frequent vomiting, but excluded common false positive search results (Appendix Table 1,
https://wwwnc.cdc.gov/EID/article/27/2/20-2452App1.pdf). Second, we used data on prescriptions to
describe the frequency of all veterinary-authorized
products containing the antiemetic maropitant (18).
We calculated trend lines using Bayesian binomial
generalized linear modeling trained on weekly prevalence during 2014–2019 (19), which allowed us to identify extreme (>99% credible interval [CrI]) or moderate
(>95% CrI) observations.

SAVSNET also collects EHRs from participating
diagnostic laboratories on samples submitted from more
than half of UK veterinary practices. Canine diagnostic
test results from January 2017 through February 2020
were queried from 6 laboratories for 6 gastroenteric
pathogens. Test numbers, percentage of positive results,
and associated 95% CIs were summarized (Table 1).
The number of sites was surmised from the submitting
practices’ postcodes.
Questionnaires

Online questionnaires to enable case reporting were
made available to both veterinarians and owners
beginning January 29, 2020. The required case
definition of >5 vomiting episodes in a 12-hour period
was based on clinical observations of early cases.
Veterinarians were also asked to complete control
questionnaires. Initially, we requested only controls
matched to veterinary practices contributing case data;
however, to increase recruitment, a nonmatched control
questionnaire open to any veterinarian was deployed on
February 5. The questionnaires (Appendix) requested a
range of information including owner postcode, animal
signalment, vaccination status, clinical signs, treatment
and diagnostic testing, animal contacts, diet, and
recovery status.
We performed all statistical analyses using R version 3.6.1 (https://cran.r-project.org). Case details
were described for both veterinarian- and ownerreported data. We calculated proportions and 95%
CIs for categorical variables and median and range
for continuous variables. We constructed univariable and multivariable mixed-effects logistic regression models using data submitted by veterinarians
using R package lme4. Explanatory variables from
univariable logistic regression were considered in

Table 1. Results of laboratory diagnostic tests for pathogens associated with gastroenteric disease in dogs for samples collected
during January 2017–February 2020, United Kingdom*
No.
Unique
% Positive
Peak month, % positive
Pathogen
Method
No. tests
laboratories†
sites‡
(95% CI)
(95% CI)
CeCoV
PCR
5,167
4
839
20.69 (19.58–
2020 Feb, 34.8 (27.81–
21.79)
41.85)
Canineparvovirus
PCR
5,499
6
965
6.62 (5.96–7.28) 2017 Nov, 13.28 (7.38–
19.18)
Giardia
PCR
5,636
6
894
23.78 (22.66–
2018 Jan, 33.96
24.89)
(26.58–41.35)
Salmonella spp.
Culture
114,722
6
2,951
0.87 (0.81–0.92)
2018 Nov, 1.28 (0.87–
1.70)
Campylobacter spp.
Selective culture
111,983
6
2,947
16.10 (15.88–
2017 Dec, 23.02
16.31)
(21.44–24.60)
Clostridium perfringens
Enterotoxin PCR
5,138
3
2,947
16.10 (15.88–
2017 Dec, 23.02
16.31)
(21.44–24.60)
*CeCoV, canine enteric coronavirus.
†Number of diagnostic laboratories contributing test results.
‡Number of unique veterinary practices sites submitting samples to the laboratories.
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multivariable models for likelihood ratios of p≤0.20,
which underwent manual stepwise backward elimination to reduce Akaike’s and Bayesian information
criteria. Practice was included as a random effect. We
assessed confounding by the effect on model fit with
sequential removal of variables and assessed 2-way
interaction terms for improved model fit. We defined
final statistical significance as p <0.05.
Spatiotemporal Analysis of Cases

We obtained records of consults weekly during November 4, 2019–March 21, 2020; cases were geolocated by pet owners’ postcodes. We considered records
of gastroenteric MPC as a binary outcome (i.e., 1 for
gastroenteric consult, 0 for nongastroenteric consult).
We used a logistic geostatistical model to investigate
spatial clustering of cases for each week. We defined
a spatial hotspot as a location having 95% posterior
probability of prevalence exceeding the national
mean prevalence over any 1-week period. With no
discernible epidemic wave apparent over successive
weeks, we aggregated weekly measures across the
study period to show the number of weeks each location was a hotspot (Appendix).
Sample Collection, PCR, and Phylogenetic Analyses

Veterinarians submitting questionnaires were also
asked to submit samples for microbiological testing including mouth swabs, fecal samples, and for
gastrointestinal cases, vomit. In brief, we extracted
nucleic acids using a QIAGEN QIAamp viral RNA
kit (https://www.qiagen.com), reverse transcribed
samples using ThermoFisher Superscript III (https://
www.thermofisher.com), and tested for canine enteric coronavirus (CeCoV) by M-gene PCR (20). To
expedite results and reduce contamination risks, the
PCR was run as a single-stage PCR rather than as the
published nested reaction. We purified positive samples using QIAquick (QIAGEN) and sequenced them
bidirectionally (Sanger sequencing; Source Biosciences, https://www.sourcebioscience.com) to produce
consensus sequences (ChromasPro 2.1.8, http://
technelysium.com.au).
To rapidly explore the potential involvement
of other viruses, we extracted nucleic acid from 19
random cases and 5 controls for deep sequencing.
RNA was amplified by sequence-independent, single-primer-amplification (21), multiplexed libraries
were prepared using 30 ng of cDNA with an Oxford Nanopore SQK-LSK109 ligation sequencing
kit (Oxford Nanopore, https://nanoporetech.com)
and sequenced using an Oxford Nanopore MinION
Mk1B device for 48 hours. To perform real-time fast

basecalling, we used the Oxford Nanopore MinKNOW
Guppy toolkit and FASTQ files uploaded to an Oxford Nanopore EPI2ME data analysis platform
for identification.
For deeper sequencing coverage, we also processed 10 samples (6 CeCoV-positive cases, 3 negative cases, 1 control) for Illumina sequencing at the
University of Liverpool Centre for Genomic Research
(https://www.liverpool.ac.uk/genomic-research).
We treated nucleic acids with RNase and prepared
fragment libraries using a NEBNext Ultra II kit
(https://www.neb.com) before performing pairedend, 2 × 150–bp sequencing on an Illumina HiSeq
4000 system (https://www.illumina.com). Adaptor
sequences were trimmed using cutadapt (https://
cutadapt.readthedocs.io) and sickle (https://github.
com), with a minimum quality score of 20. Reads >19
bp matching the dog genome (CanFam3.1, http://
genome.ucsc.edu) using Bowtie2 sequence alignment tool (http://bowtie-bio.sourceforge.net) were
removed. Remaining reads were assembled using
the SPAdes toolkit (https://github.com) and contigs >700 nt blasted against the NCBI RefSeq nonredundant proteins database (https://www.ncbi.nlm.
nih.gov/refseq). Sequences matching CeCoV were
aligned using the ClustalW multiple sequence alignment program (https://www.genome.jp) and phylogenies reconstructed using bootstrap analyses and
neighbor-joining in MEGA6 software (https://www.
megasoftware.net). Each sequence was assigned a local laboratory number based on the order in which
the sequences were analyzed.
Results
Syndromic Surveillance

On the basis of MPCs identified in the EHRs, we
found a specific and significant increase in the
number of dogs recorded as exhibiting gastroenteric
signs; the final 10 weeks, during December 2019–
March 2020, were outside the 99% CrI (extreme
outliers; Figure 1, panel A). A similar trend was
observed in maropitant therapy for dogs (Figure 1,
panel B). Both measures, peaked in the week ending
February 2, 2020, at approximately double the
preceding baseline. We observed no similar trends
for respiratory disease in dogs, for gastroenteric
MPCs, for maropitant treatment in cats (Figure 1,
panels C–E), or for antibiotic use in dogs (data not
shown), together suggesting the signal was specific
to canine gastroenteric disease, a finding supported
by similar increases in the regular expression
identifying vomiting dogs (Figure 1, panel F).
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Spatiotemporal mapping of weekly cases of gastroenteric MPC showed prevalence was spatially
clustered (Figure 2). In particular, locations in northwest and southwest England and in Edinburgh, Scotland, had strong evidence of many weeks of prevalence higher than the national mean.
Diagnostic Tests

The patterns of test results for different PCR tests,
generally carried out concurrently, were broadly
similar (Figure 3, panels A–C). The same was true for
results based on cultured samples (Figure 3, panels
D, E). Of particular interest, CeCoV showed strong
seasonality, positive tests peaking during the winter
months (Figure 3, panel A). However, similar peaks
seen in previous years suggested the observed peak in
February 2020 could not itself explain this outbreak.

Questionnaire

By March 1, 2020, a total of 1,258 case questionnaires
had been received. After excluding 59 questionnaires
missing key data, we used data from 165 veterinaryreported cases, 1,034 owner-reported cases (Table 2),
and 60 veterinary-reported controls (Appendix Table
2) for analyses.
Most cases were from households in England
(Table 2). Median case age at examination was 4.0
years (range 0.3–15.0 years) based on veterinary reports and 4.8 years (range 0.2–15.5 years) based on
owner reports. Most animals had been vaccinated
against core pathogens (17) and leptospirosis within
the preceding 3 years and dewormed within the previous 3 months. A range of breeds (data not presented) were observed, broadly corresponding to previous studies (6). Most cases were fed dog food, but

Figure 1. Observed prevalence of main presenting complaint (MPC) and maropitant use in cats and dogs, per 1,000 consultations, in
investigation of dogs with vomiting, United Kingdom, January 2017–February 2020. A) Canine records labeled as gastroenteric MPC; B)
canine records in which maropitant was prescribed; C) canine records labeled as respiratory MPC; D) feline records in which maropitant
was prescribed; E) feline records labeled as gastroenteric MPC; and F) frequent vomiting in dogs based on regular expression searches
of the clinical narratives. Red points represent the extreme outliers (outside the 99% credible interval [CrI]), orange points the moderate
outliers (outside the 95% CrI, but within the 99% CrI), and green points the average trend (within the 95% CrI).
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Figure 2. Rates of gastroenteric
veterinary consults for dogs
during November 4, 2019–March
21, 2020, in investigation of dogs
with vomiting, United Kingdom.
Consults were geolocated
to owners’ postcodes, with
gastroenteric main presenting
complaint as a binary outcome
(1 for gastroenteric consult, 0
for a nongastroenteric consult).
Colored areas represent the
number of weeks a given
location had a 95% posterior
probability of prevalence
exceeding the national mean
prevalence in any week.
The geostatistical modeling
approach used is further detailed
in the Appendix (https://wwwnc.
cdc.gov/EID/article/27/2/
20-2452-App1.pdf).

≈20%–37% of dogs scavenged food when walked.
Of those from multidog households, just over half
reported the presence of another dog recently vomiting within the same household. Around 30% of
dogs had recently traveled, most commonly visiting
a daycare facility.
Date of onset of clinical signs ranged from November 16, 2019, through February 28, 2020, for veterinary-reported cases, and September 4, 2019, through
March 1, 2020, for owner-reported cases. Most cases
involved inappetence (75.6%–86.1%) and vomiting

without blood (88.7%–91.5%) (Table 3). Approximately half of cases reported diarrhea, most without
blood. Diagnostic testing was performed in 32.1% of
veterinary-reported cases, most (78.9%) using hematology or biochemistry assays, or both.
Dogs in >90% of veterinary-reported cases were
treated, compared with in 61.7% of owner-reported
cases. In both, antiemetics were most often prescribed:
in 89.1% (CrI 84.3%–93.9%) of veterinary-reported
cases and in 48.1% (CrI 45.0%–51.1%) of owner-reported cases. The most common recovery time was
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Figure 3. Diagnostic test findings during January 2017–February 2020 in investigation of dogs with vomiting, United Kingdom. A) Canine
enteric coronavirus PCR; B) canine parvovirus PCR; C) Giardia PCR; D) Salmonella spp. selective culture; E) Campylobacter spp.
selective culture; F) Clostridium perfringens enterotoxin PCR results. Blue shading represents 95% CI.

3–7 days; the dogs died in 0.6% of veterinary-reported and 1.0% of owner-reported cases.
Descriptive data about the control population,
submitted by veterinarians, and univariable findings from analyses of the veterinary case controls are
presented in Appendix Tables 2 and 3; multivariable
findings are shown in Table 4. Both neutered and nonneutered male dogs were at significantly increased
odds of contracting the illness, compared with neutered females, as were dogs living in the same household as another dog that had also been vomiting compared to those in households where other dogs were
healthy. However, dogs living in a single-dog household were at increased odds of contracting the illness
compared with dogs living in the same household as
another dog that had not recently vomited. Dogs that
had been in recent contact with another animal species (including humans) that had recently vomited
were at reduced odds of vomiting, compared with
those who had not. Other potential causes considered
early in the outbreak, including foodborne etiologies,
vaccine preventable diseases, or the possibility of interspecies transmission, were not significantly associated (Appendix Table 3).
Sampling and Molecular Testing

During January 30–March 12, 2020, we collected
a total of 95 samples from 71 animals (50 cases, 21
controls): 22 from feces, 60 from oral swabs, and 13
from vomit. Dogs with prolific vomiting were significantly more likely to test positive for CeCoV in >1
522

sample (17/50, 34%) compared with controls (0/21)
(p = 0.002 by Fisher exact test). Positive test results
were most likely in samples from feces (10/16 [62.5%]
cases, 0/6 controls; p = 0.01) and vomit (6/13 [46%]
cases, 0 controls). Samples from oral swabs were least
likely to test positive (7/43 [16%] cases, 0/17 controls;
p = 0.17). Of 17 CeCoV-positive cases, 12 met the case
definition, 2 did not (<5 episodes of vomiting in 12
hours), and 3 lacked questionnaire data.
We gathered useable M-gene sequences from 21
samples (16 dogs). When we sequenced 2 samples
from the same animal, the sequences were identical
and subsequently represented only once in analyses
(Figure 4). All sequences clustered with previously
reported type II CeCoVs (22) in 1 of 3 lineages. Sequences from 14 of 16 dogs were identical, suggesting
a single outbreak strain geographically distributed
across England. Sequences from dogs 15 and 16 were
phylogenetically distinct.
Results of MinION sequencing rapidly confirmed
an alphacoronavirus as the predominant virus (24,190
out of 33,826,933 reads) and failed to identify any other prevalent candidates (next highest, betabaculovirus: 4,541 reads). Although bacterial reads were present in high numbers, none showed consistently high
results across most samples.
Complete CeCoV genomes were assembled from
6 PCR-positive cases by Illumina sequencing. We
identified no coronavirus sequences in 3 cases and
1 control that tested negative for CeCoV by PCR.
The only other mammalian virus sequence detected
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matched a canine rotavirus (1 case, 1 control; data not
presented). Consistent with M-gene sequencing, 5 of
the CeCoV genomes clustered together (>99% similarity), distinct from the genome from dog 15 (Figure
4). The outbreak strain was most similar to a virus
from Taiwan isolated in 2008 from a young dog with
diarrhea (94.5% similarity; L. Chueh, pers. comm.
[email] Apr. 27, 2020) and did not show any obvious
sequence differences to published strains that might
explain the unusual pattern of disease observed in the
outbreak. Based on spike gene analyses, the outbreak

strain clustered with IIb, having a TGEV-like N-terminal spike domain (23). Sequences were submitted
to GenBank (accession nos. MT877072, MT906864,
and MT906865).
Discussion
Using EHRs annotated with syndromic information
by veterinarians, we rapidly identified an outbreak of
canine gastroenteric disease that had started in November 2019. This finding was corroborated by parallel increases in relevant prescriptions and records

Table 2. Veterinary- and owner-reported case questionnaire responses pertaining to signalment, health history, contacts, and feeding
habits among dogs with vomiting, United Kingdom, January 2017–February 2020*
Veterinarian-reported cases, n = 165
Owner-reported cases, n = 1,034
Question
% Responses (95% CI)
No. unknown
% Responses (95% CI)
No. unknown
Veterinary practice location
England
80.6 (74.6–86.7)
NA
89.8 (87.9–91.6)
NA
Wales
12.1 (7.1–17.1)
NA
4.5 (3.2–5.7)
NA
Scotland
4.9 (1.6–8.1)
NA
4.5 (3.2–5.7)
NA
North Ireland
1.2 (0.0–2.9)
NA
1.1 (0.4–1.7)
NA
Republic of Ireland
1.2 (0.0–2.9)
NA
0.1 (0.0–0.3)
NA
Isle of Man
0
NA
0.2 (0.0–0.5)
NA
Sex
F
42.4 (34.9-50.0)
NA
43.7 (40.7-46.7)
NA
M
57.6 (50.0–65.1)
NA
56.3 (53.3–59.3)
NA
Neutered‡
69.1 (62.0–76.2)
NA
70.1 (67.3–72.9)
NA
Intact‡
30.9 (23.8-37.9)
NA
29.9 (27.1-32.7)
NA
Vaccinated within past 3 y†
94.6 (91.1–98.0)
NA
88.4 (86.5–90.4
13
Distemper
92.7 (88.8–96.7)
NA
49.7 (46.7–52.8)
NA
Infectious hepatitis
92.1 (88.0–96.2)
NA
40.4 (37.4–43.4)
NA
Parvo
92.1 (88.0–96.2)
NA
55.4 (52.4–58.5)
NA
Parainfluenza
53.9 (46.3–61.6)
NA
37.4 (34.5–40.4)
NA
Leptospirosis
92.7 (88.8–96.7)
NA
49.2 (46.2–52.3)
NA
Kennel cough
46.7 (39.0–54.3)
NA
40.4 (37.4–43.4)
NA
Rabies
2.4 (0.1–4.8)
NA
1.3 (0.6–1.9)
NA
Herpes
0.6 (0.0–1.8)
NA
NA
NA
Dewormed within past 3 mo
86.2 (80.5–92.0)
27
69.8 (67.0–72.7)
50
Lives in multidog household
34.6 (27.3–41.8)
NA
47.4 (44.3–50.4)
NA
>1 dogs in household vomited
54.4 (41.3–67.4)
NA
55.9 (51.5–60.3)
NA
Regular contact with other species†
54.9 (46.1–63.8)
43
44.1 (41.1–47.1)
NA
Cats
64.2 (52.6–75.8)
NA
62.3 (57.8–66.7)
NA
Horses
20.9 (11.1–30.7)
NA
28.3 (24.2–32.4)
NA
Cattle or sheep or both
25.4 (14.9–35.9)
NA
22.2 (18.3–26.0)
NA
Pigs
3.0 (0.0–7.1)
NA
1.5 (0.4–2.7)
NA
Poultry
13.4 (5.2–21.7)
NA
14.0 (10.8–17.2)
NA
Rabbits
7.5 (1.1–13.8)
NA
5.7 (3.6–7.8)
NA
Other species
11.9 (4.1–19.8)
NA
20.6 (16.9–24.3)
NA
Contact with other vomiting species
13.5 (7.1–19.9)
54
17.4 (14.6–20.2)
320
Recent travel history†
31.4 (23.0–39.8)
47
26.7 (24.0–29.4)
NA
Boarding kennel
8.1 (0.0–17.0)
NA
9.1 (5.7–12.5)
NA
Group training/behavior classes
24.3 (10.3–38.3)
NA
35.5 (29.9–41.2)
NA
Doggie day care facility
48.7 (32.3–65.0)
NA
39.5 (33.7–45.3)
NA
Overseas
2.7 (0.0–8.0)
NA
0.7 (0.0–1.7)
NA
Rescue kennel
0.0 (0.0–0.0)
NA
0.4 (0.0–1.1)
NA
Other
18.9 (6.1–31.7)
NA
20.3 (15.5–25.0)
NA
Provided known food type†
95.2 (91.9–98.4)
8
100.0 (100.0–100.0)
NA
Proprietary dog food
95.5 (92.3–98.8)
NA
85.9 (83.8–88.0)
NA
Home-cooked diet
6.4 (2.5–10.2)
NA
10.4 (8.6–12.3)
NA
Raw meat
5.1 (1.6–8.6)
NA
15.9 (13.6–18.1)
NA
Table scraps
14.7 (9.1–20.2)
NA
16.1 (13.8–18.3)
NA
Scavenged food
36.6 (28.7–44.4)
20
19.9 (17.4–22.4)
24
*NA, not available.
‡Includes both female and male animals.
†Multiple responses for the same dog are possible.
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Table 3. Veterinarian reported and owner-reported case questionnaire responses pertaining to clinical signs, diagnostic and
management strategies, and case recovery likelihood and time among dogs with vomiting, United Kingdom, January 2017–February
2020*
Veterinarian-reported cases, n = 165
Owner-reported cases, n = 1,034
Question
% Responses (95% CI)
No. unknown
% Responses (95% CI)
No. unknown
Clinical signs
Vomiting without blood
91.5 (87.3–95.8)
NA
88.7 (86.8–90.6)
NA
Vomiting with blood
8.5 (4.2–12.8)
NA
11.3 (9.4–13.3)
NA
Diarrhea without blood
37.0 (29.6–44.4)
NA
46.2 (43.2–49.3)
NA
Diarrhea with blood
10.9 (6.1–15.7)
NA
12.3 (10.3–14.3)
NA
Melaena
1.8 (0.0–3.9)
NA
NA
NA
Pyrexia
12.7 (7.6–17.8)
NA
15.4 (13.2–17.6)
NA
Inappetence
86.1 (80.8–91.4)
NA
75.6 (73.0–78.3)
NA
Weight loss
18.2 (12.3–24.1)
NA
34.9 (32.0–37.8)
NA
Lethargy
9.1 (4.7–13.5)
NA
6.3 (4.8–7.8)
NA
Diagnostic testing performed
32.1 (25.0–39.3)
NA
18.3 (15.9–20.7)
NA
Treatment provided to dog
92.1 (88.0–96.2)
NA
61.7 (58.7–64.7
13
Recovery status known
88.5 (83.6–93.4)
19
98.4 (97.6–99.1)
17
Recovery <24 h
5.5 (2.0–8.9)
NA
2.9 (1.8–3.9)
NA
Recovery in 24–48 h
17.6 (11.8–23.4)
NA
21.1 (18.6–23.7)
NA
Recovery in 3–7 d
30.9 (23.8–38.0)
NA
36.2 (33.2–39.1)
NA
Recovery in 7–14 d
2.4 (0.1–4.8)
NA
5.9 (4.5–7.4)
NA
Recovery in over 14 d
2.4 (0.1–4.8)
NA
2.1 (1.2–2.9)
NA
Dog currently vomiting
7.9 (3.8–12.0)
NA
9.4 (7.6–11.2)
NA
Dog not vomiting but still unwell
21.2 (15.0–27.5)
NA
21.4 (18.9–24.0)
NA
Dog died
0.6 (0.0–1.8)
NA
1.0 (0.4–1.6)
NA
*NA, not available.

of frequent vomiting. Those data were augmented
by data from responses to a questionnaire, diagnostic
laboratories, and enhanced microbiological analyses.
This system enabled us to determine case definitions
and outcomes and to identify risk factors as well
as a potential viral cause, within a 3-month period;
findings were rapidly disseminated to veterinarians
(24,25) and owners. This combined approach represents an efficient system that can fill a previously neglected national population health surveillance need
for companion animals.
The first indication of an outbreak came from
time-series analyses of syndromic data. Such syndromic surveillance is increasingly being used to
monitor the impact of national events like natural disasters and bioterrorism on human population health,
as well as changes in gastroenteric and influenza-like

illness (6–9). Such data can be simple to collect, provide real-time wide geographic coverage, and be flexibly applied to different conditions (10,11). Although
in some cases these data can identify outbreaks earlier
than more active surveillance, their predictive value
can sometimes be low, particularly where there is a
low signal to noise complaint ratio. In our case, the
outbreak was large compared with background levels, associated with near doubling of the gastroenteric
syndrome, and had many weeks in which the syndrome statistically exceeded the baseline.
The richness of data within EHRs enabled us to
validate this outbreak using numbers of antiemetic
prescriptions and text mining. Prescription data have
been used to understand, for example, human health
inequalities (26), and the use of critical antimicrobials in both humans (27) and animals (28,29). We used

Table 4. Mixed effects multivariable logistic regression model investigating odds of being a veterinarian-reported prolific vomiting case
among 165 cases and 60 controls in investigation of dogs with vomiting, United Kingdom, January 2017–February 2020*
β
Variable
SE
OR (95% CI)
p value†
Intercept
–0.36
0.42
NA
NA
F, neutered
NA
NA
Referent
NA
F, intact
0.77
0.55
2.15 (0.74–6.26)
0.16
M, neutered
0.81
0.40
2.25 (1.03–4.91)
0.04
M, intact
1.34
0.59
3.82 (1.20–12.15)
0.02
Multidog household, no other dogs vomiting in the same household
NA
NA
Referent
NA
Multidog household, other dogs vomiting in the same household
1.15
0.53
3.16 (1.11–8.97)
0.03
Single-dog household
1.17
0.40
3.23 (1.47–7.11)
<0.01
No contact with other species vomiting
NA
NA
Referent
NA
Confirmed contact with other species vomiting
–1.23
0.48
0.29 (0.12–0.74)
0.01
Unknown contact with vomiting other species
0.63
0.42
1.88 (0.83–4.26)
0.13
*β, β-value (coefficient).
†p value <0.05 indicates significant findings.
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Figure 4. Phylogenetic analysis of canine enteric coronavirus strains, including locations were sequences were obtained, in
investigation of dogs with vomiting, United Kingdom. Trees are based on nucleotide sequences for M-gene (final alignment 299
positions) (A) and whole genome (final alignment 26,564 positions) (B). Evolutionary analysis was performed using the neighbor-joining
method. Bootstrap testing using 1,000 replicates was applied; only values >70 are indicated. Sequences identified in this study are
indicated in blue (strain 1), red (strain 2), and green (strain 3). Asterisks (*) indicate samples from animals meeting the case definition.
Each phylogeny included closest matches in GenBank, as well as representative published canine coronavirus, feline coronavirus, and
transmissible gastroenteritis virus isolates. Scale bars indicate substitutions per site. C) Approximate geographic location of sequences
obtained in this study, number- and color-matched to sequences shown in panels A and B.

these data to identify and track an outbreak, benefitting from a clear link between the syndrome (vomiting) and its therapy (antiemetic). It will be useful to
identify other disease-therapy associations that could
be used for similar surveillance.
We used text mining to identify records of frequent vomiting in clinical narratives. Such approaches can circumvent the need for practitioner-derived
annotation and be flexibly and rapidly adapted to
emerging syndromes as soon as case-definitions are
determined. Similar approaches have been described
in human health for conditions such as fever (30–32)
but can suffer low sensitivity (31). Indeed, the outbreak peak based on text mining was ≈20% of that
based on MPC analysis. However, it is also likely the
outbreak as defined by the MPC included a considerable number of animals with milder signs that would
not be detected by data mining using the regular expression developed here. Although data from text

mining are unlikely to give an accurate estimate of
the true prevalence of a given condition, they can still
be used to track outbreaks.
To compliment syndromic surveillance, we
implemented a rapid case-control study, collecting
>1,200 responses from veterinarians and owners in
4.5 weeks. There was no evidence for similar disease
in people or other species. The timing of the outbreak
as shown by case data was in broad agreement with
our syndromic surveillance. Questionnaires from
owners and veterinarians were in broad agreement
on date of onset, geographic density, clinical signs,
and recovery. These data informed targeted health
messages posted online and on social media on February 28, 2020, 4 weeks after we first became aware
of the outbreak.
Clearly, evidence of transmission driving the outbreak was vital to providing disease control advice.
Dogs in multidog households were more likely to
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vomit if other dogs in the household were also affected, suggesting either transmission between dogs or
a common environmental source; these observations
informed advice to the public around isolating affected dogs. Of note, dogs in single-dog households were
also at increased odds of being affected compared to
multidog households where only a single dog was
vomiting. Some authors have shown that dogs from
single-dog households are walked more and therefore could be at greater risk for infection (33). Factors
affecting dog walking are clearly likely to be important for control of infectious disease transmission and
should be explored further.
In addition to collecting epidemiologic data, we
collected microbiological samples from cases and
controls. Based on its known (34) and observed seasonality (Figure 3, panel A), we tested all samples for
CeCoV. Cases were significantly more likely to show
positive results both when all samples (oral swabs,
feces and vomit) were considered or when just fecal samples were considered, suggesting a possible
role for CeCoV in the outbreak. However, many case
samples tested negative: 33 of 50 overall, 6 of 16 dogs
for which feces samples were submitted, and 7 of 13
dogs for which vomit samples were submitted. There
are several potential reasons for these negative findings, including the sensitivity of the PCR, the high
numbers of oral swabs (although simpler to collect,
oral swabs were more likely to test negative), the timing of samples in relation to viral shedding, and the
storage and transport of samples. In addition, it is
important to note that our case definition, based as
it was on a syndrome and lacking more specific confirmatory testing, is likely to include some animals
that were not part of the outbreak. Indeed, at its peak,
the outbreak only doubled the background level of
gastroenteric disease seen at other times of the year;
therefore, we might expect only half of our cases to be
truly associated with the outbreak.
Sequencing results identified a predominant CeCoV
strain in outbreak cases across the United Kingdom, in
contrast with earlier studies showing that CeCoV strains
tend to cluster in households, veterinary practices, or local areas (35). This finding lends further support to the
role of this strain in the observed outbreak. In Sweden, a
single strain was also implicated in several small wintertime canine vomiting outbreaks (36); genetically, however, the virus strain we identified was distinct from the
strain from Sweden (data not shown). Ultimately, it will
be necessary to perform a challenge study to confirm or
refute the role of this CeCoV strain as the cause of this
outbreak, as well as to explore the range of clinical signs
associated with infection.
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If this strain is proven to be the cause of the outbreak, several features mark the observed pattern of
disease as unusual, including the outbreak scale, its
geographic distribution, the severity of signs in some
animals, a lack of notable viral co-infections, and the
involvement of adult dogs. CeCoV is generally associated with mild gastroenteritis (37). Although sporadic outbreaks of more severe hemorrhagic diseases
with high mortality (38–40), as well as systemic diseases (41,42), have been reported, these typically affect individual households, and are often associated
with mixed infections (43). Such observations suggest that the genetic variability of CeCoVs may affect
virulence and are supported by experimental infections recreating more severe disease (38). The genetic
mechanism underlying such shifts in virulence in
CeCoV have not been defined. However, mutations
impacting virulence are described in closely related
alphacoronaviruses (44–47).
In conclusion, this multidisciplinary approach enabled a rapid response to a newly described outbreak
of canine gastroenteritis and identified a CeCoV as a
potential cause. Previous CeCoV seasonality suggests
further outbreaks may occur. Having such an efficient
surveillance system provides the ideal platform to inform and target population health messaging. Several
challenges remain for addressing the lack of national
population health structures for companion animals: to
systematically capture discussions of disease in social
and mainstream media; to sustainably fund these activities, which currently are largely resourced by research
grants; to understand and broaden the representativeness of such sentinel networks; and to link surveillance
information with agencies empowered to act (12).
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Spread of Multidrug-Resistant
Rhodococcus equi, United States
Sonsiray Álvarez-Narváez, Steeve Giguère,1 Noah Cohen, Nathan Slovis, José A. Vázquez-Boland

Multidrug resistance has been detected in the animal
and zoonotic human pathogen Rhodococcus equi after mass macrolide/rifampin antibioprophylaxis in endemically affected equine farms in the United States.
Multidrug-resistant (MDR) R. equi emerged upon acquisition of pRErm46, a conjugative plasmid conferring resistance to macrolides, lincosamides, streptogramins,
and, as we describe, tetracycline. Phylogenomic analyses indicate that the increasing prevalence of MDR R.
equi since it was first documented in 2002 is caused
by a clone, R. equi 2287, attributable to coselection of
pRErm46 with a chromosomal rpoBS531F mutation driven by macrolide/rifampin therapy. pRErm46 spillover to
other R. equi genotypes has given rise to a novel MDR
clone, G2016, associated with a distinct rpoBS531Y mutation. Our findings illustrate that overuse of antimicrobial
prophylaxis in animals can generate MDR pathogens
with zoonotic potential. MDR R. equi and pRErm46mediated resistance are currently disseminating in the
United States and are likely to spread internationally
through horse movements.

R

hodococcus equi is a soilborne facultative intracellular actinobacterium that causes pyogranulomatous infections in multiple animal species, including
humans. Rhodococcal infection is particularly severe
in young foals and immunocompromised persons,
in whom it typically manifests as a life-threatening
purulent bronchopneumonic disease (1–3). R. equi is
able to colonize equids, pigs, and ruminants through
3 different host-specific virulence plasmid types (designated pVAPA, pVAPB, and pVAPN) (4). Analysis
of the virulence plasmids carried by the isolates and
comparison of genomic profiles indicate that human
R. equi infections originate from animals (4–6).
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R. equi is highly prevalent in horse-breeding
farms worldwide (7). For decades, the standard
treatment for R. equi pneumonia in foals has been
a combination macrolide/rifampin therapy (8). In
the absence of effective preventive methods, many
horse-breeding farms rely on early ultrasonographic
detection of infected foals and initiation of macrolide/rifampin prophylaxis before clinical manifestation of the disease (9). In the United States, where
foal rhodococcosis is often endemic, implementation
of this practice has been linked to the emergence of
dual macrolide/rifampin–resistant (MRR) R. equi
(10–12). First detected in the late 1990s, R. equi MRR
isolates are increasingly prevalent (11–14), posing
a substantial problem because no clinically proven
therapeutic alternative is currently available for the
treatment of affected foals (8). The MRR isolates also
represent a potential hazard to human health because of the risk for zoonotic transmission.
We recently determined that the emerging MRR
phenotype among R. equi equine isolates was linked
to a novel methyltransferase gene, erm(46), which
confers cross-resistance to macrolides, lincosamides,
and streptogramins (MLSR phenotype) (13). erm(46)
is part of a 6.9-kb transposable element, TnRErm46,
which is carried by the conjugative resistance plasmid
pRErm46 (15). Upon pRErm46 acquisition, TnRErm46
stabilizes itself in R. equi by transposing to the host
genome, including the conjugative virulence plasmid pVAPA. Despite its high potential for horizontal spread, we found that pRErm46/TnRErm46 was
restricted to a specific R. equi clone, designated 2287,
likely because of co-selection with a chromosomal
rifampin-resistance rpoBS531F mutation in response to
macrolide/rifampin therapy (15).
We identified the multidrug-resistant (MDR) R.
equi 2287 clone by analyzing isolates collected during 2002–2011 (15). Here, we investigate the spread
of the erm(46) determinant in a contemporary sample
1
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of macrolide-resistant isolates and horizontal spread
of pRErm46/TnRErm46, leading to emergence of a
further MDR R. equi clone associated with a novel
rpoBS531Y mutation.
Materials and Methods
Bacteria

We sequenced the genomes of a random selection
of 30 macrolide-resistant and 18 macrolide-susceptible R. equi equine clinical strains recovered from
pneumonic foals in 5 US states (Florida, Kentucky,
Louisiana, New York, and Texas) during 2012–2017
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/2/20-3030-App1.pdf). Whenever possible,
at least 1 strain from each category was chosen for
each year and US state. The strains from Louisiana
were a random collection of 10 convenience-sampled
isolates from a single farm. All strains were routinely
grown in brain-heart infusion medium (BD, https://
www.bd.com) for 48 h at 37°C. Detection of the
erm(46) gene by PCR was performed as previously
described (13,15).
Antimicrobial Susceptibility Testing

Susceptibility tests were performed at the Hagyard
Equine Medical Institute diagnostic laboratory (Lexington, Kentucky, USA), Texas A&M Veterinary
Medical Diagnostic Laboratory (College Station, Texas, USA), and University of Georgia Veterinary Diagnostic Laboratory (Athens, Georgia, USA) according
to Clinical and Laboratory Standards Institute (CLSI)
guidelines (https://clsi.org). In the absence of specific disk susceptibility interpretive criteria for R. equi,
CLSI guidelines for Staphylococcus aureus were used in
accordance with routine practices in veterinary diagnostic laboratories (11,16). MICs were determined in
tryptone soy agar medium by using Etest strips (bioMérieux, https://www.biomerieux.com) according
to the manufacturer’s recommendations (16). Staphylococcus aureus ATCC 29213 was used as a control in
all susceptibility tests.
Genome Sequencing and Phylogenetic Analysis

We extracted bacterial genomic DNA by using DNeasy UltraClean Microbial Kit (QIAGEN,
https://www.qiagen.com) following the manufacturer’s instructions. DNA quality (optical density
260/280, ratio 1.8:2) and concentration (>1 µg) of
each gDNA sample were verified by using a NanoDrop apparatus (Thermo Fisher Scientific, https://
www.thermofisher.com). Single-molecule real-time
long-read DNA sequencing was performed at Duke
530

Center for Genomic and Computational Biology
(Duke University, Durham, North Carolina, USA).
SMRTbell Template Prep Kit 2.0 was used for library
preparation of 4–6-kb insert for 8 multiplexed bacterial samples. Samples were run on a PacBio Sequel II
system (Pacific Bioscience, https://www.pacb.com).
Genomes were assembled de novo by using Canu
version 1.9 (17). Whole-genome phylogenetic analysis was performed with ParSNP in the Harvest suite,
designed for single-nucleotide polymorphism analysis between closely related species or strains (>97%
average nucleotide identity) (18). The program uses
FastTree 2 (19) to build approximately maximumlikelihood trees from core-genome single-nucleotide
polymorphisms. Trees were visualized in FigTree
1.4.4
(http://tree.bio.ed.ac.uk/software/figtree).
Principal component analysis was performed by
feeding VCF files extracted from ParSNP alignments
to ggfortify package in R software version 3.6.1
(https://cran.r-project.org/web/packages/ ggfortify/index.html).
Statistical Analysis

Statistical significance of tetracycline susceptibility
data was determined by χ2 test and Student t-test. All
tests were conducted using Prism software version 8
(https://www.graphpad.com).
Results
The 30 macrolide-resistant R. equi genome sequences
determined in this study were subjected to phylogenetic analysis alongside a sample of 18 susceptible
isolates from the same period and geographic origins to examine their relationships. The macrolideresistant isolates had previously tested positive to
erm(46) by PCR and most (n = 22, 73%) were also
resistant to rifampin (MRR phenotype). Of note, 8 of
the 2012–2017 R. equi isolates examined here were
macrolide-only–resistant (Appendix Table 1); to
date, dual MRR resistance had been invariably observed (10,11,13,15). We also included in our analysis
Illumina whole-genome assemblies from 22 equine
isolates characterized in our earlier study (n = 16 belonging to the 2287 clone, n = 6 control susceptible
isolates) and 23 macrolide-susceptible strains representative of the global genomic diversity of R. equi
(20). Figure 1 shows the core-genome phylogeny of
the 93 R. equi strains.
Clonal Spread of MDR R. equi 2287

Of 22 in total, 20 (91%) of the new MRR isolates clustered together at short genetic distances with the previously characterized MDR 2287 isolates, indicating
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Figure 1. Spread and
phylogenetic relationships of MDR
Rhodococcus equi, United States.
Phylogenetic tree of 93 R. equi
isolates based on core-genome
single-nucleotide polymorphism
analysis by using ParSNP (18).
The genomes analyzed are from
58 erm(46)-positive MR isolates,
24 control-susceptible isolates
from same period and geographic
origins, and 23 isolates
representative of the genomic
diversity of R. equi, including the
reference genome 103S (33)
and the type strain DSM 20307T
(Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/27/2/203030-App1.pdf). Tip labels show
year of collection and resistance
phenotype for the 2001–2017
equine clinical isolates analyzed
(the 50 genomes determined in
this study are shown in bold, and
other genomes are from previous
study [15]). Red indicates MDR
2287 clonal complex, violet
indicates novel MDR G2016
clone, blue indicates genetically
diverse MR isolates recovered
from a farm in Louisiana during
2015–2017 (MDR 2287 isolate
from which they likely acquired the
pRErm46 plasmid is indicated by
an asterisk), and green indicates
an RR isolate (rpoB S531K
mutation). pRErm46 carriage
status is indicated by symbols.
Tree graph constructed with
FigTree (http://tree.bio.ed.ac.uk/
software/figtree). MDR, multidrugresistant; MR, macrolide-resistant;
MRR, dual macrolide/rifampin
resistant; RR, rifampin-resistant.

they correspond to the same clonal population (Figure 1). Accordingly, all of the newly sequenced MRR
strains possessed the rpoBS531F mutation unique to the
2287 clone. Of those, 2 had lost the pRErm46 plasmid and only carried the TnRErm46 transposon (Figure 1), as previously observed in 1 of the 18 isolates
from the 2002–2011 series (15). Collection times and
locations encompassed the entire 2012–2017 period
and the 5 US states for the MDR 2287 clonal popula-

tion. The lack of spatial-temporal circumscription of
MDR 2287 in the analyzed sample is illustrated by
a principal components analysis in which the only
grouping factor for the 93 R. equi isolates included
in this study is the genetic background of the 2287
clone (Figure 2).
We repeated the phylogenomic analysis with
the 36 R. equi 2287 sequences from 2002–2017 to assess the microevolution of the clone. This analysis
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Figure 2. Lack of spatial-temporal circumscription of multidrug-resistant Rhodococcus equi clone 2287, United States. Principal
component analysis plot was constructed on the basis of the single-nucleotide polymorphism variant calls obtained in the phylogenetic
analysis. Isolates are identified by resistance group and color-coded by geographic origin (A) or year of isolation (B). MRR, dual
macrolide/rifampin resistant; PC1, principal component 1; PC2, principal component 2.

revealed that MDR 2287 had diversified into 3 major radiations (Figure 3), consistent with the clonal structure of R. equi evolution (20). Of note, 1 of
these subclades gathered 11 of the 16 older isolates
from 2002–2011, all originating from Florida or
Kentucky. The remaining 5 older isolates were distributed in the 2 other subclades in which strains
were grouped independently of year of collection
or geographic origin. This distribution suggests a
pattern of spread defined by the diversification of
MDR 2287 into subclonal lineages and increasing
exchange between horse farms of a progressively diverse clonal population.
Dissemination of pRErm46 and Emergence of
Novel MDR R. equi Clone

Ten macrolide-resistant isolates also carried
pRErm46 but did not belong to the MDR 2287 clone
and were genetically diverse. Most appeared as
singletons interspersed among the different lines of
descent in the R. equi tree (Figure 1). In this group,
8 strains corresponded to the previously mentioned
macrolide-only–resistant isolates (i.e., rifampin
susceptible, no rpoB mutation; MIC <0.125–1.25
μg/mL). All but 1 of these isolates originated from
the same farm in Louisiana in which an MDR 2287
isolate (no. 171) was recovered during the same
period. This circumstance suggests a scenario in
which the entry of MDR 2287 into this farm resulted in the conjugal spread of pRErm46 to different
members of the heterogeneous R. equi populations
that are typically found colonizing horse-breeding
532

environments, or even individual animals within
the same farm (21,22).
Of interest, 2 of the non-2287 macrolide-resistant isolates, numbers 155 (recovered in Kentucky in
2017) and 183 (recovered in Kentucky in 2016), were
also resistant to rifampin (MIC>32 μg/mL) (Figure
1). These 2 nearly genomically identical MRR strains
carried the pRErm46 plasmid and a chromosomal
rpoB mutation, Ser531Tyr (Escherichia coli numbering), distinct from that in MDR 2287 and novel in R.
equi. Both MRR isolates constitute a new emerging
MDR R. equi clone, first detected in 2016, which we
designated G2016.
Collectively, these data indicate that the pRErm46 macrolide-resistance plasmid, until now unique
to the 2287 clone, has recently undergone horizontal
transfer events to multiple R. equi genotypes. These
transfers gave rise to novel MDR clones when associated with an rpoB mutation.
pRErm46 Variability and Tetracycline Resistance

pRErm46 also harbors a class 1 integron (C1I) with
a tetR-tetA cassette encoding a putative tetracycline
efflux pump homologous to TetA(33) from the corynebacterial plasmid pTET3 (15,23). TetA efflux
pumps are often carried by transposons and are one
of the most prevalent tetracycline-resistance mechanisms (24). Both the C1I and tetRA determinant from
pRErm46 are virtually identical to those from pTET3,
including flanking IS6100 insertion sequences (15).
Blast alignments revealed that the C1I-tetRA(33) region was deleted in 17 of the 43 (40%) pRErm46

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021

Multidrug-Resistant Rhodococcus equi, USA

plasmids (Figures 1, 3), presumably because of recombination between the duplicated IS6100s (Figure
4). Similar rearrangements have been reported in
other integrons carrying directly repeated IS6100 copies (25,26). Confirming the predicted functionality of
pRErm46’s tetRA(33) determinant, pRErm46-positive
isolates were resistant to tetracycline, in contrast to
those carrying the ΔC1I-tetRA(33) form of the resistance plasmid (Table). However, all R. equi isolates
were susceptible to the semisynthetic tetracycline derivative doxycycline, regardless of pRErm46 plasmid
carriage (Table). This finding is consistent with previous data on Corynebacterium glutamicum showing that
TetA(33) does not confer substantial cross-resistance
to doxycycline (23).
Whereas a ΔC1I-tetRA(33) plasmid deletion was
detected in only 1 of the older (2002–2011) MDR
2287 isolates, the deletion was found in 10 of the
18 pRErm46-positive clonal isolates recovered during 2012–2017 (Figure 1). Deleted pRErm46s are observed in each of the clonal radiations of the MDR
2287 population and coexist with complete plasmids
in more basal branches (Figure 3), indicating increasing occurrence because of repeated independent

deletion events. The deletion was detected in all of
the genetically heterogeneous macrolide-only–resistant R. equi isolates and the MDR 2287 (isolate no.
171) recovered from the Louisiana farm during the
same period. This finding supports the notion that
the latter was the source from which pRErm46 had
spread to other locally prevalent R. equi genotypes in
that particular farm.
Discussion
This study demonstrates that the increasing prevalence of MRR R. equi since its emergence in the late
1990s–early 2000s in equine farms in the United
States (11–14) is primarily caused by the spread of
the recently identified MDR 2287 clone (15). The oldest characterized MDR 2287 isolate dates from 2002
and was recovered in Kentucky (15) (Figure 1), where
the clone likely emerged after the implementation of
mass macrolide/rifampin antibiotic prophylaxis in
foals (10). Since then, R. equi MDR 2287 has been frequently transferred between geographically distant
farms, presumably through carrier horses. Active
exchange of R. equi populations, previously noted in
our earlier study (20), is evident in the United States
Figure 3. Phylogenetic population structure of
multidrug-resistant Rhodococcus equi clonal
complex 2287, United States. ParSNP core-genome
tree of multidrug-resistant 2287 isolates shown in
Figure 1. Nodes indicate bootstrap support for 1,000
replicates (values >0.7 shown). Tip labels indicate
strain name, source (US state), and year of isolation.
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Figure 4. Schematic of
ΔC1I-tetRA(33) deletion in
Rhodococcus equi pRErm46
macrolide resistance plasmid.
Top bar shows full-size plasmid
with the TnRErm46 transposon
carrying the macrolideresistance erm(46) gene (in
red, represented at nt position
32,567 [pRErm46 (PAM 2287)
coordinates] common to all
pRErm46 plasmids; additional
TnRErm46 copies generated
by transposition from original
insertion may be present) and class 1 integron (C1I, in yellow) with associated tetRA(33) tetracycline-resistance cassette (peach).
Bottom bar shows pRErm46 plasmid with the ΔC1I-tetRA(33) deletion. The deletion likely occurs through double crossover
between the directly repeated flanking IS6100 sequences (dotted double arrow). Álvarez-Narváez et al. (15) includes detailed
descriptions of pRErm46 plasmid and TnRErm46 transposon.

and internationally when considering the phylogenetic tree in Figure 1. For example, the strains recovered from the Louisiana farm in this study are
essentially identical to others found elsewhere in the
United States. Also, terminal branches of the R. equi
tree contain nearly identical equine isolates from different countries (e.g., the United States, France, and
the Netherlands, or, in another case, Canada, Hungary, Sweden, and the United States) (Figure 1).
Despite the diversity of R. equi genotypes that
typically circulate in farms (21,22), the highly
horizontally transferable erm(46) (TnRErm46) determinant remains largely confined to MDR 2287.
This paradoxical clonal restriction is the probable
consequence of the simultaneous requirement for
erm(46) and the rpoB mutation under dual macrolide/rifampin pressure. More specifically, the
clonal restriction is likely determined by the low
odds of pRErm46/TnRErm46 and a high-resistance
rpoB mutation (such as Ser531Phe in MDR 2287 or
Ser531Tyr in MDR G2016) being acquired concurrently, and the latter effectively linking the mobile
erm(46) determinant to a specific chromosomal
background (15).

This interpretation implies several predictions. First, under dual macrolide/rifampin pressure, spread of an existing MRR strain through horse
movements is more likely to contribute to the bulk
of resistance than the generation of new MRR strains
(15). Second, continued macrolide/rifampin therapy
might eventually lead to the emergence of new MRR
clones, such as G2016 identified in this study, detected in 2016 in Kentucky and characterized by a novel
rpoBS531Y mutation. Third, and importantly, if dual
macrolide/rifampin selection ceases, unrestricted
pRErm46/TnRErm46 horizontal transfer to other R.
equi strains might occur. Our data appear to support
these 3 possibilities.
The first and second scenarios are expected in
horse-breeding areas such as Kentucky, Texas, or
Florida, where R. equi is endemic and macrolide/
rifampin antibiotic prophylaxis has been commonly practiced (10,27,28). Less intensive and
more targeted antibiotic therapy is more likely in
areas with smaller horse populations such as Louisiana (29), where pRErm46 spillover outside the
MDR 2287 clone was detected (the third scenario).
We hypothesize that a less intensive antibiotic

Table. Effect of absence of tetRA(33) determinant from pRErm46 plasmid on R. equi susceptibility to tetracycline and doxycycline,
determined on macrolide-resistant isolates collected during 2012–2017*
pRErm46
pRErm46 ΔC1I-tetRA(33)
Antibiotic
Phenotype†
MIC, μg/mL‡
Phenotype
MIC, μg/mL
Tetracycline
Resistant (100)§
21.33 (8–48)¶
Susceptible (100)§
1.97 (0.38–3)¶
Doxycycline
Susceptible (100)
3.35 (0.75–6)**
Susceptible (100)
1.06 (0.25–3)**

*Susceptibility data to other relevant antimicrobials are shown in Appendix Table 2 (https://wwwnc.cdc.gov/EID/article/27/2/20-3030-App1.pdf).
†Determined by disk diffusion technique. Isolate percentage shown in parenthesis. Zone diameter susceptibility breakpoints based on Clinical and
Laboratory Standards Institute interpretive criteria for Staphylococcus aureus, routinely used for R. equi susceptibility testing in the absence of specific
approved criteria for this species (11,16).
‡Minimal inhibitory concentration determined using Etest strips. Mean value (range in parenthesis).
§p<0.001 by 2 test.
¶p<0.001 by t-test.
**p<0.001 by t-test. Presence of TetRA(33) appears to induce a small, statistically significant MIC increase, but MIC remains below the Clinical and
Laboratory Standards Institute susceptibility breakpoint for doxycycline (susceptible <4 g/mL, intermediate 8 g/mL, resistant >16 g/mL).
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pressure, perhaps involving macrolide monotherapy
or a macrolide in combination with non-rifampin antibiotic drugs, disrupted the linkage between erm(46)
and rpoBS531F in the MDR 2287 strain found in the
Louisiana farm, enabling the transfer of the plasmid to other locally prevalent R. equi strains
(Figure 1).
Our analyses show that MDR 2287 has diversified since its first documented isolation into a clonal
complex with several radiations (Figure 3). We also
detected signs of microevolution in pRErm46, with
a substantial rate of deletion of the C1I-tetRA(33)
region in the 2012–2017 macrolide-resistant R. equi
cohort, resulting in loss of tetracycline resistance.
The clinical significance of this finding is unclear
because tetracyclines are not used to treat R. equi
infections in foals. An exception is doxycycline,
which, because of its higher oral bioavailability in
foals, greater tissue penetration, and better activity against gram-positive bacteria, might be used
in cases of macrolide intolerance (or resistance)
(2,8,30). However, our data indicate that the pRErm46-encoded TetA33 does not confer clinically relevant cross-resistance to this semisynthetic tetracycline derivative. Genetic dispensability due to lack
of antibiotic selection or fitness advantage might
therefore be the likely reason for the increasing occurrence of ΔC1I-tetRA(33) pRErm46 plasmids in
the macrolide-resistant R. equi population.
MDR R. equi shows resistance to several clinically relevant antibiotic drugs, including macrolides, lincosamides; streptogramins, and, in a
substantial proportion, also tetracycline, all conferred by the pRErm46 conjugative plasmid; and
rifampin conferred by a chromosomal rpoBS531F/Y
mutation. MDR R. equi also demonstrates intrinsic
resistance to chloramphenicol (Appendix Table 2),
which is often observed in R. equi. All of these antibiotic drugs are listed as critically or highly important for human medicine by the World Health
Organization (31). Around 9% of human R. equi
infections are caused by equine-derived (pVAPApositive) strains, and about half of human cases
are caused by porcine-derived (pVAPB-positive)
isolates (5), which recent in vitro data demonstrate
can also acquire pRErm46 (32). Therefore, in addition to compromising the therapeutic management
of equine R. equi infection, these isolates represent
a potential hazard to human health because of the
risk of zoonotic transmission (or horizontal spread
of the pRErm46 resistance plasmid to other pathogens, either directly or through environmental
microbiota [32]).

Although our study is not systematic and therefore probably underestimates the extent of MDR R.
equi spread, our results provide valuable insight into
the determinants underlying its emergence and dissemination. The data suggest a pattern of MDR R.
equi spread and evolution directly determined by
antibiotic pressure in equine farms. The stable therapeutic regimen applied over years for R. equi facilitates a unique understanding of the factors affecting
the generation and evolution of MDR clones, and
specifically how combination therapy might help
in limiting the horizontal transfer of resistance. Although MDR R. equi is, to our knowledge, still limited to the equine population in the United States,
our data predict a scenario of international spread
through horse movements, indicating the need for
interventions to control its dissemination and potential zoonotic transmission.
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Emergence of Lyme Disease
on Treeless Islands, Scotland,
United Kingdom
Caroline Millins, Walter Leo, Isabell MacInnes, Johanne Ferguson, Graham Charlesworth,
Donald Nayar, Reece Davison, Jonathan Yardley, Elizabeth Kilbride, Selene Huntley,
Lucy Gilbert, Mafalda Viana, Paul Johnson, Roman Biek

Lyme disease is usually associated with forested habitats but has recently emerged on treeless islands in the
Western Isles of Scotland. The environmental and human components of Lyme disease risk in open habitats
remain unknown. We quantified the environmental hazard and risk factors for human tick bite exposure among
treeless islands with low and high Lyme disease incidence in the Western Isles. We found a higher prevalence of Borrelia burgdorferi sensu lato–infected ticks
on high-incidence than on low-incidence islands (6.4%
vs. 0.7%); we also found that residents of high-incidence
islands reported increased tick bite exposure. Most tick
bites (72.7%) occurred <1 km from the home, including
many in home gardens. Residents of high Lyme disease
incidence islands reported increasing problems with
ticks; many suggested changing deer distribution as a
potential driver. We highlight the benefits of an integrated
approach in understanding the factors that contribute to
Lyme disease emergence.

T

o optimize public health responses to vectorborne
disease emergence, knowledge of the factors affecting the density of infected vectors in different
habitats, human interactions with the environment
that lead to vector exposure, and how these factors
affect disease incidence are essential. Lyme disease,
caused by infection with the bacterium Borrelia burgdorferi, is the most commonly reported vectorborne
zoonotic disease in Europe and North America
(1,2). Higher densities of infected tick vectors (i.e.,
Author affiliations: University of Liverpool, Liverpool, UK
(C. Millins); University of Glasgow, Glasgow, Scotland, UK
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environmental hazard) and Lyme disease incidence
are associated with wooded habitats (3–5). However,
the recent emergence of Lyme disease on treeless
islands in Scotland (6), United Kingdom, has challenged the current understanding of the relationship
between habitat and Lyme disease.
Lyme disease is an emerging zoonosis in the United Kingdom; the highest incidence is in the Highland
region of Scotland (7,8). In the United Kingdom, Lyme
disease surveillance is based on laboratory confirmed
cases, following the best practice guidelines for serologic diagnosis published by the National Institute
for Health and Care Excellence (9–11). This surveillance shows that some islands in the Highland region
that lack woodland coverage have a Lyme disease
incidence ≈40 times the national average (119 vs. 3.2
cases/100,000 persons per year) (6). These islands have
had a higher Lyme disease incidence since at least 2010;
other nearby, ecologically similar islands have a much
lower incidence of 8.3 cases/100,000 persons (6). These
islands also have a higher incidence of Lyme disease
diagnoses made on the basis of an erythema migrans
rash (6,11). Knowledge of the factors affecting the density of infected ticks in the environment, how persons
interact with the environment and are exposed to tick
bites, and possible drivers of emergence is urgently
needed to examine, predict, and mitigate Lyme disease
emergence in treeless habitats.
Evidence suggests that Lyme disease hazard (measured as the density of infected ticks) is lower in treeless habitats than in wooded areas; however, much
about this relationship remains unknown (12–18).
Many experts consider woodlands to be the optimal
habitat for the Ixodid tick vector because of the humid
microclimate, which improves off-host tick survival
and the density of potential hosts for blood meals
(12,13). Some studies have found lower tick densities in
grassland than in nearby woodland habitats, prompting researchers to theorize that grassland might act as
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a sink for tick populations (14–16). Furthermore, many
studies have found the density of the Ixodes ricinus tick,
the main vector of Lyme disease in Europe, to be much
lower in treeless habitats than woodlands (17). For
example, surveys of open habitats in northern Spain
found no questing I. ricinus ticks (18). In the United
Kingdom, most studies have found relatively low tick
densities in meadows (19), open hillside (20,21), and
heather moorland (22,23).
The environmental hazard is linked to Lyme
disease incidence through human interactions with
the environment and exposure to infected tick bites
(24). For example, a person’s activities, knowledge
of and attitude toward tickborne disease, and preventative behaviors will affect that person’s risk
for tick bites (24,25). Analysis of where people are
exposed to tick bites and risk factors for tick bite
exposure can be used to guide preventive public
health interventions (26).
In the absence of longitudinal environmental data
in treeless areas, alternative approaches are needed
to assess trends in tick population abundance and
distribution. Tick populations in treeless habitats are
affected by many of the same environmental drivers
as those in forested areas, such as changes in climate,
land management, and host density, especially deer
populations (27–30). Surveys of local communities
can provide information on whether the tick hazard
is perceived to have changed over time. Responses
might also suggest environmental factors associated
with these changes (31).
To identify possible causes of Lyme disease emergence in treeless habitats, we assessed factors influencing tick density and prevalence of B. burgdorferi–infected ticks; geographic, demographic, and behavioral
factors associated with human tick bite exposure; and
community recollections of tick distribution and numbers over time. We used treeless islands with high and
low Lyme disease incidence in the Western Isles in
Scotland, United Kingdom, as our study system.
Methods
Study Location and Site Selection

We classified each island as having a low or high
Lyme disease incidence based on Lyme disease surveillance data (6). We compared the environmental
hazard between 26 sites on islands with high Lyme
disease incidence (North Uist, South Uist, and Benbecula) and 16 sites on islands with low incidence
(Harris and Barra). We selected sites belonging to 2
dominant habitat types: improved grassland (mesotrophic grasslands, often used for livestock grazing)

and heather moorland (a mixture of wet heathland
and western blanket bog) (32). We used a spatially
stratified sampling design and the random selection
tool in QGIS (QGIS Development Team, https://
www.qgis.org) to select sites (Figure 1). The vertebrate community of the Western Isles includes large
ungulates, such as wild red deer (Cervus elaphus),
farmed sheep, and cattle, all of which can maintain
I. ricinus tick populations. The islands also have
several B. burgdorferi sensu lato transmission hosts,
including brown rats (Rattus norvegicus), Eurasian
pygmy shrews (Sorex minutus), wood mice (Apodemus sylvaticus), hedgehogs (Erinaceus europaeus),
field voles (Microtus agrestis), and certain species of
passerine birds (33).
On islands where Lyme disease incidence is high
(high-incidence islands), we also selected sites belonging to 3 additional habitats. We chose 8 sites in machair
and 13 sites in bog and peatland habitats using the same
stratified sampling approach. Machair is a sandy grassland along ocean coastline often used for grazing or cultivation (32). We also chose 12 sites in gardens that were
randomly selected within each sector (Appendix Figure
1, https://wwwnc.cdc.gov/EID/article/27/2/20-3862App1.pdf). Sampling was carried out during the peak
questing period for I. ricinus ticks. We conducted sampling during April 19–June 5, 2018. To strengthen the
comparison of tick infection prevalence, we sampled
additional sites in low Lyme disease incidence (lowincidence) areas during May 17–June 22, 2019.
Tick Collection

To estimate the density of questing I. ricinus ticks, we
sampled from 20 randomized 10 m transects at each
site. Transects were 30–50 m apart, or 20–30 m apart
in gardens. We measured vegetation height and density, temperature, and humidity at the starting point
of each transect (34). We dragged a 1 m2 white woolen blanket across the surface of the vegetation for 10
m. We collected questing nymphs on the blanket,
counted them, and placed them in 100% ethanol. To
increase the sample size, we carried out continuous
blanket dragging for <2 person-hours at each site.
Screening of I. ricinus Ticks for B. burgdorferi s.l.
and Genospecies Identification

Our pilot study on South Uist in 2017 estimated
that 6.6% of I. ricinus nymphs were infected with B.
burgdorferi; we used this preliminary prevalence to
estimate a target sample size of 50 nymphs/site (C.
Millins, unpub. data). We used an ammonia hydroxide technique (35) to extract approximately 50 I. ricinus questing nymphs collected by blanket dragging
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Figure 1. Tick collection sites for
study on Lyme disease hazard,
Western Isles, Scotland, UK,
2018–2019. Prevalence was not
estimated at sites where <50 ticks
were collected. Circle size indicates
questing tick density. Circle color
indicates Borrelia burgdorferi sensu
lato prevalence. X indicates sites at
which no ticks were detected.

at each site. We tested the ticks for B. burgdorferi s.l.
infection using a nested PCR specific to the flagellin
gene (36) with sequencing of the product to identify
the genospecies.
Geographic Locations of Human Tick Bite Exposure,
Factors Associated with Tick Bite Risk, and
Perceptions of Tick Problems Over Time

We invited residents to complete a questionnaire
about tick bite exposure. We used the survey to collect
540

data about differences in tick bite exposure between
islands with high and low Lyme disease incidence,
habitat types where tick bites occurred, the distance
of tick bites from the home address, and social and
behavioral factors associated with exposure to tick
bites. Residents were asked if problems with ticks
had changed over time. The survey was approved
by the University of Glasgow College of Medical,
Veterinary & Life Sciences Ethics Committee (reference no. 200170121). The survey was available online
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and in paper copy during April 18–October 31, 2018,
and was publicized in local media and at community
meetings.
Statistical Analysis

We conducted statistical analyses and model selection in R version 4.0.0 (https://www.r-project.org)
using the lme4 package for generalized linear mixed
models (GLMMs) (37). We tested for correlations between explanatory variables using the variance inflation function in the car package (38). We tested each
model for overdispersion. Starting from the maximum global model, we conducted stepwise model
selection using likelihood-ratio tests (39).
Because Lyme disease incidence is reported at
the island level (6), we assessed the relationship with
the environmental hazard using a 2-step process.
First, we investigated island as a predictor of nymph
density, nymph infection prevalence, and the density of infected nymphs. Then, we made betweenisland comparisons from the best fit model using the
Tukey test in the lsmeans package (40). We modeled
nymph abundance (i.e., number of nymphs/10 m
transect) from sites sampled in 2018 using a Poisson
GLMM with a log link as a function of island, habitat
type and wind (using the Beaufort wind force scale),
vegetation density, temperature, and humidity with
random effects of site and observation (41). We modeled the proportion of nymphs infected with B. burgdorferi s.l. from sites sampled in 2018 and 2019 using
a binomial GLMM with a logit link as a function of
island, habitat type, and mean nymph density with
a random effect of site. We modeled the density of
infected nymphs as the number of infected nymphs
using a Poisson GLMM with a log link as a function
of island and habitat, with an offset of the log estimated area to collect nymphs tested, using a random
effect of site.
For high-incidence islands, where we had sampled additional habitat types, we used separate
GLMM models to test for the effect of habitat and
island on nymph density, nymph infection prevalence, and the density of infected nymphs. We did not
include machair in the analyses because of the low
number of nymphs detected.
We used survey responses to test for differences
in human exposure to tick bites among islands with
high and low Lyme disease incidence. We received
522 surveys from adult residents of the Western Isles,
representing approximately 2% of the adult population. According to local census data, survey responses were broadly representative of island populations
(Appendix). We modeled risk for tick bite exposure,

classified as high (>5 tick bites/year) or low (<5 tick
bites/year), using univariable analysis (Appendix
Table 1) and then with a binomial GLM and a logit
link as a function of island of residence, age, sex, frequency of outdoor activity, and pet ownership. Because awareness, attitudes and preventative behavior
relating to tickborne disease could influence reported
tick bite exposure, we tested for associations between
risk for tick bite exposure and these explanatory variables in a separate model with an interaction of each
variable with Lyme disease incidence.
Survey respondents commonly reported ticks in
the home; we hypothesized that ticks could be transported indoors by clothing or pets and that this kind of
exposure could vary among islands. To test this hypothesis, we used a binomial GLM and a logit link to model
whether any tick (live and unfed, engorged, or dead)
had ever been detected inside the home as a function
of island, level of outdoor activity, and pet ownership.
We hypothesized that a higher proportion of
respondents from high-incidence islands would
report increasing tick numbers and associated
problems than respondents from low Lyme disease incidence islands. We categorized free text responses as increased or not increased and used a
binomial GLM with a logit link using Lyme disease
incidence as an explanatory variable. We compared
free text responses among residents of high- and
low- incidence islands to assess factors associated
with problems related to ticks. We used a corpus
linguistic approach to extract common keywords
and associated clusters of words for comparison
(42; Appendix)
Results
Nymph Density

Nymph density did not vary significantly between
islands with high and low Lyme disease incidence;
island was not retained as an explanatory variable
in the best fit model (Table 1; χ2 = 3.15; degree of
freedom [df] = 4; p = 0.53) (Figure 2). In 2018, mean
nymph density at improved grassland and heather
moorland sites on low Lyme disease incidence islands was 1.36 nymphs/10 m2 (SE = 0.28) compared
to 1.60 nymphs/10 m2 (SE = 0.25) on high-incidence
islands (Figure 1; Appendix Table 2).
For sites sampled among different habitat types
on high Lyme disease incidence islands (Appendix
Figure 1), the best fit model to predict nymph density retained habitat type as a fixed effect (χ2 = 24.06;
df = 4; p<0.01) (Figure 3; Appendix Table 3). We found
significantly fewer nymphs in machair than in other
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Table 1. Best-fit generalized linear mixed models of nymph density, Borrelia burgdorferi sensu lato prevalence, and density of infected
nymphs among questing Ixodes ricinus ticks, Western Isles, Scotland, UK, 2018–2019
Response variable
Explanatory variable
Estimate
SE
p value*
Nymph density
Intercept
0.93
−4.02
Temperature, °C/10
2.11
0.64
<0.01
Nymph infection prevalence Intercept
0.30
−2.94
Island
<0.01
South Uist
Referent
North Uist
0.37
0.44
Harris
–2.69
1.11
Barra
–1.98
0.71
Density of infected nymphs
Intercept
0.52
−4.82
Island
<0.01
South Uist
Referent
North Uist
–0.07
0.79
Harris
–2.96
1.45
Barra
–4.07
1.15
*p value determined from likelihood-ratio test of removing each variable from the best fit model.

habitat types (p<0.01 by Tukey post hoc analysis); we
found no significant differences in nymph density between other habitat types.
B. burgdorferi s.l. Nymph Infection Prevalence

We found that the prevalence of B. burgdorferi s.l. infection was significantly associated with island (Table
1; χ2 = 17.04; df = 3; p<0.01) (Figure 2). In total, 3 of 4
between-island comparisons showed that prevalence
was significantly higher on high-incidence than on
low-incidence islands. We found no significant differences in prevalence between islands with the same
level of Lyme disease incidence (Appendix Table 4).
The mean infection prevalence on high-incidence
islands (6.43%; 57/886; SE = 0.82) was higher than
on low-incidence islands (0.66%; 4/609; SE = 0.33)
(Appendix Table 2). Among sites on high-incidence
islands, 98.25% (56/57) of infected nymphs carried
B. afzelii and 1.75% (1/57) carried B. garinii. Among
sites on low-incidence islands, 75% (3/4) of infected
nymphs carried B. garinii and 25% (1/4) carried B. valaisiana. Among sites on high-incidence islands, prevalence did not differ by island or habitat type (Appendix Table 3).

Density of Infected Nymphs

Variation in the density of infected nymphs was significantly associated with island (Table 1; χ2 = 16.98;
df = 3; p<0.01) (Figure 2). In 2 of 4 between-island
comparisons, the density of infected nymphs was
significantly higher on high-incidence than on lowincidence islands. We found no significant differences between islands with the same level of Lyme
disease incidence (Appendix Table 4).
The mean density of infected nymphs was
1.90 nymphs/100 m2 (SE = 0.65) on high Lyme disease incidence islands, compared with 0.07 infected
nymphs/100 m2 (SE = 0.05) on low-incidence islands.
Among sites on high-incidence islands, the density of
infected nymphs did not differ by island or habitat
type (Appendix Table 3).
Geographic Locations of Tick Bite Risk

Most (64.4%; 333/517) participants provided information on their island of residence and the habitat where
their most recent tick bite had occurred (Appendix).
In addition, 51.7% (172/333) of these participants also
provided the location of their most recent tick bite. Of
these bites, 72.7% (125/172) occurred within 1 km of

Figure 2. Comparison of nymph density, infection prevalence, and density of infected nymphs by island, Western Isles, Scotland, UK,
2018–2019. A) Nymph density shown by 10 m2 blanket drag. B) Prevalence of Borrelia burgdorferi sensu lato shown by site. C) Density
of infected nymphs per 100 m2 shown by site. Green indicates islands with low incidence of Lyme disease; brown indicates islands with
high incidence. Data shown from grassland and moorland sites shown in Figure 1. Horizontal bars indicate means and SEs.
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Table 2. Best-fit general linear model of factors affecting risk for tick bite exposure in residents of the Western Isles, Scotland, UK,
2018–2019
Variable
Estimate
SE
p value*
Odds ratio (95% CI)
Intercept
–1.99
0.54
NA
NA
Island
<0.01
South Uist
Referent
North Uist
0.11
0.31
1.12 (0.61–2.07)
Benbecula
–0.85
0.48
0.43 (0.16–1.05)
Barra
0.01
0.42
1.01 (0.43–2.30)
Harris/Lewis
–1.14
0.33
0.32 (0.16–0.61)
Age, y
0.01
18–30
Referent
30–60
0.76
0.48
2.14 (0.90–5.97)
>60
1.36
0.51
3.88 (1.50–11.48)
Outdoor activity
0.02
Less than most days
Referent
Most days
0.66
0.29
1.94 (1.12–3.49)
*p value determined from likelihood ratio tests of removing each variable from the best-fit model.

the participant’s home address, including 81 (47.1%)
at the home address (Appendix Figure 2).
Factors Associated with Tick Bite Exposure Risk

In a multivariable model, the most significant explanatory variable for tick bite exposure risk was island of residence (χ2 = 20.86; df = 4; p<0.01) (Table
2). Persons >60 years of age had an increased risk
for tick bite exposure (odds ratio [OR] 3.88, 95%
CI 1.50–11.48). Persons who participated in outdoor
activity most days also had an increased risk for tick
bite exposure (OR 1.94, 95% CI 1.12–3.49). Residents
of high Lyme disease incidence islands had significantly higher rates of tick bite exposure than those of
low Lyme disease incidence islands (OR 2.41, 95% CI
1.55–3.82; Appendix Table 1). Awareness, attitudes,
and preventative behaviors did not significantly differ between residents living on islands of high and
low Lyme disease incidence.
Factors Associated with Finding a Tick within the Home

The chances of finding a tick within the home increased
with pet ownership (OR 4.07, 95% CI 2.61–6.41).

Persons who participated in outdoor activity most
days also had a slightly increased risk (OR 1.67, 1.05–
2.64). The likelihood of finding a tick in the home did
not vary among islands (Appendix Table 5).
Changes in Tick Numbers and Problems Over Time

Approximately half (50.6%; 210/415) of respondents
described an increase in tick-associated problems over
time. Residents from high Lyme disease incidence islands were significantly more likely to report that tick
numbers and associated problems had increased over
time (OR 4.5, 95% CI 2.1–10.0) (χ2 = 15.48; df = 1;
p<0.01) (Appendix Table 6). Linguistic analysis of
free text comments revealed differences in themes between high and low Lyme disease incidence islands.
Residents throughout the surveyed area reported an
increased tick presence; residents of high Lyme disease incidence islands were more likely to describe
the increase with words such as definitely or significantly than residents of low Lyme disease incidence
islands. Residents of high Lyme disease incidence islands were also more likely to report deer near their
homes (Appendix Table 7).

Figure 3. Comparison of nymph density, infection prevalence, and density of infected nymphs by habitat type in islands with high
incidence of Lyme disease, Western Isles, Scotland, UK, 2018. A) Nymph density shown by 10 m2 blanket drag. B) Prevalence of
Borrelia burgdorferi sensu lato shown by site. C) Density of infected nymphs per 100 m2 shown by site. Machair sites not shown
because of low mean tick density (0.025 nymphs/10 m2; SE = 0.015). Horizontal bars indicate means and SEs.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No.2 February, 2021
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Discussion
We investigated Lyme disease emergence in treeless habitats in Scotland. Our findings show that environmental
hazard and human tick bite exposure risk contribute to
higher Lyme disease incidence in these settings. In contrast to previous studies in Europe, we found that the
density of infected nymphs in treeless habitats can be
comparable to forested sites, which are traditionally associated with higher Lyme disease hazard (34,43).
We found a significantly higher prevalence of B.
burgdorferi s.l. infected nymphs among high Lyme disease incidence islands, which contributed to a higher
environmental hazard on these islands. Almost all
infected ticks on these islands carried B. afzelii, a
genospecies associated with mammalian transmission hosts (44). We did not detect B. afzelii infection
in ticks collected from low Lyme disease incidence
islands, where the prevalence of infection in ticks
was extremely low (<1%). Because of the similarity
in habitats and climate, we hypothesize that the presence or absence of this genospecies could be driven
by differences in the host community. Alternatively,
the introduction of B. afzelii from the mainland might
have been limited to certain islands.
Within islands with a high incidence of Lyme
disease, we found that improved grassland, heather
moorland, bog and peatland, and domestic gardens
had similar tick density and prevalence of B. burgdorferi s.l. infection among ticks as forested mainland
sites in Scotland (34,43). Our results suggest that microclimatic conditions in these open habitats, possibly
driven by the milder oceanic climate on the Western
Isles, can be as conducive to tick survival as conditions in woodlands. Tick abundance was positively
associated with vegetation density, which when combined with relatively high rainfall and humidity in
this location, might contribute to a favorable microclimate and improved off-host tick survival. In contrast,
we found significantly lower tick abundance within
machair grassland, probably caused by a combination of short vegetation height, lack of a vegetation
mat, and agricultural rotations and ploughing, which
can reduce off-host tick survival (45,46). Tick abundance varied considerably within habitats (Appendix
Table 2), a finding that warrants further investigation.
In addition to a higher environmental hazard on
high Lyme disease incidence islands, residents of these
islands reported more frequent exposures to tick bites.
Tick bite exposure increased with the participant’s age
and amount of outdoor activity. Although outdoor activity and knowledge, attitudes, and prevention of tick
bites did not contribute to differences in tick bite exposure between islands with high and low Lyme disease
544

incidence, this finding might have been affected by the
higher proportion of responses from older residents
on high Lyme disease incidence islands. Although we
found no significant differences in tick density between
high- and low-incidence grassland and moorland sites,
survey responses indicated that most tick bites occurred
close to the home address, and frequently in gardens.
On high Lyme disease incidence islands, we found a
similar density of infected nymphs in gardens to surrounding habitats, indicating that spillover of infected
ticks is common. Further research is required to test
whether peridomestic tick exposure contributes to differences in tick bite exposure between islands. The findings that tick bites frequently occur within gardens and
that residents might be exposed to ticks within their
homes suggest that all members of a household could
be at risk for tick bites. Our research suggests that environmental and educational public health interventions
focused around residences could reduce tick bite exposure and potentially cases of Lyme disease.
Similar to previous studies, we found that in the
absence of longitudinal data on vector populations
and linked ecologic drivers, community surveys can
be valuable indicators of ecologic trends (31). Residents of high Lyme disease incidence islands were
significantly more likely to report that ticks were an
increasing problem. In addition, many of these participants suggested that increased deer populations and
presence near homes might contribute to increased
numbers of ticks. Because deer habitat use and movements are established drivers of tick populations and
distribution (27,47,48) and are associated with Lyme
disease emergence in other areas of Europe (49), this
association should be investigated in future research.
In summary, we have shown that treeless habitats can support similar tick densities and infection
risk as forested areas and can be associated with
Lyme disease emergence in humans. Our results suggest the potential for Lyme disease to emerge in open
habitats with a suitable microclimate for off-host tick
survival and host availability for blood meals elsewhere in Europe. Integrating these results with data
on human exposure to tick bites revealed that most
tick bites occurred close to homes. Furthermore, we
found that the spillover of ticks and tickborne pathogens into gardens and homes is an emerging problem
that residents attribute to increased deer populations
and their changing distribution. Further research to
understand the effects of ecologic drivers of tick populations in these regions, together with information
on human use of these environments, is necessary to
achieve more accurate prediction of areas of risk and
suggest ways to prevent and mitigate this risk.
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SARS-CoV-2 Transmission
between Mink (Neovison vison)
and Humans, Denmark
Anne Sofie Hammer, Michelle Lauge Quaade, Thomas Bruun Rasmussen,
Jannik Fonager, Morten Rasmussen, Karin Mundbjerg, Louise Lohse, Bertel Strandbygaard,
Charlotte Sværke Jørgensen, Alonzo Alfaro-Núñez, Maiken Worsøe Rosenstierne,
Anette Boklund, Tariq Halasa, Anders Fomsgaard, Graham J. Belsham, Anette Bøtner

Severe acute respiratory syndrome coronavirus 2 has
caused a pandemic in humans. Farmed mink (Neovison
vison) are also susceptible. In Denmark, this virus has
spread rapidly among farmed mink, resulting in some respiratory disease. Full-length virus genome sequencing
revealed novel virus variants in mink. These variants subsequently appeared within the local human community.

S

evere acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has caused the ongoing coronavirus disease (COVID-19) pandemic (1). Ferrets, cats,
dogs, Syrian hamsters, and nonhuman primates can
be infected with the virus and, in some cases, transmit it (2); however, other species, such as pigs and
chickens, appear resistant (3,4). Thus, the virus has a
restricted host range. Infection with SARS-CoV-2 has
occurred in farmed mink in the Netherlands (5).
In Denmark, there are ≈1,200 mink farms (6). Because of contacts between persons with COVID-19
and mink farms, investigation of SARS-CoV-2 infection within mink in Denmark was undertaken. We
documented 3 premises in the Northern Jutland region of Denmark with SARS-CoV-2–infected mink
and analyzed virus transmission in mink and the local human community.
The Study
We collected blood and throat, nasal, and fecal swab
samples from mink adults and kits (Table 1); we
Author affiliations: University of Copenhagen, Copenhagen,
Denmark (A.S. Hammer, M.L. Quaade, K. Mundbjerg, A. Boklund,
T. Halasa, G.J. Belsham, A. Bøtner); Statens Serum Institut,
Copenhagen (T.B. Rasmussen, J. Fonager, M. Rasmussen,
L. Lohse, B. Strandbygaard, C.S. Jørgensen, A. Alfaro-Núñez,
M.W. Rosenstierne, A. Fomsgaard, A. Bøtner)
DOI: https://doi.org/10.3201/eid2702.203794

also sampled feed and air. We assayed viral RNA by
quantitative reverse transcription PCR (qRT-PCR) (7).
We performed SARS-CoV-2 Ab ELISA (Beijing Wantai Biological Pharmacy Enterprise, http://www.
ystwt.cn) as described (R. Lassaunière et al., unpub.
data, https://doi.org/10.1101/2020.04.09.20056325).
SARS-CoV-2–positive RNA samples were sequenced
and sequences aligned using Mafft (https://mafft.
cbrc.jp/alignment/server/index.html). Phylogenetic
analysis was performed in MEGA 10.1.7 (8) using the
maximum-likelihood general time reversible plus invariant sites plus gamma (2 categories) method (9).
We selected mink farms for investigation because
of COVID-19 in persons linked to them. During initial
visits, we sampled 30 apparently healthy adult mink;
we tested adults and kits in follow-up visits. We
analyzed serum samples for SARS-CoV-2 antibodies and assayed swab samples for SARS-CoV-2 RNA
(Table 1; Appendix, https://wwwnc.cdc.gov/EID/
article/27/2/20-3794-App1.pdf). At initial sampling,
seroprevalence was high on farm 1 (>95%) and farm
3 (66%) but, in contrast, only 3% on farm 2. However,
after the infection spread widely on farm 2, indicated
by the increased prevalence of viral RNA (Table 1),
a large increase in seroprevalence occurred, to >95%.
Air samples from farm 1 tested negative. However, on farms 2 and 3, multiple samples collected
from exhaled air from mink or within 1 m of the cages
scored positive, albeit with fairly high (>31) Ct values.
None of the air samples collected outside the houses
were positive. Feed samples collected at each farm
tested negative.
We also sequenced SARS-CoV-2 RNA from
samples from each mink farm. The viruses found
on farms 1–3 were very similar (Table 2). These sequences and those from humans (H1–H9) linked to
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Table 1. Summary of laboratory analyses of mink samples from 3 mink farms tested for severe acute respiratory syndrome
coronavirus 2 in Denmark, June–July 2020*
Test and specimen type, no. positive/no. tested (%)
ELISA
qRT-PCR
Date of sample
Sample origin
Serum
Throat swabs
Nasal swabs
Fecal swabs
collection
Location
Live adult mink
29/30 (97)
NA
NA
5/30 (17)
2020 Jun 14
Farm 1
Dead adult mink
NA
NA
4/4 (100)
3/4 (75)
2020 Jun 14
Farm1
Live mink kits
30/30 (100)
3/30 (10)
3/30 (10)
1/30 (3)
2020 Jun 17
Farm 1
Live adult mink
30/30 (100)
3/23 (13)
NA
0/23 (0)
2020 Jun 17
Farm 1
Retested adult mink
4/4 (100)
2/4 (50)
2/4 (50)
1/4 (25)
2020 Jun 17
Farm 1
Live adult mink
1/30 (3)
NA
NA
0/8 (0)
2020 Jun 18
Farm 2
Dead adult mink
NA
1/8 (13)
NA
NA
2020 Jun 18
Farm 2
Live mink kits
1/50 (2)
40/50 (80)
39/50 (78)
NA
2020 Jun 22
Farm 2
Live adult mink
3/50 (6)
46/50 (92)
NA
NA
2020 Jun 22
Farm 2
Dead adult mink
1/3 (33)
2/3 (66)
2/3 (66)
NA
2020 Jun 22
Farm 2
Dead adult mink
NA
3/3 (100)
3/3 (100)
NA
2020 Jun 30
Farm 2
Live adult mink (retest)
36/37 (97)
35/37 (95)
37/37(100)
NA
2020 Jun 30
Farm 2
Live adult mink
20/30 (67)
6/6†(100)
NA
NA
2020 Jun 30
Farm 3
Dead adult mink
NA
5/5 (100)
NA
NA
2020 Jun 30
Farm 3
Live mink kits
24/30 (80)
30/30 (100)
27/30 (90)
NA
2020 Jul 2
Farm 3
Live adult mink
23/30 (77)
30/30 (100)
26/30 (87)
NA
2020 Jul 2
Farm 3
*NA, not applicable; qRT-PCR, quantitative reverse transcription PCR.
†Samples from 30 mink were assayed in 6 pools of 5 swabs each.

Table 2. Location of nt differences identified in genome sequences of selected severe acute respiratory syndrome coronavirus 2
samples from mink and humans in Denmark, June–July 2020, compared with Wuhan and clade 20B reference sequences*
Genomic location and nt position
5´
UTR
ORF1a
ORF1b
Spike
ORF3a
Nucleoprotein
Virus sample
241
3037 5421 9534
14408 15656
22920 23403
25936
28881 28882 28883
NC045512 (Wuhan)
C
C
A
C
C
C
A
A
C
G
G
G
Humans in Jutland
T
T
A
C
T
C
A
G
C
G
G
G
(to 2020 Jun 10)†
EPI_ISL_455326 20B
T
T
A
C
T
C
A
G
C
A
A
C
Index case
T
T
A
C
T
T
A
G
ND
A
A
C
Mink_AD4_ Farm1
T
T
G
C
T
T
T
G
T
A
A
C
Mink_AL3_ Farm1
T
T
A
C
T
T
A
G
T
A
A
C
Mink_KL14_ Farm1
T
T
A
C
T
T
A
G
T
A
A
C
Mink_KL11_ Farm1
T
T
A
C
T
T
A
G
T
A
A
C
Mink_AD3_ Farm1
T
T
G
C
T
T
T
G
T
A
A
C
Mink_AD6_ Farm1
T
T
A
C
T
T
T
G
T
A
A
C
Mink_AL64_ Farm1
T
T
A
C
T
T
A
G
T
A
A
C
Mink_AL25_ Farm1
T
T
A
C
T
T
T
G
T
A
A
C
Mink_AD38_ Farm2
T
T
A
C
T
T
T
G
T
A
A
C
Mink_M1T
T
A
C
T
T
T
G
T
A
A
C
M47_Farm2‡
Mink_AD37_ Farm3
T
T
A
C
T
T
T
G
T
A
A
C
Mink_AD40_ Farm3
T
T
A
C
T
T
T
G
T
A
A
C
Mink_AL35_ Farm3
T
T
A
C
T
T
T
G
T
A
A
C
H1–H7 + H9
T
T
A
C
T
T
T
G
T
A
A
C
H8
T
T
A
T
T
T
T
G
T
A
A
C
In NB01 (NL)§
T
T
A
C
T
C
A
G
C
G
G
G
In NB02 (NL)§
C
C
A
C
C
C
T>A#
A
C
G
G
G
In NB03 (NL)§
T
T
A
C
T
C
A
G
T
G
G
G
In NB04 (NL)§
T
T
A
C
T
C
A
G
C
G
G
G
Humans in Jutland (to
T
T
A
C
T
C>T
A>T
G
C>T
G>A
G>A
G>C
2020 Jul 1) †
Encoded amino acid
NA
NA I1719 T3083
P314 T730
Y453 D614
H182
R203 R203 G204
change¶
V
I
L
I
F
G
Y
K
K
R
*Red text indicates nt differences from the Wuhan reference strain; pink shading indicates nt changes detected in mink and in human contacts (H1–H9)
that differ from the clade 20 B and index case; gray shading indicates a reference clade 20B sequence and the human index case sequence. NA, not
applicable, as nt change in the noncoding region; ND, not determined; NL, the Netherlands; ORF, open reading frame.
† The proportions of each nt present at each of these positions in human sequences in Jutland are shown in Appendix Table 1
(https://wwwnc.cdc.gov/EID/article/27/2/20-3794-App1.pdf).
‡nts present in farm 2 sequences obtained from throat swab specimens on June 22, 2020 (derived from 20 adult mink and 27 kits).
§The mink sequences from the Netherlands also differ at other locations compared with the Wuhan sequence (5).
¶Encoded amino acid substitutions (with residue number in each protein) compared to Wuhan reference strain are indicated using the single letter code.
#T in 5 of 6 sequences from farm NB02 (5).
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the infected farms grouped within the European
20B clade of the global SARS-CoV-2 tree (10,11)
(Figure; Appendix Table 1). We deposited the
SARS-CoV-2 genome sequences of virus from farm
1 (SARS-CoV-2/mink/DK/AD3_Farm1/2020) in
GenBank (accession nos. MT919525–36). The sequences closely matched those of a human case,
diagnosed in mid-May, with a direct epidemiologic
link to farm 1. This index sequence (only 91% complete) matched the mink viruses at nt 15656 (rare
globally) but had A at nt 22920 (Table 2). The nt
25936 in the index case could not be determined.
The local phylogeny (Appendix Figure) showed
that mink sequences from farm 1 fell into 3 subclusters (defined by the nucleotide changes at positions 5421 and 22920), but sequences from linked
humans (H1–H9) and mink in farms 2 and 3 were
within subcluster 2 (Appendix Figure).
We found 9 to 11 nt differences (mainly nonsynonymous) between the mink sequences in Denmark
and the Wuhan-Hu-1 reference sequence (Table 2).
One mutation at nt 23403 (resulting in substitution

D614G in the spike protein) was present in all sequences from mink in Denmark and the Netherlands, except for NB02 from the Netherlands (Table
2) and was predominant in the human population
in Jutland (Appendix Table 1) and globally (12).
However, another mutation (nt C25936T [as cDNA]
encoding H182 to Y within ORF3a) appeared in all
mink sequences from Denmark (Table 2) and in
human cases (H1–H9) linked to them. This change
was not found in human SARS-CoV-2 sequences
from Jutland before June 10, 2020 (Appendix Table
1), but reached ≈40% frequency during June 10–July
1, 2020 (Table 2; Appendix Table 2). This mutation
has been found only rarely in other SARS-CoV-2
sequences (11) (Appendix Table 1) but was in mink
farm NB03 from the Netherlands (SARS-CoV-2/
mink/NED/NB03_index/2020; GenBank accession
no. MT457400.1).
Another mutation in the spike gene (A22920T,
encoding Y453 to F) was present in 4 of 8 sequences from farm 1, in all sequences from farms 2 and
3, and in 5 of 6 sequences from farm NB02 in the
Figure. Phylogenetic tree
showing relationships
between genome sequences
of severe acute respiratory
syndrome coronavirus 2
from mink and humans at
3 mink farms in Denmark,
June–July 2020 (red), and
selected global full-length
genome sequences. Black dot
indicates Wuhan reference
sequence NC_045512.2;
green indicates mink farm
NB02 in the Netherlands;
blue indicates mink farms
NB01, NB03, and NB04 in the
Netherlands; orange indicates
clade 20B.
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Netherlands (5). This change was not in the index
case or the human population anywhere before June
10 but was subsequently detected in farm-linked
humans (H1–H9) and in Jutland (Table 2; Appendix
Table 2). Finally, the mutation in the open reading
frame 1b gene (C15656T, encoding T730 to I) was
present only in mink/human sequences from Denmark (Table 2) and a sequence from New Zealand
(Appendix Table 1).
Conclusions
A high proportion of mink on farms can be infected
with SARS-CoV-2 within a few days, which may provide major virus exposure to persons working with
mink. The infections we describe here occurred with
little clinical disease or increase in death (Appendix),
making it difficult to detect the spread of infection;
thus, mink farms could represent a serious, unrecognized animal reservoir for SARS-CoV-2. There is no
evidence for spread of the virus outside of farm buildings, either in Denmark or in the Netherlands (5), except by infected persons. However, there appears to
be some risk of virus transmission to persons working with infected mink as well as for their contacts
and thus, indirectly, for the public.
On farm 1, the virus had probably been introduced
some weeks before detection (Table 1). On farm 2, the
low frequency (4%) of seropositivity and the high proportion of qRT-PCR positive animals at second sampling (Table 1) suggested that the virus had been recently introduced but was spreading. Indeed, a third
sampling (8 days later) showed a much higher seroprevalence (>90%). Conceivably, the variant viruses that
appeared in farm 1 and spread to farms 2 and 3 may be
better adapted to mink and thus able to transmit rapidly. The infection at farm 3 was detected relatively late,
with a high seroprevalence (66%) at first visit.
A likely scenario for the spread of infection in
mink in Denmark is that the index human casepatient, who had nt T15656 introduced it into farm 1.
Initially, we observed sequence heterogeneity at nt
22920 in mink on farm 1, but subsequently, we detected only the variant form (T22920) on farms 2 and 3
and in subsequent linked human cases (H1–H9) (Table 2). Remarkably, this heterogeneity also occurred
on farm NB02 in the Netherlands. This change, possibly together with the mutation at nt 25936 (Table
2), may represent virus adaptation. It is not yet established whether these changes confer advantages
in mink, but the variant viruses in farm 2 spread
rapidly. It seems that the variant viruses on farm
1 spread to >1 human and were then transmitted,
presumably by human–human contact, to other
550

persons and to farms 2 and 3. The change at nt 22920
results in substitution Y453F in the S-protein (Table
2). This Y-residue, within the receptor-binding motif
of the S-protein, is highly conserved among SARSrelated coronaviruses and is close to residue L455
that is critical for interaction with the cellular ACE2
receptor (13).
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SARS-CoV-2 Infections among
Recent Organ Recipients,
March–May 2020, United States
Jefferson M. Jones, Ian Kracalik, Meenakshi M. Rana, Ann Nguyen, Brian C. Keller,
Aaron Mishkin, Charles Hoopes, Thomas Kaleekal, Abhinav Humar, Juan Vilaro, Gene Im,
Lou Smith, April Justice, Collette Leaumont, Stephen Lindstrom, Brett Whitaker,
Ricardo M. La Hoz, Marian G. Michaels, David Klassen, Wendi Kuhnert, Sridhar V. Basavaraju

We conducted public health investigations of 8 organ transplant recipients who tested positive for severe acute respiratory syndrome coronavirus 2 infection. Findings suggest
the most likely source of transmission was community or
healthcare exposure, not the organ donor. Transplant centers should educate transplant candidates and recipients
about infection prevention recommendations.

A

lthough severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection has been
reported in organ transplant recipients, it is unclear
whether SARS-CoV-2 can be transmitted from organ
donors to recipients (1) and if transplant recipients
are at increased risk for severe illness from coronavirus disease (COVID-19) from SARS-CoV-2 infection compared with immunocompetent patients (2).
In March 2020, organ procurement organizations
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(OPOs) and transplant centers in the United States
began to report potential donor-derived SARS-CoV-2
transmission to the Organ Procurement and Transplantation Network (OPTN) for investigation by the
Disease Transmission Advisory Committee (DTAC).
These cases were referred to the Centers for Disease
Control and Prevention (CDC), a member of DTAC,
to determine if SARS-CoV-2 transmission from a donor had occurred and, if so, to identify the transmission source, and characterize clinical outcomes in the
organ recipients.
The Study
Current OPTN policy requires all US transplant
centers and OPOs to report unanticipated potential
donor-derived transmission events to the OPTN for
investigation by DTAC. CDC coordinates investigations involving pathogens of special interest, including SARS-CoV-2 (Appendix, https://wwwnc.cdc.
gov/EID/27/2/20-4046-App1.pdf).
For all reported potential donor-derived SARSCoV-2 transmissions, CDC, OPO, or the transplant
center staff reviewed medical records of organ donors
and organ recipients. Recipients who initially tested
positive for SARS-CoV-2 infection and triggered a notification to the OPTN of a potential donor-derived
transmission were referred to as index recipients;
recipients who shared a common donor with index
recipients were referred to as co-recipients. CDC investigators asked OPO and index recipients’ hospital
staff about potential exposures to SARS-CoV-2. Transplant hospital providers monitored organ recipients
for symptoms of COVID-19 for >14 days following
the transplant. Recipients who developed symptoms
and, depending on hospital capacity, some asymptomatic recipients were tested for SARS-CoV-2 infec-

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 2, February 2021

SARS-CoV-2 Infections among Organ Recipients

tion by a nucleic acid test (NAT). All donor serum
were tested for the presence of SARS-CoV-2 RNA.
Donor respiratory specimens were tested if available.
During March–May 2020, a total of 8 potential
donor-derived transmission events involving 8 deceased donors and 31 recipients were reported to
OPTN. Each event was reported because an individual transplant recipient (the index recipient) tested
positive for SARS-CoV-2 infection (Table 1; Appendix). For all donors included in this study, the cause
of death was determined to be a noninfectious etiology. Donor next of kin reported that no donors had
had symptoms of COVID-19 or contact with persons
known to have COVID-19. One donor was screened
for SARS-CoV-2 infection by the OPO using a NAT
before organ procurement and tested negative.
Among the 8 index recipients, 4 received lung, 2
received liver, and 2 received heart transplants (Table
2,
https://wwwnc.cdc.gov/EID/article/27/2/204046-T2.htm). The median age of index recipients
was 65 years (range 37–75 years); the median duration from organ transplantation to symptom onset
was 9 days (range 6–81 days). Seven (88%) index

recipients experienced fever or lower respiratory tract
symptoms. Seven index recipients required mechanical ventilation; 3 of them (2 liver recipients and 1 lung
recipient) died. All index recipients had potential or
confirmed community or healthcare exposure to persons infected with SARS-CoV-2.
Organs from the 8 deceased donors were transplanted into 31 recipients, including the 8 index recipients. Of the 23 co-recipients, 11 (48%) were tested for
SARS-CoV-2 infection using a NAT; 1 tested positive
41 days after transplant. Twelve co-recipients were
not tested because of absence of symptoms and need
to conserve test supplies. Within 14 days after transplant, 3 co-recipients manifested symptoms related to
COVID-19, but all tested negative.
Conclusions
The 8 potential donor-derived SARS-CoV-2 transmissions reported to the OPTN during March–May 2020
were referred to CDC for public health investigation.
Although the source of transmission was not definitively established, the available evidence did not suggest transmission occurred from donors.

Table 1. Epidemiologic and clinical characteristics of solid organ donors associated with potential SARS-CoV-2 transmission
investigations, United States, March–May 2020*
Organs procured from
Chest radiograph
Results of
Cause of
donor and transplanted
and chest CT
Donor lung
Results of Results of nasopharyngeal
Donor
death
into other recipients
findings
disposition
BAL PCR serum PCR
PCR
A
Hemorrhagic
Bilateral lungs, liver,
Bilateral lower lobe
Both lungs
Negative
Negative
NT
stroke
left kidney
consolidations
transplanted
B
Ischemic
Right lung, liver, left
Bilateral lower lobe
Single lung not
NT
Negative
NT
stroke
kidney
consolidations
allocated in time
C
Opioid
Bilateral lungs, liver,
Bilateral lower lobe
Both lungs
NT
Negative
NT
overdose
left kidney, right kidney,
consolidations
transplanted
pancreas
D
Head trauma Liver, left kidney, right
Bilateral lower lobe
Lungs not
NT
Negative
NT
kidney, heart
consolidations
transplanted
because of
traumatic
damage
E
Hemorrhagic
Bilateral lungs, right
No focal infiltrates,
Both lungs
NT
Negative
NT
stroke
kidney, left kidney/split
small
transplanted
liver, split liver, heart
pneumomediastinum
F
Head trauma
Left lung, right lung,
Bilateral lower lobe
Both lungs
NT
Negative
NT
liver, and heart
consolidations
transplanted
G
Head trauma Heart/left kidney, liver,
Bilateral lower lobe
Lungs not
NT
Negative
NT
right kidney/pancreas
consolidations
transplanted
because of
abnormal chest
imaging
H
Opioid
Heart, left kidney, right Patchy ground glass
Lungs not
NT
Negative
Negative
overdose
kidney, liver
in all lobes
transplanted
because of
abnormal chest
imaging

*In the 14 days before death, none of the donors had known contact with someone who had been sick with or received a diagnosis of coronavirus
disease, had traveled, or had reported nosocomial transmission of SARS-CoV-2 in the donor hospital. None of the donors experienced symptoms
consistent with COVID-19, including fever, cough, and shortness of breath. BAL, bronchoalveolar lavage; CT, computed tompgraphy; COVID-19:
coronavirus disease; NT, not tested; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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The risk for organ donor-derived SARS-CoV-2
transmission is unknown (1,3). Transmission of severe acute respiratory syndrome coronavirus, Middle
East respiratory syndrome coronavirus, or SARSCoV-2 from an organ or blood donor to a recipient
has not been reported as of November 2020 (1). However, recent studies documented the presence of viral
particles in organs of patients who had severe COVID-19 or died from COVID-19 (4–6). Infectious SARSCoV-2 has been isolated from respiratory specimens,
stool (7), and urine (8), suggesting transmissible virus
might be present in extrapulmonary organs. Although
these studies suggest that transplant transmission is
plausible, the risk for SARS-CoV-2 transmission from
extrapulmonary organs of asymptomatic infected deceased donors to organ recipients is unknown. Evidence suggests that the risk for viremia in persons
with asymptomatic COVID-19 is low (9). However,
OPOs should continue to evaluate donors for evidence of SARS-CoV-2 infection (10) because transmission of SARS-CoV-2 from organ donor to recipient
might be possible and subsequent recipient infection
might be severe; evaluating donors could also protect organ procurement and transplantation clinical
teams. The American Society of Transplantation has
recommended testing all donors by NAT since May
2020. No donors in this study had reported contact
with persons with confirmed or suspected COVID-19.
COVID-19 has an estimated incubation period of
2–14 days (10), and all index recipients had confirmed
or potential SARS-CoV-2 exposure during the 14 days
before symptom onset or diagnosis. No co-recipients
contracted COVID-19 within 14 days of transplant,
providing further support that the donor was not
the source of transmission. Transplant recipients and
their healthcare providers should continue to take
steps to reduce SARS-CoV-2 exposure.
Of the 8 index recipients in this study, 7 were
intubated and 3 died. Seven of the index recipients
received their COVID-19 diagnosis within 14 days of
transplantation, which suggests that recipients of recent transplants may be at increased risk for severe
disease compared with the general population (11)
and possibly with organ recipients whose transplants
were done months or years before SARS-CoV-2 infection (12). The advanced age of the index recipients in
our study might have contributed to increased illness.
Although some COVID-19 case series have suggested
that organ transplant recipients are at higher risk for
severe disease than the general population, others
suggest that disease severity is similar (2,11). Data are
sparse on the clinical severity of COVID-19 in recently transplanted organ recipients.
554

This study is subject to the following limitations. First, 7 of 8 donors were not tested for SARSCoV-2 before transplant, and stored respiratory
specimens were unavailable for retrospective testing. Although donor serum specimens were tested
by NAT, limited performance and sensitivity data
are available for this sample type using this test,
and SARS-CoV-2 viremia is likely uncommon and
intermittent (1). Second, donors and recipients
might have had contact with unidentified persons
with SARS-CoV-2 infection, including asymptomatic or presymptomatic persons (13). Asymptomatic SARS-CoV-2 infection might not have been
detected in co-recipients given the low rate of testing (<50%). Finally, donor-derived SARS-CoV-2
transmission might not have been recognized by
transplant clinicians and therefore not reported
for investigation.
COVID-19 in the organ transplant recipients we
report appears to have been community- or hospital-acquired. These findings suggest that organ
transplant recipients, particularly in the immediate
posttransplant period, might be at increased risk for
severe COVID-19. Measures to limit household and
healthcare-associated SARS-CoV-2 transmission to
recipients should be implemented (10,14,15). All suspected donor-derived SARS-CoV-2 infections should
be reported to the OPTN for further investigation.
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COVID-19 and Fatal Sepsis
Caused by Hypervirulent Klebsiella
pneumoniae, Japan, 2020
Tomohiro Hosoda, Sohei Harada, Koh Okamoto, Sumire Ishino,
Makoto Kaneko, Masahiro Suzuki, Ryota Ito, Miyuki Mizoguchi

A patient in Japan with coronavirus disease and hypervirulent Klebsiella pneumoniae K2 sequence type 86 infection died of respiratory failure. Bacterial and fungal co-infections caused by region-endemic pathogens, including
hypervirulent K. pneumoniae in eastern Asia, should be
included in the differential diagnosis of coronavirus disease patients with acutely deteriorating condition.

F

or a minority of patients, bacterial and fungal
co-infections can complicate the course of coronavirus disease (COVID-19) (1,2). Co-infection can
contribute to the poor prognosis for patients with
COVID-19, especially for high-risk populations such
as elderly patients (3). Indeed, a large retrospective
multicenter study reported that for half of the patients who died of COVID-19, secondary bacterial
co-infection developed during hospitalization (3). In
a retrospective study in China, the second most common respiratory pathogen detected from patients
with COVID-19 was Klebsiella pneumoniae, following
only Streptococcus pneumoniae (4).
Hypervirulent K. pneumoniae (hvKp) was originally recognized as a pathogen that causes severe community-acquired infections among relatively healthy
persons. hvKp isolates carry virulence plasmids that
harbor cardinal virulence genes, and with higher frequency than classical K. pneumoniae they cause disseminated infections involving liver, lungs, central
nervous system, and eyes (5,6). Although hvKp infections have been reported mainly from hvKp-endemic
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areas such as eastern Asia, in recent years, sporadic
cases have been increasingly reported worldwide (7).
Furthermore, recent studies from hvKp-endemic areas demonstrated that hvKp is often associated with
healthcare and hospitalization for elderly and debilitated populations (8,9). A multicenter study in Japan
showed that more than half of bloodstream infections
caused by hvKp occurred as healthcare-associated or
hospital-acquired infections (8).
Therefore, hvKp infections may have the potential for seriously complicating the course of COVID-19, especially in hvKp-endemic areas. We describe
a fatal case of superimposed hvKp infection in an elderly woman with COVID-19 in Japan.
The Case
In August 2020, an 87-year-old woman sought care
at an emergency department for a 4-day history of
fever and dry cough. The day before, COVID-19 had
been diagnosed for 2 family members living with
her. The woman had hypertension, dyslipidemia,
and dementia and had been receiving outpatient care
at a nursing home 5 days a week. At admission, her
vital signs were temperature 37.7°C, blood pressure
202/93 mm Hg, pulse rate 61 beats/min, respiratory rate 16 breaths/min, and oxygen saturation 95%
while breathing ambient air. Physical examination
findings were otherwise unremarkable. Laboratory
studies revealed 2,660 leukocytes/µL, including 811
lymphocytes/µL; 13.8 × 104 platelets/µL; aspartic
aminotransferase 36 U/L; alanine transaminase 22
U/L; creatinine 0.81 mg/dL; blood glucose 83 mg/
dL; and ferritin 268.2 ng/mL. Coagulation studies
showed elevated D-dimer of 0.8 µg/mL with prothrombin time or activated partial thromboplastin
time within normal range. COVID-19 was diagnosed
on the basis of a positive COVID-19 rapid antigen test
result (ESPLINE SARS-CoV-2; Fujirebio Diagnostics,
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https://www.fujirebio.com). Shortly after admission, the patient became hypoxic (oxygen saturation 89% while breathing ambient air) and required
supplemental oxygen delivered by nasal cannula at
2 L/min.
On hospitalization day 2, a chest radiograph
showed no infiltrates (Figure 1, panel A); dexamethasone (6 mg/d) was initiated out of concern for hypoxia from COVID-19. Over the next 2 days, fever
and dry cough subsided, and hypoxia gradually improved to an oxygen saturation of 96% while breathing ambient air. On hospitalization day 7, she experienced fever with productive cough and hypoxia
(oxygen saturation of 90% while breathing supplemental oxygen at 6 L/min through a nonrebreathing oxygen mask). A chest radiograph revealed infiltrates in the left lung with pleural effusion (Figure
1, panel B). Ampicillin/sulbactam was started. On
hospital day 8, her condition rapidly deteriorated;
hypoxia and the lung infiltrates in the left lung worsened (Figure 1, panel C). The antimicrobial drug was
switched to piperacillin/tazobactam. The patient
and her family did not request escalation of her care
to intensive care, which would have included mechanical ventilation; on hospitalization day 9, she
died of respiratory failure.
Sputum and blood collected for culture on hospitalization day 7, along with sputum collected for culture on the day of admission, grew K. pneumoniae. All
3 isolates were positive by string test (showed viscous
strings >5 mm when stretched with a standard inoculation rod) (Figure 2) and were susceptible to all antimicrobial drugs tested except ampicillin. We analyzed
the virulence gene profiles of these isolates by using
multiplex PCR as described previously (10), and we
identified carriage of genes for capsular genotype K2,

iutA, rmpA, entB, mrkD, and ybtS. Multilocus sequence
typing with standardized protocol demonstrated that
these isolates belonged to sequence type (ST) 86 (11). We
further analyzed the isolate from blood (FUJ01174) with
whole-genome sequencing by using Miseq (Illumina,
https://www.illumina.com) as described previously
(8), and we confirmed carriage of virulence genes rmpA,
rmpA2, iroBCDN, irp1, iucABCD, iutA, ybtARPQSTUX,
kvgAS, fyuA, and mrkABDFHIJ by using the Klebsiella
locus/sequence definitions database (https://bigsdb.
pasteur.fr/klebsiella). In addition, we identified Peg344 with a manual BLASTn (https://blast.ncbi.nlm.nih.
gov) search (reference sequence, GenBank accession no.
AP006726). Assembled contigs covered the nucleotide
sequence of pLVPK (GenBank accession no. AY378100),
a prototypical K. pneumoniae virulence plasmid, with
91.8% coverage and 99.9% identity (Appendix, https://
wwwnc.cdc.gov/EID/article/27/2/20-4662-App1.
pdf). We deposited genomic sequences of the FUJ01174
strain in the National Center for Biotechnology
Information database under BioSample accession
no. SAMN16787939.
Conclusions
For this COVID-19 patient who died of superimposed
K. pneumoniae infection, the causative strain recovered from blood and sputum belonged to K2-ST86, a
prototypical hvKp, together with K1-ST23. Furthermore, the isolate carried the cardinal hvKp virulence
genes rmpA, rmpA2, iroBCDN, iucABCD, and peg-344,
which have been recognized as molecular markers for
the identification of hvKp that carry high risk for disseminated and fatal infections (6,8).
This case highlights 2 implications for the management of COVID-19 patients. First, bacterial and
fungal co-infection may occur relatively early in the

Figure 1. Chest radiographs (anteroposterior views) of hospitalized patient with coronavirus disease and fatal superimposed
hypervirulent Klebsiella pneumoniae K2 sequence type 86 infection, Japan, 2020. A) Hospitalization day 1 (admission), showing no
ground glass opacity and consolidation. B) Hospitalization day 7, showing asymmetric infiltrates with pleural effusion, mainly in left lung.
C) Hospitalization day 8, showing infiltrate spread to right lower lung and worsened pleural effusion in left lung.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27 No. 2, February 2021
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respiratory colonization of hypermucoviscous K.
pneumoniae was noted on culture at admission. Because colonization by hvKp is an established risk
factor for subsequent hvKp invasive disease (15), additional caution is required for superimposed hvKp
infections when caring for COVID-19 patients known
to be colonized with hvKp.
In conclusion, we report a fatal case of hvKp
infection superimposed on a patient with COVID-19. When the condition of COVID-19 patients
worsens, bacterial and fungal infections, including
region-endemic infections (hvKP in eastern Asia),
should be included as a differential diagnosis and
require appropriate evaluation and treatment in a
timely fashion.
Figure 2. Positive string test result for Klebsiella pneumoniae
isolate from blood of patient with coronavirus disease and fatal
superimposed hypervirulent Klebsiella pneumoniae K2 sequence
type 86 infection, Japan, 2020.

course of COVID-19. The condition of the patient reported here rapidly deteriorated 10 days after symptom onset; she had initially recovered after admission
and treatment with dexamethasone. Although the
timing (10 days after symptom onset) was typical for
acute respiratory distress syndrome and acute cardiac injury resulting from COVID-19 itself (12), this
patient instead experienced a fatal bacterial infection.
Given the low prevalence of bacterial co-infections
among COVID-19 patients, judicious use of antimicrobial drugs is recommended (13). However, this
case emphasizes that timely antimicrobial treatment
is crucial for patients with suspected or confirmed
bacterial co-infection. Furthermore, corticosteroid
treatment for COVID-19 may increase the risk for
and severity of bacterial co-infection. Therefore,
consideration for empiric antimicrobial therapy and
thorough evaluation for bacterial co-infection should
be considered for COVID-19 patients with acutely
deteriorating condition. Second, local epidemiology
should be considered when presuming a causative
pathogen for patients with bacterial and fungal coinfections (14). Prevalence of hvKp infection in eastern Asia is exceptionally high (8). It is possible that
a substantial number of superimposed hvKp infections complicating COVID-19 may have been unrecognized because the microbiological criteria for
diagnosing hvKp widely used at microbiology laboratories in healthcare facilities (identifying carriage of
genes for capsular genotype and string test) may not
have been routinely available. For the case we report,
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Non-Norovirus Viral Gastroenteritis
Outbreaks Reported to the
National Outbreak Reporting
System, USA, 2009–2018
Claire P. Mattison, Molly Dunn, Mary E. Wikswo, Anita Kambhampati,
Laura Calderwood, Neha Balachandran, Eleanor Burnett, Aron J. Hall

During 2009–2018, four adenovirus, 10 astrovirus, 123
rotavirus, and 107 sapovirus gastroenteritis outbreaks
were reported to the US National Outbreak Reporting
System (annual median 30 outbreaks). Most were attributable to person-to-person transmission in long-term
care facilities, daycares, and schools. Investigations of
norovirus-negative gastroenteritis outbreaks should include testing for these viruses.

I

n the United States, ≈179 million cases of acute gastroenteritis (AGE) occur annually (1). Norovirus is
the leading cause of AGE in the United States; other
viral causes include adenovirus (specifically group F
or types 40 and 41), astrovirus, sapovirus, and rotavirus (2,3). These viruses are spread primarily through
the fecal–oral route through person-to-person contact
or through contaminated food, water, or fomites (4–8).
The epidemiology of outbreaks associated with
sapovirus, another calicivirus, adenovirus types 40
and 41, and astrovirus is not well understood (6). In
addition, our understanding of rotavirus is evolving
in the postvaccine era. In 2009, the Centers for Disease Control and Prevention launched the National
Outbreak Reporting System (NORS), which collects
information from local, state, and territorial health
departments on foodborne, waterborne, and enteric
disease outbreaks (9). To inform prevention efforts,
we describe AGE outbreaks caused by adenovirus,
astrovirus, sapovirus, and rotavirus that were reported to NORS during 2009–2018.
Author affiliations: Centers for Disease Control and Prevention,
Atlanta, GA, USA (C.P. Mattison, M. Dunn, M.E. Wikswo,
A. Kambhampati, L. Calderwood, N. Balachandran, E. Burnett,
A.J. Hall); Cherokee Nation Assurance, Arlington, Virginia, USA
(C.P. Mattison, A. Kambhampati, N. Balachandran); Oak Ridge
Institute for Science and Education, Oak Ridge, Tennessee, USA
(L. Calderwood)
DOI: https://doi.org/10.3201/eid2702.203943
560

The Study
NORS is a dynamic, voluntary outbreak reporting
system. For each reported outbreak, health departments report the mode of transmission, number of
confirmed and suspected cases, and aggregate epidemiologic and demographic information as available. NORS defines outbreaks as >2 cases of similar
illness associated with a common exposure or epidemiologic link (9). Health departments determine
reported outbreak etiologies on the basis of available
laboratory, epidemiologic, and clinical data; specific
laboratory testing protocols vary by health department. Outbreak etiologies are considered confirmed
when >2 laboratory-confirmed cases are reported
and considered suspected when <2 laboratory-confirmed cases are reported. Outbreaks are considered
to have multiple etiologies when >1 etiology is confirmed or suspected.
Our analysis includes NORS data from outbreaks
occurring during January 1, 2009–December 31, 2018
with adenovirus, astrovirus, rotavirus, or sapovirus
as a confirmed or suspected etiology. NORS waterborne outbreak data were available through December 31, 2017. Data were extracted December 4, 2019.
Sex, age, symptom, and clinical outcomes percentages were calculated using the total number of
cases for which information was available. Outbreak
size and duration were compared by using the Kruskall–Wallis test. Analyses were performed by using
SAS 9.4 (SAS Institute Inc., https://www.sas.com).
During 2009–2018, a total of 323 (1.2%) of 28,071
outbreaks reported to NORS had a reported etiology,
including adenovirus, astrovirus, rotavirus, or sapovirus. A single etiology was reported in 244 (75.5%)
outbreaks, of which 184 (57.0%) were confirmed (Table 1); of these 244 outbreaks, rotavirus accounted
for 123 (50.4%), sapovirus for 107 (43.9%), astrovirus
for 10 (4.1%), and adenovirus for 4 (1.6%). Multiple

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 2, February 2021

Non-Norovirus Viral Gastroenteritis Outbreaks, USA

Table 1. Summary of outbreak characteristics, by suspected or confirmed outbreak etiology, for outbreaks attributable to adenovirus,
astrovirus, rotavirus, or sapovirus, National Outbreak Reporting System, USA, 2009–2018*
Etiology
All singleMultiple
Characteristic
Adenovirus
Astrovirus
Rotavirus
Sapovirus
etiology
etiologies†
No. outbreaks
Total
4
10
123
107
244
79
Annual median
0
1
9
12
26
4
States or territories
3
6
28
22
32
22
Confirmed or suspected
Confirmed
3 (75)
5 (50)
70 (56.9)
70 (65.4)
148 (60.7)
29 (36.7)‡
Suspected, 1 positive
1 (25)
5 (50)
30 (24.4)
25 (23.4)
61 (25.0)
36 (45.6)‡
Suspected, 0 positives
–
–
23 (18.7)
12 (11.2)
35 (14.3)
14 (17.7)‡
Median duration, d (range)
19 (6–39)
11 (1–22)
11 (1–39)
9 (1–65)
10 (1–65)
18 (1–121)
Mode of transmission
Person-to-person
3 (75)
6 (60)
104 (84.5)
77 (72)
190 (77.9)
65 (82.3)
Foodborne
–
1 (10)
4 (3.3)
15 (14)
20 (8.2)
4 (5.1)
Waterborne
1 (25)
–
–
–
1 (0.4)
–
Indeterminate or unknown
–
3 (30)
15 (12.2)
15 (14)
33 (13.5)
10 (12.6)
Setting of exposure
Long-term care facility
–
2 (20)
80 (65.0)
63 (58.9)
145 (59.4)
26 (32.9)
Child daycare
–
2 (20)
19 (15.4)
6 (5.6)
27 (11.1)
28 (35.4)
School or university
1 (25)
3 (30)
4 (3.3)
12 (11.2)
20 (8.2)
10 (12.7)
Restaurant or catering
–
1 (10)
2 (1.6)
13 (12.1)
16 (6.6)
2 (2.5)
Healthcare facility
1 (25)
1 (10)
1 (0.8)
1 (0.9)
4 (1.6)
3 (3.8)
Other, indeterminate, or missing
2 (50)
1 (10)
17 (13.8)
12 (11.2)
32 (13.1)
10 (12.7)
Year
2009
–
–
8 (6.5)
2 (1.9)
10 (4.1)
1 (1.3)
2010
–
–
7 (5.7)
–
7 (2.9)
1 (1.3)
2011
–
1 (10)
6 (4.9)
3 (2.8)
10 (4.1)
4 (5.1)
2012
1 (25)
1 (10)
5 (4.1)
10 (9.3)
17 (7.0)
3 (3.8)
2013
–
–
10 (8.1)
12 (11.2)
22 (9.0)
4 (5.1)
2014
–
–
10 (8.1)
21 (19.6)
31 (12.7)
3 (3.8)
2015
1 (25)
2 (20)
37 (30.1)
13 (12.1)
53 (21.7)
6 (7.6)
2016
–
4 (40)
8 (6.5)
18 (16.8)
30 (12.3)
8 (10.1)
2017
1 (25)
1 (10)
16 (13.0)
16 (15.0)
34 (13.9)
25 (31.6)
2018
1 (25)
1 (10)
16 (13.0)
12 (11.2)
30 (12.3)
24 (30.4)

*Values are no. (%) unless otherwise indicated. –, no outbreak reported.
†Outbreaks attributable to adenovirus (14), astrovirus (15), rotavirus (34), or sapovirus (33) along with >1 other etiology. The most common combinations
reported were rotavirus and norovirus (19 outbreaks); sapovirus and norovirus (7 outbreaks); sapovirus, norovirus, and astrovirus (7 outbreaks); and
adenovirus and norovirus (4 outbreaks).
‡Confirmed or suspected for >1 of the 4 viruses of interest. Suspected (1 positive) outbreaks include 7 outbreaks where 1 viral etiology of interest was
confirmed and another viral etiology was suspected, with a single positive result.

etiologies were reported in 79 (24.5%) of the 323
outbreaks; 51 (64.5%) of the 79 also included norovirus
as an etiology. The most common etiology combinations were rotavirus and norovirus (19 [24.1%]), sapovirus and norovirus (7 [8.9%]), and sapovirus, norovirus, and astrovirus (7 [8.9%]).
A median 30 outbreaks were reported per year
(range 8–59 outbreaks). Reporting increased over
time; most (62.0%) multiple-etiology outbreaks were
reported during 2017–2018 (Table 1). Outbreaks were
reported by 31 states and Puerto Rico; 5 states (Wisconsin [63 (19.5%)], Oregon [51 (15.8%)], Ohio [31
(9.6%)], Virginia [19 (5.9%)], and Illinois [19 (5.9%)])
accounted for >50% of reports. Subsequent results are
presented for single-etiology outbreaks only.
Median outbreak size (17 cases [p = 0.62]) (Table 2]
and outbreak duration (10 days [p = 0.30]) (Table 1) did
not differ between etiologies. Most astrovirus (8 [80%])
and sapovirus (78 [72.9%]) outbreaks occurred during

November–April. Most rotavirus outbreaks occurred
during January–May (102 [82.9%]) (Figure 1).
The most common modes of transmission were
person-to-person (190 [77.9%]), indeterminate or unknown (33 [13.5%]), and foodborne (20 [8.2%]) (Table
1). Most foodborne outbreaks were attributable to
sapovirus (15 [75.0%]). Common outbreak settings included long-term care facilities (LTCFs) (145 [59.4%]),
child daycares (27 [11.1%]), and schools (20 [8.2%])
(Table 1). Most rotavirus (80 [65.0%]) and sapovirus
(63 [58.9%]) outbreaks occurred in LTCFs.
Among 3,688 cases for which data were available,
64.2% were in women and girls. Cases occurred among
all age groups (Table 2). Compared with 20.4% of astrovirus outbreak cases, higher percentages (37.5%–42.0%)
of adenovirus, rotavirus, and sapovirus outbreak cases
were among persons >50 years old. Rotavirus outbreaks
had the highest proportion of cases in children <1 year
old (4.0%) and 1–4 years old (19.1%).
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Table 2. Summary of outbreak case characteristics by suspected or confirmed outbreak etiology for outbreaks reporting adenovirus,
astrovirus, rotavirus, or sapovirus — National Outbreak Reporting System, 2009–2018*
Etiology
All singleMultiple
Characteristic
Adenovirus
Astrovirus
Rotavirus
Sapovirus
etiology
etiologies†
No. outbreak cases
Total
83
275
2,526
3,112
5,996
5,278
Median
19
20.5
16
17
17
18
Range
13–32
9–84
2–82
2–528
2–528
2–2,274
Sex
No. cases with information
82
162
1,750
1,694
3,688
4,070
F
36 (43.9)
98 (60.5)
1,171 (66.9)
1,062 (62.7)
2,367 (64.2)
2,365 (58.1)
M
46 (56.1)
64 (39.5)
579 (33.1)
632 (37.3)
1,321 (35.8)
1,705 (41.9)
Age group, y
No. cases with information
40
142
1,161
2,071
3,414
3,676
<1
0
3 (2.1)
47 (4.0)
3 (0.1)
53 (1.6)
109 (3.0)
1–4
1 (2.5)
17 (12.0)
222 (19.1)
75 (3.6)
314 (9.2)
375 (10.2)
5–9
7 (17.5)
27 (19.0)
185 (15.9)
350 (16.9)
569 (16.7)
1,817 (49.4)
10–49
17 (42.5)
66 (46.5)
221 (19)
854 (41.2)
1,158 (33.9)
1,034 (28.1)
>50
15 (37.5)
29 (20.4)
487 (42.0)
789 (38.1)
1,320 (38.7)
340 (9.3)
Clinical outcome‡
Hospitalization
21/71 (29.6)
0/221 (0)
87/2,030 (4.2) 17/2,154 (0.8) 125/4,476 (2.8) 44/4,189 (1.1)
Death
2/71 (2.8)
0/275 (0)
8/2,127 (0.4) 2/2,283 (0.09) 12/4,756 (0.25) 5 /4,273 (0.1)
*Values are no. (%) unless otherwise indicated.
†Outbreaks attributable to adenovirus (14), astrovirus (15), rotavirus (34), or sapovirus (33) along with >1 other etiology. The most common combinations
reported were rotavirus and norovirus (19 outbreaks); sapovirus and norovirus (7 outbreaks); sapovirus, norovirus, and astrovirus (7 outbreaks); and
adenovirus and norovirus (4 outbreaks).
‡No. cases/no. cases with data available (%).

Among adenovirus outbreaks, 58.8% of case-patients reported fever, 54.5% reported diarrhea, and
40.4% reported vomiting. Across the other 3 viral
etiologies, diarrhea was the most reported symptom,
followed by vomiting and fever (Figure 2). Bloody
stools were reported for <2% of case-patients (data
not shown). Adenovirus outbreaks were responsible
for the highest proportions of hospitalized case-patients (21 [29.6%]) and deaths (2 [2.8%]) (Table 2).
Conclusions
During 2009–2018, a total of 323 outbreaks caused by
adenovirus, astrovirus, rotavirus, or sapovirus were
reported to NORS. These 4 viral pathogens typically
cause mild, self-limiting illness, as evidenced by the
low reported hospitalization and case-fatality rates.
In adenovirus outbreaks, >25% of case-patients were
hospitalized and >50% reported fever, but because
of the low number of outbreaks reported, these characteristics are likely not representative of all enteric
adenovirus infections. Like norovirus outbreaks,
astrovirus and sapovirus outbreaks often occurred
in closed settings, were mostly transmitted through
person-to-person contact or foodborne transmission,
and had winter seasonality (6,10).
In the United States, rotavirus vaccination has substantially reduced incidence in younger, vaccinated
populations and indirectly benefitted older, unvaccinated populations (11). Reported rotavirus outbreaks
affected both young and older populations, and most
occurred in LTCFs. Like other viral AGE etiologies,
562

rotavirus is most often transmitted through person-toperson contact, spreads easily in closed settings, and
most commonly causes diarrhea and vomiting. Sapovirus, astrovirus, and rotavirus should thus be considered in outbreaks initially suspected to be norovirus
where case-patients have negative results.
All 4 viruses discussed in this report have low infectious doses, are shed asymptomatically and postsymptomatically, and can survive on surfaces, facilitating transmission in closed or semi-closed settings
(4–6,8,12). Existing viral AGE outbreak prevention
and control recommendations (i.e., handwashing,
surface disinfection with appropriate products [e.g.,
bleach-based cleaners], exclusion of symptomatic persons from daycare, school, or work and food preparation for others until 48 hours after symptoms resolve
[13]) are useful against viral AGE of all etiologies.
Many viral gastrointestinal outbreaks go unreported, and determination of outbreak etiology varies
based on testing availability; adenovirus, astrovirus,
and sapovirus testing only recently became widely
available through multipathogen test panels (14). In
2012, the Centers for Disease Control and Prevention
established the Unexplained Viral Diarrhea network
in partnership with the California, Minnesota, and
Oregon state public health laboratories to comprehensively test stool specimens from norovirus-negative
outbreaks to better understand the burden of these
viruses (15). This network partially explains the geographic heterogeneity of outbreak reports in NORS;
as such, the observed geographic variability is most
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Figure 1. Percentage of outbreaks reported per month, by suspected or confirmed outbreak etiology, for single-etiology outbreaks
attributable to adenovirus (A), astrovirus (B), rotavirus (C), or sapovirus (D), National Outbreak Reporting System, USA, 2009–2018.

likely attributable to differences in testing and reporting practices, not actual differences in incidence.
Multiple etiology outbreaks were reported more
often in recent years, likely because of increased
availability of multipathogen test panels. Multipleetiology outbreaks involving adenovirus, astrovirus,
rotavirus, or sapovirus were commonly found in
combination with norovirus. Further study is needed
to determine whether each of these detected pathogens contributed to outbreak illnesses or represent
detection of asymptomatic shedding.
Adenovirus, astrovirus, rotavirus, and sapovirus
remain important causes of AGE outbreaks in the
United States and should be considered as potential etiologies, especially for norovirus-negative out-

breaks. More widespread testing and reporting will
help to advance understanding of the burden and
epidemiology of these viruses.
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Shuni Virus in Cases of Neurologic
Disease in Humans, South Africa
Thopisang P. Motlou, Marietjie Venter

We describe Shuni virus (SHUV) detection in human
neurologic disease cases in South Africa. SHUV RNA
was identified in 5% of cerebrospinal fluid specimens
collected during the arbovirus season from public sector hospitals. This finding suggests that SHUV may be
a previously unrecognized cause of human neurologic
infections in Africa.

A

rthropod-borne viruses (arboviruses) warrant attention in the global health landscape because of
their potential to cause widespread epidemics worldwide (1). Epizootics in animals may signal an increase
in virus activity and predict potential missed human
outbreaks, as shown for West Nile virus neurologic
infections in horses (2–4) and humans (5) and Rift
Valley fever associated with abortion storms in livestock and cases of febrile and neurologic disease (6)
and miscarriages in humans (7,8).
Arboviruses of African origin are largely responsible for the recent expansion in geographic range
of emerging viruses worldwide. These viruses have
been associated with human illness and death in new
regions in recent years but remain underreported in
Africa (9). Cases of neurologic arbovirus infections
are thought to be underreported in humans in South
Africa, with ≈3% of cerebrospinal fluid (CSF) samples
of neurologic infections in humans testing positive
for West Nile virus (7). This raised the question as to
whether other neglected zoonotic arboviruses are circulating in Africa that may potentially cause future
outbreaks in new regions (10).
Shuni virus (SHUV) has recently been described
as a cause of neurologic infections in horses in South
Africa (11) and emerged as a cause of neurologic infections and birth defects in livestock in Israel (12).
Before this study, there had been only 1 confirmed
human SHUV case since 1966 (13). We used real-time
reverse transcription PCR (rRT-PCR) to investigate
whether SHUV is associated with unsolved neurologic cases in humans in South Africa by screening
Author affiliation: University of Pretoria, Pretoria, South Africa
DOI: https://doi.org/10.3201/eid2702.191551

archived CSF samples collected for viral diagnosis
from hospitalized patients during the arbovirus season in January–May 2017.
The Study
We obtained archived CSF specimens from public
sector hospitals across Gauteng Province, South Africa, through the National Health Laboratory Service,
Tshwane Academic division, from patients who had
neurologic signs and symptoms during January–May
2017. We grouped the CSF specimens into 4 categories based on age: age group 1 was children (<1–12
years of age); age group 2, adolescents (13–18 years of
age); age group 3, adults (19–59 years of age); and age
group 4, senior adults (>60 years of age). SHUV-positive cases were determined by an Orthobunyavirus
genus-specific RT-PCR and confirmed using Sanger
sequencing and phylogenetic analysis.
We extracted RNA from the CSF samples using the QIAamp Viral RNA Kit (QIAGEN, https://
www.qiagen.com). We performed an Orthobunyavirus genus-specific RT-PCR using the Agpath-ID
One Step RT-PCR (Thermo Fisher Scientific, https://
www.thermofisher.com) with primers designed to
amplify a 155-bp fragment of the nucleocapsid gene
of the small (S) segment of orthobunyaviruses (14).
We analyzed the sequences using the BioEdit DNA
sequence alignment editor v7.0 5.3 software (15) and
Blast search analysis (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). We performed phylogenetic analysis using maximum-likelihood analysis (MEGA X, http://
www.megasoftware.net) as confirmation that the amplicons represent SHUV (Figure, panel A). A larger
region of the S segment (≈460 bp) could be sequenced
for only 1 of the positive samples (ZRUH131/17,
GenBank accession no. MN937197) (Figure, panel B)
because of low viral RNA concentration and sample
volume in the other CSF samples.
A total of 7 of 130 (5.4%) CSF samples tested positive with an Orthobunyavirus rRT-PCR targeting the S
segment and were confirmed by DNA sequencing to
represent SHUV (Figure, panel A). A longer region
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was obtained for a CSF sample taken from a patient
who was confirmed to have had neurologic diseases
(meningitis, encephalitis, and seizures) with a clinical
diagnosis of TB meningitis. Apart from neurological
signs, additional clinical diagnoses in other patients

included respiratory diseases (tuberculosis, upper respiratory tract infection, and pneumonia), gastrointestinal diseases, vomiting, and hydrops fetalis (Table 1).
Only 3 patients’ HIV status was recorded, of which 1
patient’s mother was confirmed to be HIV positive and

Figure. A) Phylogenetic confirmation that the orthobunyavirus small (S) segment specific reverse transcription PCR (14) positive products
identified in this study clustered with SHUV strains. The 155-bp sequence of the nucleocapsid gene of the S segment of the human clinical
isolates were aligned to SHUV strains previously identified in animals and other Orthobunyaviruses in the Simbu serogroup. The evolutionary
history was inferred by using the maximum likelihood method and Kimura 2-parameter model. The tree with the highest log likelihood
(–1043.27) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for
the heuristic search were obtained automatically by applying neighbor-joining and BioNJ algorithms to a matrix of pairwise distances estimated
using the maximum composite likelihood (MCL) approach and then selecting the topology with superior log likelihood value. A discrete gamma
distribution was used to model evolutionary rate differences among sites (5 categories [+G parameter = 0.6884]). This analysis involved 28
nt sequences. All positions containing gaps and missing data were eliminated (complete deletion option). There were a total of 151 positions
in the final dataset. Evolutionary analyses were conducted in MEGA X (http://www.megasoftware.net). Black circles indicate the newly
sequenced positive human samples (ZRUH208/17, ZRUH131/17, ZRUH219/17, ZRUH212/17, ZRUH213/17, ZRUH400/17, ZRUH039/17).
B) Phylogenetic analysis of a human SHUV-positive case using a larger region of the S-segment amplified with SHUV-specific primers. The
evolutionary history was inferred by using the maximum likelihood method and Tamura-Nei model. The tree with the highest log likelihood
(–3135.73) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s)
for the heuristic search were obtained automatically by applying neighbor-joining and BioNJ algorithms to a matrix of pairwise distances
estimated using the MCL approach and then selecting the topology with superior log likelihood value. A discrete gamma distribution was
used to model evolutionary rate differences among sites (5 categories [+G, parameter = 0.3230]). This analysis involved 28 nt sequences.
All positions containing gaps and missing data were eliminated (complete deletion option). There were a total of 324 positions in the final
dataset. Evolutionary analyses were conducted in MEGA X. Black circle indicates the newly sequenced positive human strain (ZRUH131/17,
GenBank accession no. MN937197). Sequence data are available upon request; numbers in parentheses for related strains indicate GenBank
accession numbers. Scale bars indicate nucleotide substitutions per site. AINOV, Aino virus; AKAV, Akabane virus; BUTV, Buttonwillow virus;
DOUV, Douglas virus; FPV, Faceys Paddock virus; INGV, Ingwavuma virus; KAIV, Kaikalur virus; KAIRV, Kairi virus; MERV, Mermet virus;
OROV, Oropouche virus; PEAV, Peaton virus; SABOV, Sabo virus; SANV, Sango virus; SATV, Sathuperi virus; SBV, Schmallenburg virus;
SHAV, Shamonda virus; SHUV, Shuni virus; SIMV, Simbu virus; TINV, Tinaroo virus; THIV, Thimiri virus; YABA, Yaba-7 virus.
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Table 1. Demographic and clinical information of SHUV-positive CSF samples from 7 patients hospitalized with neurologic signs,
Gauteng Province, South Africa, 2017*
Sample Patient
Clinical
Reason for
ID
age/sex
Other symptoms
diagnoses
HIV status
Other tests
Vaccination
discharge
Location
ZRUNH
29 y/F
Not stated
Meningitis
Unknown
Not stated
Unknown
Unknown
JHB
039/17
ZRUNH
1y9
Not stated
TB, meningitis
Unknown
Not stated
Unknown
Unknown
JHB
131/17
mo/M
ZRUNH 6 mo/F
Vomiting, diarrhea,
Acute
Mother
H. influenzae Mother did not
Stable
Eastlynne,
219/17
fine maculopapular gastroenteritis (positive), on Ag (negative),
have clinic
Pretoria
rash
and shock
HAART/
N. meningitidis
card
PMTCT, ART
ACV W135
(FDC); baby
(negative), E.
received
coli (negative),
nevirapine
S. pneumonia
(negative),
GBS
(negative),
cryptococcal
Ag (negative)
ZRUNH
2y8
Coughing blood,
Upper
Mother
Not stated
Up to date:
Stable
Pretoria
212/17
mo/M
otitis media, simple
respiratory
negative; baby
BGG,
febrile seizures,
tract infection/
received
polio+DPT
fever (38°C),
hemoptysis/
nevirapine
(3–18 mo),
difficulty breathing,
febrile
DT (5 y) not
vomiting, diarrhea;
convulsions
done
had second episode
of seizure
ZRUNH
4 y 11
Seizures, ICU
Encephalitis
Negative
Microbiology:
Incomplete:
Not stated Eastlynne,
208/17
mo/M
patient, decreased and aspiration
negative for
no polio+DPT
Pretoria
LOC, vomiting,
pneumonia
bacteria
(4,5 mo)
seizures, fever,
diarrhea
ZRUNH 13 d/F
ICU patient, baby
Nonimmune
Not stated
HSV (positive;
Up to date
Stable
Mamelodi
213/17
delivered normally, hydrops fetalis
patient tested
East,
neonatal
negative
Pretoria
encephalopathy,
following
second-degree
treatment),
congenital
rubella PCR
sepsis/TORCH, poor
(IgG positive,
sucking, premature,
IgM negative),
low birthweight,
CMV (IgG
nonimmune,
positive, IgM
subcutaneous
negative)
edema, abdominal
distension (HC,
chest, AC),
abdominal U/S
(ascites, bilateral
dense kidneys)
ZRUNH 4 mo/M Respiratory distress,
Viral
Not stated
Not stated
Up to date
Not stated
Olieven400/17
vomiting bile
pneumonia
houtbosch,
Pretoria

*AC, abdominal circumference; Ag, antigen; BCG, bacille Calmette-Guérin; CMV, cytomegalovirus; DPT, diphtheria/pertussis/tetanus; E. coli, Escherichia
coli; FDC, fixed-dose combination; GBS, group B Streptococcus; H. influenzae, Haemophilus influenzae; HAART, highly active antiretroviral therapy;
HC, hepatitis C; HSV, herpes simplex virus; ICU, intensive care unit; ID, identification; JHB, Johannesburg; LOC, level of consciousness; N. meningitis,
Neisseria meningitidis; PMTCT, prevention of mother-to-child transmission; SHUV, Shuni virus; TB, tuberculosis; TORCH, Toxoplasma gondii;
U/S, ultrasound.

undergoing treatment. The baby of the positive mother
subsequently received nevirapine. The other 2 patients
were HIV negative; however, 1 of the children was
given nevirapine for reasons not stated. No apparent
travel history was recorded for any of these patients.
Most specimens screened were from children
(63.1%). Groups with the lowest number of patients
were adolescents (1.5%) and the elderly (4.6%) (Table

2). There was only a slight difference in the percentage of males and female patients tested (46.2% male
and 51.7% female). A total of 6 (85.7%) of 7 positive
cases were in children and 1 of 7 (14.3%) was in an
adult. Three of the children with positive test results
were <6 months of age. One of these positive children
was a newborn admitted to the intensive care unit
at 13 days of age who had not left the hospital since
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Table 2. Demographics of the patient group screened for Shuni virus, Gauteng Province, South Africa, 2017
Demographic
Total no. (%)
No. (%) positive
Odds ratio (95% CI)
Total
130
7 (5.3)
Age group, y*
1
82 (63.1)
6 (4.9)
0.05333 (0.01951–0.1458)
2
2 (1.5)
0 (0)
0
3
40 (30.8)
0 (0)
0
4
6 (4.6)
1 (16.7)
0.2 (0.02337–1.71188)
Sex
M
60 (46.2)
3 (42.9)†
F
67 (51.7)
4 (57.1)†
Not stated
3 (2.3)
0

*The classification of the age groups is based on the neutral network using the FG-NET aging database and wavelets. Age group 1, children (<1–12 y);
age group 2, adolescents (13–18 y); age group 3, adults (19–59 y); and age group 4, senior adults (>60 y). p value = 0.6621.
†Percentages based on total no. positive cases.

birth. Aside from neurologic signs that were present
in all patients, the most common recorded symptoms
were vomiting, diarrhea, seizures, and fever.
SHUV was reported in horses with severe neurologic signs in South Africa during 2009–2012 (11),
which prompted us to also investigate its occurrence in human cases. Screening of CSF specimens
from hospitalized patients with neurologic signs
around Gauteng Province in South Africa, where
some of the equine cases were detected, suggests
that up to 5.4% of unidentified neurologic human
cases during the arbovirus season may be caused
by SHUV. Six of the 7 patients who tested positive for SHUV were children <5 years of age, with
1 being a newborn 13 days of age; only 1 case was
identified in a woman. Three of the 7 patients were
discharged after being found to be stable; the outcomes of the other 4 are unknown.
These patients were also tested for other viral
and bacterial infections, such as influenza, Neisseria
meningitidis, pneumonia, herpes simplex virus (HSV),
rubella, and cytomegalovirus (Table 1). All 7 patients
showed negative results for all requested diagnostic
assays except for the 13-day-old infant, who received
a diagnosis of hydrops fetalis. He was IgG positive
for rubella and cytomegalovirus but IgM negative for
both, suggesting maternal antibody transmission. The
patient was positive for HSV by PCR and was subsequently placed on treatment for 12 days postnatal until the HSV PCR yielded a negative result. Although
the diagnosis of a HSV co-infection cannot rule out
HSV as the cause of the hydrops fetalis, the fact that
he had not left the hospital since birth suggests a likely vertical transmission of both HSV and SHUV. The
patient was stable at discharge after 21 days; no death
has been reported. None of the patients had any travel
history, indicating that they may have been infected
in or around their area of residence. Equine cases had
previously been identified in these areas, suggesting
possible similar vector exposure (11).
568

A limitation of this study was that all other potential causes of neurologic signs were not exhaustively investigated. Previous detection of SHUV
in Cullicoides midges and Culex theileri mosquitoes
(McIntosh BM, Epidemiology of arthropod-borne
viruses in southern Africa. Unpublished thesis, University of Pretoria, 1980) suggests that SHUV has
the potential to expand its geographic range and
potentially emerge in new regions. The reservoir
host for SHUV is not known but is thought to be
ruminants and wildlife, from which transmission to
humans would likely be accomplished through susceptible mosquitoes.
Conclusions
Detection of SHUV RNA in the CSF is highly suggestive of SHUV contributing to neurologic signs and
likely crossing of the blood–brain barrier. However,
further investigations with larger cohorts are needed
to determine the disease burden of SHUV in humans
across all age groups. These investigations can also
include determining the geographic range, clinical
presentation, potential vectors, and reservoir hosts in
Africa. Improved diagnoses that include IgM serology and early PCR detection of SHUV will aid in defining the true incidence and epidemiology of SHUV.
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Murine Typhus in Canary Islands,
Spain, 1999–2015
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Araceli Hernández-Betancor, Laura Suárez-Hormiga, José Luis Pérez-Arellano

To document the epidemiology, clinical features, and outcomes of murine typhus patients in the Canary Islands
(Spain), we analyzed data that were retrospectively collected for 16 years for 221 patients. Murine typhus in the
Canary Islands is characterized by a high rate of complications (31.6%), mainly liver, lung, kidney or central nervous system involvement.

M

urine typhus is a febrile disease caused by Rickettsia typhi (1). Rickettsia are obligate, intracellular, gram-negative bacilli that are transmitted to mammals by various arthropod vectors, including ticks,
lice, mites, and fleas (2). The classic R. typhi life cycle
involves rats of the subgenus Rattus (such as R. rattus
and R. norvegicus) and their fleas (especially Xenopsylla cheopis). Adaptation to new reservoirs (cats, dogs,
opossums) and vectors, in particular Ctenocephalides
felis (cat flea), has probably led to the reappearance of
murine typhus in industrialized countries (3).
Murine typhus remains a neglected disease
despite its worldwide distribution. It is one of the
most frequent causes of fever of intermediate duration (FID), defined as fever of 7–28 days, and is not
associated with localizing signs or diagnostic clues
after a complete evaluation in southern Spain and
the Canary Islands (4,5). Underdiagnosis represents
a major health cost because unnecessary diagnostic
tests might be performed and treatment might be
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inadequate (6). Although it is considered a mild disease, a large number of patients require hospital admission and show development of life-threatening
complications (7). Our aim was to document the epidemiology, clinical features, and outcome of murine
typhus in the Canary Islands (Spain).
The Study
The study included 221 adults >14 years of age who
were inpatients and outpatients at the Hospital Universitario Insular of Las Palmas (Las Palmas de Gran
Canaria, Spain), who received a diagnosis of murine typhus during June 1, 1999–December 31, 2015.
Epidemiologic, clinical, and laboratory data were
retrospectively collected from medical records. Diagnosis of murine typhus was based on detection of
antibodies against R. typhi by using an indirect immunofluorescence test and 2 criteria. Criterion 1 was
titer >1:1,280 for IgM in 1 sample, and criterion 2 was
a 4-fold increase in IgG titers between 2 consecutive
samples. A total of 72 (32.6%) patients were given a
diagnosis according to criterion 1, and 149 (67.4%)
patients were given a diagnosis according to criterion
2. Clinical and laboratory data for both groups were
analyzed separately.
Murine typhus was more frequent during July–
November (Figure 1). The mean ± SD number of
cases diagnosed per year was 18 ± 5.33. We provide
the annual distribution of cases (Figure 2). Most
(91.4%, 202/221) case-patients lived in urban areas;
73.3% (162/221) were male; and the median age was
40 years (interquartile range 28.5–52.5 years). Most
(88.7%, 188/212) reported close contact with animals, especially dogs (66%, 140/212) and cattle (42%,
89/212). Arthropod bites were reported by 34 (19.5%)
of 174 case-patients.
We provide the main clinical features recorded
(Table 1). A total of 180 (82.95%) of 217 patients had
high fever (median temperature 39.8°C) of >1 week
duration. Pharyngitis was more frequently observed
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Figure 1. Monthly distribution of cases of endemic murine typhus,
Canary Islands, Spain, 1999–2015.

for younger (<20 years of age) patients (7/20, 35%)
than for older patients (12/169, 7.1%) (p = 0.001).
Rash was present more often in younger patients
(8/19, 42.1%) than in older patients (42/190, 22.1%)
(p = 0.05). We also provide laboratory findings
(Table 2). Most (184/195, 94.4%) had urinalysis alterations in the form of microhematuria, proteinuria,
or leukocyturia.
Complications developed in 31.6% (68/215) of
patients, especially hepatitis (22/221, 10.0%), acute
renal failure (21/215, 9.8%), meningitis (12/215,
5.6%), and pneumonia (9/215, 4.2%). No differences
were found between patients given a diagnosis by
using criterion 1 or 2 (Appendix, https://wwwnc.
cdc.gov/EID/article/27/2/19-1695-App1.pdf).

Figure 2. Annual distribution of cases of murine typhus, Canary
Islands, Spain, 1999–2015.

Cerebrospinal fluid samples from patients who had
meningitis were characterized by a clear appearance, moderate mononuclear pleocytosis (range
6–43 cells), mild proteinorachia, and standard glucose levels. Round pneumonia developed in 2 patients and retinitis in 1 patient.
A total of 51 (22.6%) of the 221 patients were hospitalized: 29 (56.9%) had complications, 12 (23.5%) experienced vomiting, and 10 (19.6%) needed a diagnostic workup. The average length of hospital stay was
short (median 6 days; interquartile range 4–9 days).
Seven patients did not receive treatment because of
spontaneous recovery. The remaining patients received doxycycline. Two patients required admission

Table 1. Clinical findings for patients with cases of endemic murine typhus, Canary Islands, Spain, 1999–2015
IgM >1:1,280,
4-fold IgG titer increase,
Finding
Total, no. (%)
no. (%)*
no. (%)†
Symptom or sign
Headache, n = 206
181 (87.9)
59 (88.1)
122 (87.8)
Sweating, n = 175
129 (73.7)
44 (74.6)
85 (73.3)
Myalgias, n = 186
135 (72.6)
39 (65)
96 (76.2)
Nausea/vomiting, n = 206
103 (50)
32 (47.8)
71 (51.1)
Dry cough, n = 200
79 (39.5)
23 (36.5)
56 (40.9)
Rash, n = 211
56 (26.5)
14 (21.2)
36 (25.2)
Abdominal pain, n = 200
45 (22.5)
15 (22.7)
30 (22.4)
Classic triad, n = 201‡
46 (22.9)
14 (21.5)
32 (23.5)
Conjunctivitis, n = 201
41 (20.4)
12 (18.8)
29 (21.2)
Diarrhea, n = 221
41 (18.6)
11 (15.3)
30 (20.1)
Odynophagia, n = 182
24 (13.2)
16 (13.1)
8 (13.3)
Tachycardia, n = 164
75 (45.7)
28 (54.9)
47 (41.6)
Hepatomegaly, n = 209
37 (17.7)
12 (17.9)
25 (17.6)
Relative bradycardia, n = 162§
21 (13)
3 (5.9)
18 (16.2)
Pharyngitis, n = 189
19 (10.1)
8 (12.7)
11 (8.7)
Lymphadenopathy, n = 198
16 (8.1)
10 (15.6)
6 (4.5)
Splenomegaly, n = 209
17 (8.1)
5 (7.5)
12 (8.5)
Altered pulmonary auscultation, n = 210
17 (8.1)
7 (10.3)
10 (7)
Flea bite, n = 93
6 (6.5)
0 (0)
6 (9.4)
Costovertebral angle tenderness, n = 199
11 (5.5)
6 (9.2)
5 (3.7)
Jaundice, n = 210
11 (5.2)
4 (5.9)
7 (4.9)
*Patients given a diagnosis by testing of 1 sample (criterion 1).
†Patients given a diagnosis by testing of 2 consecutive samples (criterion 2).
‡Fever, headache and rash.
§Temperature >38.9°C and heart rate <110 beats/min in the absence of treatment with -blockers.
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p-value
0.95
0.85
0.11
0.66
0.56
0.53
0.96
0.75
0.69
0.38
0.97
0.11
0.96
0.07
0.39
0.01
0.81
0.42
0.17
0.18
0.75
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Table 2. Laboratory test results for patients with cases of endemic murine typhus, Canary Islands, Spain, 1999–2015*
IgM >1:1,280,
4-fold IgG titer
Finding
No. (%)
no. (%)†
increase, no. (%)‡
p-value
Cutoff values
Anemia, n = 220
38 (17.3)
16 (22.5)
22 (14.8)
0.15
<12 g/dL Hb in women, <13 g/dL
Hb in men
Leukopenia, n = 220
23 (10.5)
7 (9.9)
16 (10.7)
0.26
<4,000/L
Leukocytosis, n = 220
42 (19.1)
18 (25.4)
24 (16.1)
0.26
>11,000/L
Thrombocytopenia, n = 218
127 (58.3)
28 (39.4)
99 (67.3)
<0.01
<150,000/L
Increased ESR, n = 106
64 (60.4)
27 (65.9)
37 (56.9)
0.42
Upper limit of normality calculated
according to age and sex
Prolonged PT, n = 197
82 (41.6)
27 (42.9)
55 (41)
0.81
<80%
Increased aPTTr, n = 188
6 (3.2)
2 (3.4)
4 (3.1)
0.99
>1.2
Plasma Cr increase, n = 215
47 (21.9)
16 (23.5)
31 (21.1)
0.72
>1.2 mg/dL
Hyponatremia, n = 205
119 (58)
30 (50)
89 (61.4)
0.13
<135 mEq/L
Plasma CK increase, n = 97
20 (20.6)
5 (13.5)
15 (25)
0.17
>232 U/L
Plasma urea increase, n = 211
36 (17.1)
12 (18.5)
24 (16.4)
0.72
>40 mg/dL
Plasma LDH increase, n = 138
131 (94.9)
40 (90.9)
91 (96.8)
0.21
>190 U/L
Plasma ALT increase, n = 197
184 (93.4)
59 (92.2)
125 (94)
0.76
>35 U/L
Plasma AST increase, n = 196
182 (92.9)
55 (88.7)
127 (94.81)
0.14
>35 U/L
Plasma AP increase, n = 109
38 (34.9)
10 (25.6)
28 (40)
0.15
>136 U/L
Plasma GGT increase, n = 166
91 (54.8)
29 (52.7)
62 (55.9)
0.74
>85 U/L
Microhematuria, n = 195
146 (74.9)
45 (72.6)
101 (75.9)
0.6
>5 RBCs/mm3
Proteinuria, n = 195
169 (86.7)
54 (87.1)
115 (86.5)
0.9
Positive urine test strip
Leukocyturia, n = 194
123 (63.4)
38 (62.3)
85 (63.9)
0.83
>10 WBCs/mm3
*ALT, alanine aminotransferase; AP, alkaline phosphatase; aPTTr, activated partial thromboplastin time ratio; AST, aspartate aminotransferase; Cr,
creatinine; CK, creatine kinase; ESR, erythrocyte sedimentation rate; GGT, -glutamyl transpeptidase; Hb, hemoglobin; LDH, lactate dehydrogenase; PT,
prothrombin Time; RBCs, red blood cells; WBCs, white blood cells.
†Patients given a diagnosis by testing of 1 sample (criterion 1).
‡Patients given a diagnosis by testing of 2 consecutive samples (criterion 2).

to the intensive care unit because of multiple organ
failure, and no patients died. Low transient IgM titers
and no IgG titers against other microorganisms were
found in admission serum samples, especially against
Coxiella burnetii (36/218, 16.5%) and Epstein-Barr virus (13/218, 6.0%).
Conclusions
Murine typhus was diagnosed primarily in middleage men and showed a similar male:female ratio as
in other clinical series (8). The seasonal prevalence of
murine typhus during late summer and fall has been
described (7). This temporal pattern seems to be related to the increased propagation activity of the vector
linked to higher temperatures. The number of annual
cases is similar to that reported by others (9–11), and
diagnoses increased over the study period. However,
these data probably underestimate the incidence of
murine typhus because of the absence of clinical hallmarks and the fact that this disease is self-limiting.
The clinical features of murine typhus observed
in this study are consistent with those reported by
Tsioutis et al. (7); high fever and intense headaches
were the most common clinical features. Most of the
patients fulfilled the criterion for FID. There were differences by age groups. The presence of a rash was
rare among elderly patients, as reported (12,13). This
finding makes the diagnostic utility of the classic triad of fever, headache, and rash somewhat debatable,
572

especially for older patients. Furthermore, patients
<20 years of age sometimes showed a clinical profile
indistinguishable from that for infectious mononucleosis associated with pharyngitis, visceromegaly,
lymphadenopathy, and atypical lymphocytosis.
The most common finding for blood counts was
thrombocytopenia (127/218, 58.3%). A prolonged
prothrombin time was common. No association was
observed between a prolonged prothrombin time
and complications, which is in contrast to the results
of Chang et al. (14). Hypertransaminasemia was the
most common serum alteration, which reached values typical for viral, toxic, or ischemic hepatitis in
10% of case-patients. However, clinical hepatitis, with
the presence of hepatomegaly and increased levels of
bilirubin, was much less frequent.
The higher incidence of renal damage for patients with murine typhus in the Canary Islands has
been reported (15). This differential finding could be
caused by specific strains of R. typhi that have a particular tropism, although there is no solid evidence to
confirm this possibility.
Transient IgM titers against other microorganisms in admission serum samples are common. Obtaining 2 independent samples during an interval of
2 weeks is essential to avoid false-negative results
or misdiagnoses.
A limitation of this study is its retrospective design,
although based on an established protocol. Another
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limitation is the possibility of cross-reactivity; crossreactivity is common in rickettsial diseases, and some
cases diagnosed as murine typhus may have been
caused by other rickettsial species. A third limitation
is use of a single serum sample as a diagnostic criterion, which although used in most clinical case series
is not rigorous, and previous exposure to pathogens as
the cause of seroreactivity cannot be completely ruled
out. However, the relatively high IgM cutoff point and
the absence of relevant differences between patients
given a diagnosis by using 1 sample and those with
confirmed seroconversion support the data presented.
Murine typhus is a major cause of FID in the Canary Islands. Complications are frequent, especially
in the elderly, usually with renal, hepatic, respiratory,
or central nervous system involvement. These results
should help raise awareness among physicians about
the need to identify cases earlier, start treatment
promptly, and thus improve clinical outcomes.
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Evidence of Zika Virus Infection
in Pigs and Mosquitoes, Mexico
Daniel Nunez-Avellaneda, Rosa Carmina Cetina-Trejo, Emily Zamudio-Moreno,
Carlos Baak-Baak, Nohemi Cigarroa-Toledo, Guadalupe Reyes-Solis, Antonio Ortega-Pacheco,
Gerardo Suzán, Chandra Tandugu, Julián E. García-Rejón, Bradley J. Blitvich, Carlos Machain-Williams

Evidence suggests that pigs seroconvert after experimental exposure to Zika virus and are potential sentinels. We
demonstrate that pigs are also susceptible to natural Zika
virus infection, shown by the presence of antibodies in domestic pigs in Yucatan, Mexico. Zika virus RNA was detected in 5 species of mosquitoes collected inside pigpens.

P

igs are susceptible to experimental Zika virus infection (1–4), but evidence of natural infection is
lacking. Microcephaly has occurred in fetal piglets
after in utero inoculation, and neurologic disease has
occurred in neonates after intracranial inoculation,
suggesting that pigs are a suitable animal model for
the study of Zika virus. Three-month-old pigs exposed to Zika virus through subcutaneous and intradermal injection produce antibodies but not viremias,
indicating that pigs could be suitable sentinels. We
performed a serologic investigation in the state of Yucatan, Mexico, to determine whether pigs are susceptible to natural Zika virus infection. Mosquitoes temporally and spatially associated with the pigs were
tested for evidence of Zika virus infection to increase
our understanding of the vector range of the virus.
The Study
Pigs and mosquitoes were sampled at 4 sites. One site
was a commercial farm in Xmatkuil, a suburb 16 km
south of Merida, the largest city in Yucatan. The site
contained a herd of Yucatan black hairless pigs and a
commercial genetic line of breeding pigs. The other
sites were Mayan villages to the east and southeast of
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Merida: Tzucacab (148 km southeast), Valladolid (159
km east), and Xkalakdzonot (155 km southeast). Each
village maintained herds of Yucatan black hairless
pigs as a food source for residents. We visited each
site 1–3 times during 2018 and 2019, and no pigs were
sampled more than once. An unusually high number
of porcine fetal deaths occurred in Xmatkuil and Xkalakdzonot several weeks before our initial visits. The
stillborn pigs displayed signs of mummification but
no apparent neurologic malformations, according to
their owners. During each visit, we searched humanmade structures and vegetation for resting mosquitoes, which were collected by manual aspiration.
Serum samples were assayed by plaque-reduction neutralization test (PRNT) using dengue virus
(DENV) serotype 1 (strain Hawaii), DENV serotype 2
(strain NGC), DENV serotype 3 (strain H-87), DENV
serotype 4 (strain 241), Ilheus virus (original strain),
St. Louis encephalitis virus (strain TBH-28), West
Nile virus (strain NY99–35261–11), and Zika virus
(strain PRVABC59). Serum specimens were initially
screened at a dilution of 1:20 by using Zika virus. Positive samples were further diluted, then assayed using all 8 viruses. Titers were expressed as the reciprocal of serum dilutions yielding >90% reduction in the
number of plaques (PRNT90). For etiologic diagnosis,
the PRNT90 antibody titer to the respective virus was
required to be >4-fold that of other flaviviruses tested.
Mosquitoes were transported alive to the arbovirus laboratory at the Universidad Autonoma de
Yucatan and sorted into pools of <50 according to
species, sex, date, study site, and location within the
study site. Mosquitoes were transported in RNAlater
(Sigma-Aldrich, https://www.sigmaaldrich.com) to
Iowa State University, then homogenized by using
mortars and pestles. Total RNA was extracted by using Trizol Reagent (ThermoFisher Scientific, https://
www.thermofisher.com) and tested for Zika virus
RNA by using reverse transcription PCR and Sanger
sequencing using primers that amplify a 667-nt region of the envelope protein gene.
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Serum specimens were collected from 297 pigs (20
from Tzucacab, 73 from Valladolid, 74 from Xkalakdzonot, and 130 from Xmatkuil). Thirty-eight (12.8%)
pigs were positive for flavivirus-specific antibodies.
Thirteen (4.8%) pigs were seropositive for Zika virus,
1 (0.3%) pig was seropositive for West Nile virus, and
24 (8.1%) pigs had antibodies to an undetermined flavivirus. Zika virus PRNT90 titers ranged from 40 to
320 (Table 1). Eleven pigs seropositive for Zika virus
were from Xmatkuil, and 1 each was from Tzucacab
and Valladolid.
The entomologic investigation yielded 1,870 mosquitoes of 8 species that were sorted into 190 pools. Of
these, 381 mosquitoes were collected inside pigpens,
and >50% were engorged (Table 2). Mosquitoes were
tested for Zika virus RNA by reverse transcription
PCR, and resulting amplification products were analyzed by Sanger sequencing. Five pools, all of which
contained >1 engorged mosquito, were positive for
Zika virus sequence, and all consisted of mosquitoes
collected inside pigpens in Xmatkuil (Genbank accession nos. MT309004–309008). One pool each of the
following mosquito species tested positive: Aedes aegypti, Ae. taeniorhynchus, Culex lactator, Cx. nigripalpus,
and Cx. thriambus. All sequences were identical and
differed from the positive control, an isolate from the
state of Chiapas, Mexico, in 2016 (Genbank accession
no. KX446950.2) in 1 nucleotide position, a C→T substitution at genomic position 1893.
Conclusions
We detected Zika virus RNA sequence in Ae. aegypti,
Ae. taeniorhynchus, Cx. lactator, Cx. nigripalpus, and
Cx. thriambus mosquitoes that were temporally and
spatially associated with pigs seropositive for this virus. The role of Culex spp. mosquitoes in Zika virus

transmission has been debated, but the consensus
among the arbovirus community is that they are inefficient vectors (5,6). Culex spp. mosquitoes and
Zika virus were first linked after experimental infection studies demonstrated that the Cx. quinquefasciatus mosquito is a competent vector of this virus (7).
Many other studies have shown otherwise, including
a study that demonstrated that Cx. quinquefasciatus
mosquitoes in the state of Jalisco, Mexico, were refractory to Zika virus (5,6,8).
Vector competence experiments have also evaluated mosquitoes from >6 other Culex spp., although
Cx. lactator, Cx. nigripalpus, and Cx. thriambus mosquitoes are not among them, and none were able to
transmit Zika virus (9). We add to the small number of studies that have detected Zika virus nucleic
acid in field-collected Culex spp. mosquitoes (7,10),
but we did not isolate virus or provide evidence of
a disseminated infection. We cannot dismiss the
possibility that the Zika virus RNA–positive Culex
spp. mosquitoes had recently fed upon a viremic
host but virus replication had not occurred within
the mosquito. Therefore, the link between Culex spp.
mosquitoes and Zika virus remains tenuous. The Ae.
taeniorhynchus mosquito is also considered an inefficient vector of Zika virus (11). In contrast, the Ae.
aegypti mosquito is the principal urban vector of
Zika virus in the Americas (12). Ae. taeniorhynchus
and Ae. aegypti mosquitoes are not known to have a
strong preference for porcine blood, although 2.4%
of engorged Ae. taeniorhynchus mosquitoes in the
Galapagos Islands had acquired blood from pigs,
and the Cx. nigripalpus mosquito shifts seasonally
to opportunistic feeding behavior (13,14). Porcine
blood has occasionally been detected in Ae. aegypti
mosquitoes (15,16).

Table 1. Plaque-reduction neutralization test data for pigs seropositive for Zika virus, Yucatan, Mexico, 2018–2019*
Virus and PRNT90 titer
Sample
Age
Serum ID
date†
category
DENV-1
DENV-2
DENV-3
DENV-4
ILHV
SLEV
WNV
XM-278-J‡
2018 Apr
J
–
20
–
–
–
–
–
XM-285-J
2018 Apr
J
–
40
–
20
–
–
–
VA-265-A
2018 Jun
A
–
–
–
–
–
–
–
XM-O2A-J
2018 Jun
J
–
20
20
–
40
20
40
XM-177-J
2018 Jun
J
–
–
–
–
–
–
–
XM-181-J
2018 Jun
J
–
–
20
20
–
–
–
XM-183-S
2018 Jun
S
–
–
–
–
–
–
–
XM-189-J
2018 Jun
J
80
–
20
20
40
–
40
XM-199-J
2018 Jun
J
–
–
–
–
–
–
–
XM-202-J
2018 Jun
J
–
20
20
–
–
–
–
XM-212-J
2018 Jun
J
–
–
–
–
–
–
–
XM-238-J
2018 Jun
J
–
–
–
–
–
–
–
TZ-387-J
2019 Jan
J
–
–
–
–
–
–
–

Zika virus
320
160
80
160
40
80
40
320
40
80
80
40
80

*A, adult; DENV1, dengue virus type 1; DENV2, dengue virus type 2; DENV3, dengue virus type 3; DENV4, dengue virus type 4; ILHV, Ilheus virus; J,
juvenile; PRNT90, >90% reduction in the number of plaques on plaque-reduction neutralization test; S, suckling; SLEV, St. Louis encephalitis virus; WNV,
West Nile virus; –, <20.
†Date (month/year) of serum collection.
‡Prefixes indicate pigs from these areas: TZ, Tzucacab; VA, Valladolid; XM, Xmatkuil.
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Table 2. Summary of mosquitoes collected inside pigpens, Yucatan, Mexico, 2018–2019
Study site
Tzucacab

Valladolid
Xkalakdzonot

Xmatkuil

Mosquito species
Aedes aegypti
Ae. taeniorhynchus
Culex quinquefasciatus
Cx. thriambus
Ae. aegypti
Ae. cozumelensis
Cx. quinquefasciatus
Ae. aegypti
Ae. cozumelensis
Anopheles albimanus
Cx. lactator
Cx. quinquefasciatus
Ae. aegypti
Ae. taeniorhynchus
Cx. lactator
Culex nigripalpus
Culex quinquefasciatus
Culex thriambus

The mosquito infection rates in our study are
high. All Zika virus RNA–positive mosquitoes and
most seropositive pigs were sampled at the same
site (Xmatkuil) on the same date (June 5, 2018). We
speculate that these pigs were infected with Zika
virus just before our visit and that some mosquitoes then bit them, without virus disseminating
from the midguts of Culex spp. mosquitoes. Recent
studies have demonstrated that pigs are susceptible
to experimental Zika virus infection (1–4). We provide serologic evidence that pigs are also susceptible to natural Zika virus infection. A high number
of stillbirths occurred at 2 study sites before sampling, but none displayed malformations typical of
Zika virus infection.
We provide additional evidence that pigs produce neutralizing antibodies upon Zika virus exposure and are potential sentinels. This information
will be useful for investigators and public and veterinary health personnel conducting surveillance in
Zika virus–endemic areas where pigs are common
and usually raised outdoors. One limitation of our
study is that pig farmers were not tested for evidence of flavivirus infection. Future studies should
investigate whether those persons are at increased
risk for Zika disease.
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No. collected
58
3
63
1
32
1
45
46
2
6
1
60
29
8
1
3
21
1

No. pools
6
1
7
1
2
1
5
5
1
1
1
6
4
2
1
1
2
1

No. pools positive for
Zika virus RNA
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
0
1
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EID Podcast

Community Interventions for Pregnant
Women with Zika Virus in Puerto Rico
After experiencing an alarming rise in Zika virus
infections, the Puerto Rico Department of Health
partnered with CDC to implement a variety of
community education and prevention efforts.
But what were these efforts, and were
they ultimately successful?
In this EID podcast, Dr. Giulia Earle-Richardson,
a behavioral scientist at CDC, analyzes some of the
Zika intervention campaigns in Puerto Rico.
Visit our website to listen:
https://go.usa.gov/xy6nD
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Novel Arterivirus Associated
with Outbreak of Fatal
Encephalitis in European
Hedgehogs, England, 2019
Akbar Dastjerdi, Nadia Inglese, Tim Partridge, Siva Karuna, David J. Everest,
Jean-Pierre Frossard, Mark P. Dagleish, Mark F. Stidworthy

In the fall of 2019, a fatal encephalitis outbreak led to the
deaths of >200 European hedgehogs (Erinaceus europaeus) in England. We used next-generation sequencing to identify a novel arterivirus with a genome coding
sequence of only 43% similarity to existing GenBank arterivirus sequences.

A

rteriviruses are enveloped, spherical viruses
with a positive-sense, single-stranded, linear
RNA genome (1), and they are assigned to the order
Nidovirales, family Arteriviridae. Arteriviruses infect equids, pigs, possums, nonhuman primates, and
rodents. For example, equine arteritis virus causes
mild-to-severe respiratory disease, typically in foals,
or abortion in pregnant mares (2). In pigs, porcine
reproductive and respiratory syndrome virus types
1 and 2 cause a similar clinical syndrome of reproductive failure and respiratory disease (3,4). Wobbly
possum disease virus causes an often fatal neurologic
syndrome in possums (5). Several other arteriviruses
(Pebjah virus, simian hemorrhagic encephalitis virus,
and simian hemorrhagic fever virus) cause highly lethal hemorrhagic fever in captive Asian macaques (6).
Lactate dehydrogenase–elevating virus was discovered by Riley et al. during their work on plasma enzyme levels in tumor-bearing mice (7). Arteriviruses
were detected in Chinese softshell turtles (Pelodiscus
sinensis) that had hemorrhagic disease (8) and from
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healthy African giant shrews (Crocidura olivieri) by
molecular assays (9). Arteriviruses are documented
to be transmitted through respiratory, venereal, and
transplacental routes (10,11); direct contact with infected possums has been the most efficient route of
wobbly possum disease virus transmission.
Arteriviruses were recently classified into 6 subfamilies (Crocarterivirinae, Equarterivirinae, Heroarterivirinae, Simarterivirinae, Variarterivirinae, and Zealarterivirinae) and 12 genera (12). The arterivirus genome
is composed of a single, 12–16 kb, polyadenylated,
RNA strand that contains 2 major genomic regions.
The 5′ region contains open reading frames (ORFs)
1a and 1b coding for the viral polymerase and other
nonstructural proteins (13). The 3′ region encodes the
structural components of the virions and contains >7
ORFs. These ORFs code for the envelope protein, glycoproteins (2b–5), membrane, and nucleocapsid proteins. The 2 regions also differ in their protein expression mechanisms (1).
We describe the disease history, histopathology,
and the near complete genome sequence of a novel
arterivirus, hedgehog arterivirus 1 (HhAV-1). This
virus was detected in association with fatal encephalitis in European hedgehogs (Erinaceus europaeus)
from England.
The Study
An outbreak of neurologic disease began in October
2019 in wild hedgehogs admitted to the Vale Wildlife Hospital and Rehabilitation Centre (Tewkesbury,
England) and lasted for 4 months. These hedgehogs
were from within a 50-km radius of the hospital.
Those initially admitted were housed in a room dedicated to sick and young animals, sharing airspace
with birds, rabbits, and occasionally rodents. Those
admitted later were housed separately with other
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hedgehogs and occasionally with rabbits. Approximately 50% of hedgehogs admitted showed development of clinical signs, died, or were euthanized. Both
juveniles and adults (≈15% of hedgehog admissions)
were affected by this neurologic disease. In many instances, the animals became inappetent a few days after admission, although others took up to 6 weeks to
become symptomatic.
Neurologic signs developed within 3 days of the
onset of inappetence and included tremors, twitching, hyperaesthesia, ataxia/paresis, falling to 1 side,
and paddling legs when laterally recumbent. Later
signs included seizures, but most animals were euthanized before this stage. All described clinical signs
developed after admission to the hospital; thus, all

cases were considered nosocomial. Strict hygiene, biosecurity, and reduced juvenile admissions eventually resulted in the cessation of contagion. The outbreak
resulted in >200 deaths.
The attending veterinarian at the wildlife hospital performed gross postmortem examinations of
3 newly dead hedgehogs. No major macroscopic lesions were identified. Histologic lesions in formalinfixed brain were similar for all 3 hedgehogs (identification nos. 19-2271–3) examined by a specialist
veterinary pathologist and consistent with a common
etiology. Multiple coronal and longitudinal brain sections showed moderate-to-severe multifocal gliosis
of highest severity in forebrain and hindbrain. Small
numbers of neutrophils intermingled with microglia

Figure 1. Phylogenetic analysis of the coding sequence of hedgehog arterivirus 1. The virus genome was aligned by using the MegAlign
software of the DNASTAR Lasergene Core Suite (DNASTAR, Inc., https://www.dnastar.com), and phylogenetic analysis was performed
by using MEGA 5.2 software (https://www.megasoftware.net). The rooted tree was constructed by using the neighbor-joining method
and 1,000 bootstrap replications. Each virus on the tree is represented by its GenBank accession number and name. Designation of
subfamilies was conducted as outlined in the International Committee on Taxonomy of Viruses 2018 release (https://talk.ictvonline.org/
ictv-reports). Coronaviruses are included as an outgroup. Solid black circle and bold indicate strain detected in this study. Numbers
along branches are bootstrap values. Scale bar indicates nucleotide substitutions per site.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27 No. 2, February 2021
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Figure 2. Genomic organization of hedgehog arterivirus-1. The genome arrangement resembles those of classical arteriviruses with
open reading frames (ORFs) 1a/1b, 2a, 2b, 3, 4, 5, 6, and 7 that encode the polyproteins 1a/1ab, envelope protein, glycoproteins 2b–5,
and membrane and nucleocapsid proteins, respectively. ORF1a and ORF1b are joined through a −1 ribosomal frameshift, encoding
replicase precursor polyproteins pp1a/pp1ab. UTR, untranslated region.

in perivascular foci expanding into the surrounding
parenchyma. Brainstem, cerebral cortex, hippocampus, and midbrain contained similar lesions. Minimal
multifocal meningitis with mononuclear inflammatory cell cuffing (intermingled with small-to-moderate
numbers of neutrophils) was also observed. Ventricles (particularly midbrain) had subependymal edema and were infiltrated by mixed mononuclear cells
and fewer neutrophils. Reactive astrocytes with conspicuous nucleoli were present within areas of gliosis
and inflammation. Neuronal necrosis was occasionally observed.
Epithelia in many proximal renal tubules had
intracytoplasmic lipid vacuolation and occasional intracytoplasmic protein globules. Moderate numbers
of glomerular capsules and distal tubules contained
eosinophilic, proteinaceous fluid with infrequent interstitial and perivascular neutrophils. Splenic red
pulp was packed with abundant extramedullary hematopoietic cells. Plentiful periarteriolar lymphoid
populations frequently included central lymphocytes with pyknotic nuclei. Liver and heart were
histologically unremarkable. No fungi, protozoa,
or viral inclusion bodies were recognized. Clinical
manifestations, histologic characteristics, and distribution of lesions were distinct from those of wobbly
hedgehog syndrome (14).
We performed immunohistochemical analysis
(15) of formalin-fixed brain tissue from the 3 hedgehogs for Listeria spp., louping-ill, and related flavivirus antigens. All results were negative.
Virologic investigation was conducted at the
Animal and Plant Health Agency–Weybridge (Addlestone, UK). Freshly frozen brain tissues from 3
additional hedgehogs (identification nos. 3375, 4896,
and 3777) initially were tested for herpesviruses and
showed negative results. The 3 samples were then
subjected to next-generation sequencing (NGS) by
using an Illumina MiSeq (https://www.illumina.
com). The HhAV-1 sequence was obtained by de
novo assembly using the SeqMan NGen (DNASTAR,
Inc., https://www.dnastar.com). No other microbial
pathogen was detected.
580

The 3 identical HhAV-1 (UK 2019 strain) sequences had a genome coding sequence of >13,873 nt (GenBank accession no. MT415062). Genetic analysis of the
sequence showed the highest similarity to arteriviruses detected in African giant-pouched rats (Cricetomys
gambianus) (GenBank accession no. NC_026439) sampled in Guinea, but only 43% nt identity. Accordingly,
the virus clustered phylogenetically with arterivirus in
the African giant-pouched rat in the subfamily Heroarterivirinae (Figure 1). The virus genomic organization
was determined to be typical of arteriviruses, in particular murine arteriviruses, and included ORF1a and
1b encoding replicase precursor polyproteins pp1a/
pp1ab, followed by genes encoding envelope protein,
the major structural glycoproteins (2b-5), matrix, and
nucleocapsid proteins (Figure 2). At the amino acid
level, the highest similarity was for the pp1b protein,
where it showed a 50.6% similarity with the sequence
from the African giant-pouched rat arterivirus.
To detect and quantify HhAV-1 load in samples
from animals, we used reverse transcription quantitative PCR, primers forward 5′-CAG GAA CCC TCA
CAG TAG-3′ and reverse 5′-TAA GAA GTT TGY
GGC ATA G-3′, and probe (fluorescein) 5′-GGT TTC
GTT CAA TGT TGA GGT-3′ (MGBEQ), which amplified a 100-nt segment of the ORF7 gene. Blood, brain,
liver, lung, and spleen from these 3 animals were also
positive for HhAV-1 in this PCR. The tissues tested
had relatively high viral loads, and blood and brain
had the highest load (measured by using the cycle
threshold:β-actin ratio) but not much higher than
those for other tissues.
Conclusions
We detected a novel pathogenic arterivirus in the
ever-expanding family Arteriviridae. Because no wild
animals were identified as having neurologic signs, we
infer that all cases were probably hospital acquired.
Whether the virus was introduced to the hospital
through an asymptomatic carrier hedgehog or other
wildlife (e.g., birds, rabbits or rodents) that shared
the same airspace in the hospital remains unknown.
However, arteriviruses are known to cause persistent/
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asymptomatic infections (e.g., equine arteritis virus,
simian hemorrhagic fever virus, lactate dehydrogenase–elevating virus) and to be highly species specific
(10,13). Therefore, the virus was most likely introduced
by 1 or several asymptomatic hedgehogs.
This disease outbreak with neurologic signs highlights the requirement for strict biosecurity measures
during rehabilitation involving intensive hospitalization of animals of this species, which are a frequent
wildlife casualty submission in the United Kingdom.
Hedgehogs are protected by the Biodiversity Action
Plan in the United Kingdom.
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Estimating Transmission
Parameters for COVID-19 Clusters
by Using Symptom Onset Data,
Singapore, January–April 2020
Sheryl Hui-Xian Ng, Palvinder Kaur, Cécile Kremer, Woan Shin Tan, Aidan Lyanzhiang Tan,
Niel Hens, Matthias Paul Toh, Kiok Liang Teow, Palvannan Kannapiran

We estimated the generation interval distribution for
coronavirus disease on the basis of serial intervals of observed infector–infectee pairs from established clusters
in Singapore. The short mean generation interval and
consequent high prevalence of presymptomatic transmission requires public health control measures to be
responsive to these characteristics of the epidemic.

A systematic review estimated that the basic repro
duction number (R0) for coronavirus disease (COVID-19) is 2–3 (1). However, alone is insufficient to
characterize an epidemic. The distribution of the serial
interval (i.e., the length of time between symptom onset of 2 cases) has been estimated for COVID-19; mean
intervals range from 3.1 to 7.5 days (2,3). Estimation of
the generation interval (Tg) (i.e., the length of time between the points of infection for 2 linked cases) is less
common. Although studies have reported means of 3.3
and 5.0 days (4; Li et al., unpub. data, https://doi.org
/10.1101/2020.02.26.20028431), Ganyani et al. (5) estimated the mean (+ SD) of Tg to be 3.9 (+ 2.7) days on
the basis of which they estimated that 66% (95% credible
interval [CrI] 45%–84%) of transmission occurred before
symptoms. Another study of 77 pairs estimated the
same proportion to be 44% (95% CI 25%–69%) (6). Because conventional outbreak control measures are centered around isolation, contact tracing, and treatment
of symptomatic case-patients, a high prevalence of presymptomatic transmission (p) would warrant shifting
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measures to address potential transmission among persons with no apparent symptoms (7). Hence, to inform
control measures for the outbreak in Singapore, we
generated estimates of Tg, R0, and p by using published
symptom onset data for COVID-19 cases in Singapore.
The Study
We implemented a cross-sectional study design to estimate Tg, R0, and p for the COVID-19 outbreak in Singapore during January 23–April 6, 2020. Given that containment measures were initiated over the duration of
the study, we considered R0 𝑡o be the effective reproduction number of the outbreak. All confirmed COVID-19
cases classified by the Ministry of Health of Singapore
(MOH) as linked to a local cluster were included in this
analysis. Information on case number, cluster, patient
age and sex, imported status, date of symptom onset
(DOO), and known contacts who have also been confirmed as case-patients were extracted from daily press
releases published by MOH. DOOs for cases that were
not available from press releases were extracted from a
similar anonymized dataset of COVID-19 admissions
to the National Centre for Infectious Diseases, Singapore. Cases with DOOs not available from that dataset
were subsequently excluded from analysis. Our study
was approved by the ethics review board of National
Healthcare Group, Singapore.
We identified index cases and potential infectors
of each case-patient on the basis of available information of the case-patients’ known contacts, published case links, and a heuristic to sensibly include
potential infectors who could have transmitted the
infection to the case-patients (Appendix, https://
wwwnc.cdc.gov/EID/article/27/2/20-3018-App1.
pdf). We subsequently used the infector–infectee
pairs constructed to estimate the serial and generation interval distribution.
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Figure 1. Inclusion and
exclusion of coronavirus disease
case-patients for analysis,
Singapore, January–April 2020.
DOO, date of symptom onset.

Assuming the same incubation period with mean
(+ SD) of 5.2 (+ 2.8) days, we replicated the Bayesian Markov chain Monte Carlo procedure detailed in
Ganyani et al. (5) to estimate the mean (SD) of the Tg
(Appendix). With the estimated parameters, we constructed the distribution of R0 and subsequently p by
simulating infections and computing the proportion
of presymptomatic transmissions. We conducted subgroup analyses for case-patients with multiple, family, or no contacts, and for clusters with no missing
DOO. We conducted sensitivity analyses estimating
the distribution of R0 by using resampled values from
a 95% CI of the epidemic growth rate and groupspecific rates. For each distribution, we reported the
median and 95% CrI. All analyses were conducted by
using RStudio 1.2.5033 (https://rstudio.com).

A total of 1,375 confirmed cases had been reported as of April 6, 2020, and we applied our exclusion
criteria to obtain a final sample size of 257 cases (Figure 1). We have summarized sample characteristics
(Table 1) and the spread of cases over time (Figure
2). Because 48 index case-patients had no known infector, a maximum of 209 infector–infectee pairs were
constructed for analysis.
Analyzing the 209 pairs, we estimated the
mean Tg to be 3.44 (95% CrI 2.79–4.11) days, with
an SD of 2.39 (95% CrI 1.27–3.45) days (Table 2).
This estimate corresponded to an R0 of 1.09 (95%
CrI 1.08–1.11) and p of 0.72 (95% CrI 0.64–0.80). We
estimated the serial interval distribution (Appendix Table 1) and convergence plots for all analyses
(Appendix Figure 3).
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Table 1. Characteristics of coronavirus disease case-patients in
study estimating transmission parameters for coronavirus
disease clusters by using symptom onset data, Singapore,
January–April 2020
Characteristic
No. (%)*
Age, y, median (25th–75th percentile)
47 (30–59)
Sex
M
121 (47.1)
F
136 (52.9)
Imported
24 (9.3)
Cluster size, N = 51
2 cases
28 (54.9)
3 cases
12 (23.5)
>4 cases and above
11 (21.6)
*Values are no. (%) unless otherwise indicated.

Examining the 93 pairs with only 1 known
contact, the estimates for mean Tg, SD Tg and R0 increased, whereas p decreased (Table 2). The 116 pairs
that required identification of potential infectors had
a shorter mean Tg and a higher p in comparison (Table
2). Subgroup analyses are summarized in Appendix
Table 2. However, the chains for pairs with family or
no known contact exhibited poor convergence, and
estimates were not reported. Sensitivity analyses using resampled growth rates and group-specific rates
did not yield estimates differing from those of the
main analyses (Appendix Table 3).
Conclusions
The mean generation interval of the COVID-19 outbreak in Singapore was estimated at 3.44 days, suggesting that an infected person would be expected
to pass on an infection to another person in 3 days,

within the range of 3.3–5.0 days reported by other
studies (4,5; Li et al., unpub. data). Pairs with only 1
known contact yielded a larger estimate of 3.93 days,
whereas pairs for whom infectors were identified had
a shorter mean generation interval of 3.03 days. These
results suggest that we might best report the upper
bound of estimates, accounting for the presence of
unclear transmission links within the clusters.
The R0 estimated was slightly >1, higher than
other estimates reported as of March 31, 2020 (8). We
observed a high p, potentially a result of prompt isolation of symptomatic case-patients (M. Casey et al.,
unpub. data, https://doi.org/10.1101/2020.05.08.200
94870). This higher proportion might also be attributable to our allowance of infector DOOs to be up to
3 days after their infectees’ DOOs, establishing the
plausibility of presymptomatic transmission. We acknowledge that this cutoff would have an influence
on our eventual estimates. Although negative serial
intervals >3 days have occurred in other studies (5; Z.
Du et al., unpub. data, https://doi.org/10.1101/2020
.02.19.20025452), we chose a conservative cutoff of 3
days consistent with He et al. (6), where 9% of transmissions would occur before 3 days before DOO.
Nonetheless, the high prevalence of presymptomatic transmission in the community requires public
health strategies to be responsive to this characteristic to remain effective. Universal wearing of masks in
the community might reduce the likelihood of transmission through saliva and respiratory droplets (9).
In place of testing when symptoms are observed,
Figure 2. Epidemic curve of
coronavirus disease clusters,
Singapore, January–April 2020.
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Table 2. Estimates of transmission parameters of coronavirus disease clusters, Singapore, January–April 2020 *
Median (95% credible interval)
Mean 𝑇𝑇𝑔𝑔
SD 𝑇𝑇𝑔𝑔
𝑅𝑅0
Infectee type
All case-patients, N = 209
3.44 (2.79–4.11)
2.39 (1.27–3.45)
1.09 (1.08–1.11)
Case-patients with only 1 known contact, n = 93
3.93 (3.00–4.93)
2.63 (1.10–4.31)
1.11 (1.08–1.14)
Case-patients with only multiple or no known
3.03 (2.13–3.97)
2.45 (0.86–4.21)
1.08 (1.06–1.11)
contacts, n = 116

p
0.72 (0.64–0.80)
0.65 (0.54–0.76)
0.76 (0.65–0.86)

*p, presymptomatic proportion; R0, basic reproduction number; Tg, generation time.

universal testing of persons living in or working with
confined populations should be prioritized to mitigate
the risk for transmission of the infection into these populations (10). Contact tracing should be modified to include the period before symptom onset (6,7) and should
adopt a digital approach to be more comprehensive and
less labor intensive (4).
Our study generated estimates that accounted for
the uncertainty arising from multiple potential infectors and a small sample size, which contributes to the
scarce information about disease characteristics. Because we dropped cases without a reported DOO, and
DOO data and contact information were self-reported,
our estimates might be subject to selection, self-report,
and recall biases. Our estimation approach assumed
equal probability of infecting among potential infectors, although a higher likelihood of transmission
among household contacts has been suggested (11).
We also did not account for the potential formation of
cyclical infector networks, although their effects on the
estimates have been demonstrated to be limited (12).
Nevertheless, our estimates contribute to knowledge
about the transmission dynamics of COVID-19 and
have implications for control measures.
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Population-Based Serosurvey
for Severe Acute Respiratory
Syndrome Coronavirus 2
Transmission, Chennai, India
Sriram Selvaraju, Muthusamy Santhosh Kumar, Jeromie Wesley Vivian Thangaraj, Tarun Bhatnagar,
Velusamy Saravanakumar, Chethrapilly Purushothaman Girish Kumar, Krithikaa Sekar,
Ezhilarasan Ilayaperumal, Ramasamy Sabarinathan, Murugesan Jagadeesan, Masanam
Sriramulu Hemalatha, Manoj Vasant Murhekar, and the Chennai COVID Sero-Surveillance Team

We conducted a cross-sectional survey to estimate the seroprevalence of IgG against severe acute respiratory syndrome coronavirus 2 in Chennai, India. Among 12,405 serum samples tested, weighted seroprevalence was 18.4%
(95% CI 14.8%–22.6%). These findings indicate most of
the population of Chennai is still susceptible to this virus.

O

n August 15, 2020, India had the third highest number of coronavirus disease (COVID-19)
cases globally (1). The Indian state of Tamil Nadu reported 332,105 cases and 5,641 deaths on August 15,
and ≈35% cases were from the state capital, Chennai
(2). Administratively, Greater Chennai Corporation
(GCC) is divided into 15 zones that are further divided into 200 wards with populations ranging from
4,400–104,558 (3). The total population of GCC is 7.1
million and 31% of the population resides in slums.
As a part of nationwide containment strategy,
Chennai was under lockdown beginning March 25,
2020; beginning May 4, the lockdown was relaxed in
a phased manner. Wearing facemasks in public has
been mandatory since April 13. However, the number of COVID-19 cases has been increasing in Chennai since May.
Serologic surveys can provide a comprehensive picture of community spread of severe acute
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respiratory syndrome coronavirus 2 (SARS-CoV-2),
the causative agent of COVID-19 (4). During the first
week of May, the unweighted seroprevalence in
Chennai was 2% (5). We conducted a communitybased serosurvey in July 2020, to estimate the seroprevalence of SARS-CoV-2 in GCC.
The Study
We conducted a household-based cross-sectional survey among usual residents >10 years of age in GCC.
To estimate a seroprevalence of 2%, with 20% relative
precision, design effect of 2.5, and 95% CI, we needed
a sample size of 11,710 persons, which we rounded to
12,000. We used a multistage cluster sampling method
to select the survey participants. In the first stage, we
selected 51 wards by using probability proportion to
population size method. In the second stage, we randomly selected 6 streets from each ward from which
to recruit participants. The survey team selected a
random starting point in each street and visited contiguous households to enroll >40 consenting persons
>10 years of age. When no one was home or household members were unavailable, the team proceeded
to the next house and completed the survey until >40
persons were enrolled from each street. We included
all eligible persons in the household who consented.
After obtaining written consent from persons >18
years of age, and assent and parental or guardian approval from persons <18 years of age, we interviewed
participants to collect information. We used the Open
Data Kit application (https://opendatakit.org) to collect sociodemographic details, and information on
exposure to laboratory-confirmed COVID-19 case,
history of COVID-19 symptoms in the past 3 months,
and COVID-19 testing status.
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After the interview, we collected 3–5 mL of venous blood from each participant into BD Vacutainer
Blood Collection Tubes (Becton Dickenson, https://
www.bd.com). We later tested serum samples for IgG
against SARS-CoV-2 by using SARS-CoV-2 IgG immunoassay (Abbott, https://www.corelaboratory.
abbott) (Appendix, https://wwwnc.cdc.gov/EID/
article/27/2/20-3938-App1.pdf) (6). The study protocol was approved by the Institutional Ethics Committee of ICMR-National Institute of Epidemiology.
We analyzed the data to estimate weighted seroprevalence of SARS-CoV-2 and 95% CI by using
appropriate sampling weights. We further adjusted
the seroprevalence for assay characteristics (6). We
estimated the total number of SARS-CoV-2 infections
among persons >10 years of age and infection-to-case
ratio (ICR) (Appendix).
The survey teams visited 7,234 households from
321 streets across 15 zones. Of the 18,040 residents >10
years of age in the visited households, 14,839 (82.3%)
were available at the time of survey, among whom
12,405 (83.6%) consented to participate (Appendix Table 1). The mean age of survey participants was 41.1
years (SD 17.3 years); 52.7% were female and 47.3%
were male. Among 496 (4%) persons who reported prior reverse transcription-PCR (RT-PCR) testing for COVID-19, 119 (24%) reported testing positive (Table 1).
Among 12,405 serum samples tested, 2,673 were
positive for IgG , a weighted prevalence of 18.7% (95%
CI 15.1%–22.9%). After adjusting for the test sensitivity and specificity, seroprevalence was 18.4% (95% CI
14.8%–22.6%) (Table 2). The weighted seroprevalence
was higher among female participants (20.6%, 95%
CI 16.7%–25.3%) than male participants (16.6%, 95%
CI 13.2%–20.6%) (p<0.001). Weighted seroprevalence
was lowest among persons >60 years of age (13.4%,
95% CI 10.3%–17.4%) than younger persons (p =
0.001) (Table 2). We retested 100 seronegative and 40
seropositive samples and results were concordant.
From our data, we estimated a total of 1,509,701
(95% CI 1,212,711–1,856,190) SARS-CoV-2 infections
in Chennai. ICR per laboratory-confirmed case was
21.4 (95% CI 17.2–26.3) until July 7 and 19.2 (95% CI
15.4–23.6) until July 14, 2020.
Conclusions
Our community-based survey indicated that ≈1/5
persons in Chennai was exposed to SARS-CoV-2 by
July 2020. We noted a wide variation in the extent of
infection across wards and seroprevalence ranged
from 2%–50% (Appendix Table 3).
Seroprevalence was higher in northern Chennai and adjoining wards of central Chennai than in

Figure. Seroprevalence of SARS-CoV-2 among residents
of Chennai, India, July 2020. Values represent percent
seroprevalence. SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.

southern Chennai (Figure). Chennai witnessed a
surge in COVID-19 cases in last week of April 2020
and >65% of cases were in northern Chennai (7). The
number of cases showed a declining trend after the
first week of July. Northern Chennai has a higher population density (55,000/km2) than Chennai (27,000/
km2) and has several slum areas (7). High population
density and persons living in close proximity might
have contributed to the higher seroprevalence observed in northern Chennai.
Seroprevalence was lower among male participants. Laboratory surveillance data in India showed a
higher proportion of laboratory-confirmed COVID-19
among male than female patients (8). Comparable seroprevalence between children and adults suggests
exposure within and outside of the household settings. Lower prevalence among persons >60 years of
age could be due to lower exposure to infected persons or stricter adherence to nonpharmaceutical interventions. Serosurveys conducted in Santa Clara
County, California, USA reported lower seropositivity among persons >60 years of age (E. Bendavid,
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Table 1. Characteristics of 12,405 participants in a SARS-CoV-2
serosurvey, Chennai, India, July 2020*
Characteristics
No. (%)
Age, y, n = 12,319
10–19
1,473 (12.0)
20–29
2,105 (17.1)
30–39
2,353 (19.1)
40–49
2,353 (19.1)
50–59
1,927 (15.6)
>60
2,108 (17.1)
Sex, n = 12,319
M
5,785 (47.0)
F
6,493 (52.7)
Transgender
41 (0.3)
History of respiratory symptoms, n = 12,248
175 (1.4)
Symptomatic persons seeking medical care,
121 (69.1)
n = 175
Hospitalization among persons seeking
71 (58.7)
medical care, n = 121
Reported contact with COVID-19 case,
173 (1.4)
n = 12,248

*Among 12,405 persons enrolled in the survey, age and sex data were not
available for 86 participants. COVID-19, coronavirus disease; SARS-CoV2, severe acute respiratory syndrome coronavirus 2.

et al. unpub. data, https://doi.org/10.1101/2020.04.14.
20062463); however, in Spain, seropositivity was similar
across all age groups (9) and in Greece, seroprevalence
was higher among persons >60 years of age (10).
Most seropositive participants in our survey did
not report any symptoms nor had any known contact
with COVID-19 patient. IgG developed among most
(107/119; 90%) recovered COVID-19 patients in our

survey. Among 105 participants for whom >15 days
had passed between RT-PCR confirmation of COVID-19 and blood sample collection for our serosurvey,
99 (94.2%) had seroconverted. Even after accounting
for a 2-week delay for development of antibodies (11),
≈6% of COVID-19 patients were seronegative. Discordance between RT-PCR test results and presence of
IgG might be due to poor B cell response or antibodies waning over time (12).
The ICR ranged from 19–21 and was lower than
the ICR of 82–130 reported during the nationwide seroprevalence survey in India conducted in May 2020
(5). Lower ICR reflects a high level of case detection,
resulting from extensive COVID-19 testing in the city.
By July 15, 2020, Chennai had conducted 14,270 tests/
million population.
Our study had 2 limitations. First, ≈1/3 persons
from the visited households did not participate in
the survey. Among them, 17.7% were not available
at the time of visit and 13.5% refused to participate.
Due to time constraints, we did not revisit households where persons were not available. The proportion of female participants and children 10–19
years of age was higher among persons who did not
participate in the survey (Appendix Table 2), which
might have influenced the seroprevalence estimates
in either direction. Second, we might have underestimated the seroprevalence because antibodies to

Table 2. Characteristics of persons with IgG against SARS-CoV-2, Chennai, India, July 2020*
Unadjusted
Weighted
No.
No.
seroprevalence,
seroprevalence,
Characteristics
tested
positive
% (95% CI)
% (95% CI)
Overall
12,405
2,673
21.5 (20.8–22.3) 18.7 (15.1–22.9)
Sex
M
5,785
1,115
19.3 (18.3–20.3) 16.6 (13.2–20.6)
F
6,493
1,538
23.7 (22.7–24.7) 20.6 (16.7–25.3)
Transgender
41
5
12.2 (4.1–26.2)
2.8 (0.2–27.6)
Age, y
10–19
1,473
351
23.8 (21.7–26.1) 18.9 (14.7–24.0)
20–29
2,105
478
22.7 (20.9–24.6) 21.1 (16.8–26.2)
30–39
2,353
535
22.7 (21.1–24.5) 18.5 (14.6–23.1)
40–49
2,353
551
23.4 (21.7–25.2) 19.6 (15.5–24.5)
50–59
1,927
408
21.2 (19.4–23.1) 20.4 (16.1–25.5)
>60
2,108
335
15.9 (14.4–17.5) 13.4 (10.3–17.4)
History of respiratory symptoms
Yes
175
114
65.1 (57.6–72.7) 59.8 (47.5–71.0)
No
12,073
2529
20.9 (20.2–21.7) 18.3 (14.7–22.5)
Contact with COVID-19 case
Yes
173
94
54.3 (46.6–61.9) 45.3 (34.6–56.6)
No
11,938
2,498
20.9 (20.2–21.7) 18.3 (14.8–22.5)
Don’t know
137
51
37.2 (29.1–45.9) 22.1 (14.0–33.1)
Ever tested for COVID-19
Yes
496
198
39.9 (35.6–44.3) 34.2 (26.9–42.5)
No
11,752
2,445
20.8 (20.0–21.6) 18.0 (14.6–22.1)
COVID- 19 test result, n = 496
Positive
119
107
89.9 (83.0–94.7)
NA
Negative
342
83
24.3 (19.8–29.2)
NA
Don’t Know
35
8
22.9 (10.4–40.1)
NA

p value
NA

Test performanceadjusted seroprevalence,
% (95% CI)
18.4 (14.8–22.6)

<0.001
Referent
0.093

16.3 (12.9–20.3)
20.3 (16.4–25.0)
2.4 (0.0–27.3)

Referent
0.211
0.802
0.671
0.419
0.001

18.6 (14.4–23.7)
20.8 (16.5–25.9)
18.2 (14.3–22.8)
19.3 (15.2–24.2)
20.1 (15.8–25.2)
13.1 (9.9–17.1)

<0.001
Referent

59.6 (47.3–70.9)
18.0 (14.4–22.2)

<0.001
Referent
0.363

45.1 (34.3–56.4)
18.0 (14.5–22.2)
21.8 (13.7–32.8)

<0.001
Referent

33.9 (26.6–42.3)
17.7 (14.3–21.8)

NA
NA
NA

NA
NA
NA

*COVID-19, coronavirus disease; NA, not applicable; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

588

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 2, February 2021

Serosurvey for SARS-CoV-2 Transmission, India

nucleocapsid protein have been shown to decline
after infection (13).
In conclusion, ≈80% of the population in Chennai
is still susceptible to SARS-CoV-2 infection. Transmission is expected to continue in wards with lower
seroprevalence. Maintaining high testing rates and
monitoring adherence to nonpharmacological interventions in GCC should be continued. In addition,
periodic serosurveys would help monitor the trend
of infection and assess the effects of varying containment measures in the city.
This study was funded by Greater Chennai
Corporation public health department (PHDC no.
2797/20 dated July 9, 2020).
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Plasmodium cynomolgi
Co-infections among Symptomatic
Malaria Patients, Thailand
Chaturong Putaporntip, Napaporn Kuamsab, Urassaya Pattanawong,
Surasuk Yanmanee, Sunee Seethamchai, Somchai Jongwutiwes

Among 1,180 symptomatic malaria patients, 9 (0.76%)
infected with Plasmodium cynomolgi were co-infected
with P. vivax (n = 7), P. falciparum (n = 1), or P. vivax and
P. knowlesi (n = 1). Patients were from Tak, Chanthaburi,
Ubon Ratchathani, Yala, and Narathiwat Provinces, suggesting P. cynomolgi is widespread in this country.

P

lasmodium cynomolgi, a simian malaria parasite, possesses biological and genetic characteristics akin
to those of the most widespread human malaria parasite, P. vivax. Although P. cynomolgi circulates among
monkey species such as long-tailed macaques (Macaca
fascicularis) and pig-tailed macaques (M. nemestrina), experimental and accidental transmissions have been implicated in symptomatic infections in humans (1). Several mosquito vectors for human malaria can also transmit
P. cynomolgi, posing the risk of cross-species transmission in areas where its natural hosts coexist with people
(1,2). Among pig-tailed and long-tailed macaques living
in various countries in Southeast Asia, including Thailand, P. cynomolgi infections are not uncommon (3,4). A
case of naturally transmitted P. cynomolgi malaria in a
human was reported from eastern Malaysia (5). Subsequent surveillance in western Cambodia and northern
Sabah state in Malaysia revealed asymptomatic human
infection, albeit at low prevalence (6,7). Symptomatic P.
cynomolgi infection was diagnosed in a traveler returning to Denmark from Southeast Asia (8). During testing
of symptomatic malaria patients in Thailand, we identified 9 co-infected with cryptic P. cynomolgi and other
Plasmodium species.
The Study
We examined 1,359 blood samples taken from febrile
patients who sought treatment at malaria clinics or
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S. Yanmanee, S. Jongwutiwes); Naresuan University Faculty of
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local hospitals in 5 Thailand provinces: Tak (n = 192,
during 2007–2013), Ubon Ratchathani (n = 239, during 2014–2016), Chanthaburi (n = 144, during 2009),
Yala (n = 592, during 2008–2018), and Narathiwat (n =
192, during 2008–2010). Using microscopy, we found
1,152 cases in which malaria was caused by P. vivax
(869 patients, 75.43%), P. falciparum (272 patients,
23.61%), or co-infection with both species (11 patients,
0.96%). Using species-specific nested PCR, including
for P. cynomolgi (Appendix, https://wwwnc.cdc.
gov/EID/article/27/2/19-1660-App1.pdf), targeting the mitochondrial cytochrome b gene (mtCytb) of
5 human malaria species for molecular detection, as
described elsewhere (9,10), we found malaria in 1,180
patients; P. vivax infections exceeded P. falciparum
infections (Table 1). Submicroscopic parasitemia occurred in 28/1,180 (2.4%) patients: 19 infected with
P. vivax, 7 with P. falciparum, 1 with P. vivax and P.
falciparum, and 1 with P. malariae.
The mean age of all patients was 26.3 (range 7–85)
years; 940/1,180 (79.7%) of patients were men. Febrile
symptoms, lasting 1–7 days (mean 3.1, SD ±1.3 days)
before blood sample collection, developed in all PCRpositive malaria patients. Monoinfection with P. knowlesi occurred in 4 patients, P. malariae in 3, and P. ovale in 1.
We detected co-infections in 77 (0.93%) patients; of these
co-infections, 55 were P. falciparum and P. vivax. In total
(i.e., including both monoinfections and co-infections),
P. knowlesi was detected in 18 patients, of which 10 cases
were newly identified from Ubon Ratchathani Province,
which borders Cambodia and Laos.
We detected P. cynomolgi in 9 patients, all of
whom were co-infected with P. vivax (n = 7), P. falciparum (n = 1), or both P. vivax and P. knowlesi (n =
1). The overall prevalence of P. cynomolgi infections
was 0.76%. Patients infected with P. cynomolgi were
found in all provinces. Although 5 of these patients
were from Yala Province, the proportion of P. cynomolgi infections among malaria cases in each malariaendemic area (0.52%–0.87%) was comparable.
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Table 1. Distribution of Plasmodium infections diagnosed by PCR of blood samples taken from febrile patients who sought treatment
at malaria clinics or local hospitals in 5 provinces, Thailand*
No. cases by province
Total no. % Total
Species
Tak
Ubon Ratchathani Chanthaburi
Yala
Narathiwat
cases
cases
P. vivax
98
57
141
467
59
822
69.66
P. falciparum
72
41
0
87
73
273
23.14
P. knowlesi
0
4
0
0
0
4
0.34
P. malariae
0
2
0
1
0
3
0.25
P. ovale
0
0
0
1
0
1
0.09
P. vivax + P. falciparum
21
8
0
11
15
55
4.66
P. vivax + P. knowlesi
0
3
2
0
4
9
0.76
P. vivax + P. cynomolgi
1
1
1
3
1
7
0.59
P. vivax + P. knowlesi + P. cynomolgi
0
0
0
1
0
1
0.09
P. falciparum + P. knowlesi
0
3
0
1
0
4
0.34
P. falciparum + P. cynomolgi
0
0
0
1
0
1
0.09
PCR-positive
192
119
144
573
152
1,180
100.00
PCR-negative
0
120
0
19
40
179
NA
Total no. samples tested
192
239
144
592
192
1,359
NA
*NA, not applicable.

DNA from 10 P. knowlesi isolates from Ubon Ratchathani Province and the 9 P. cynomolgi isolates were
subject to nested PCR amplification spanning a 1,318bp region of mitochondrially encoded cytochrome c
oxidase I (mtCOX1). Direct sequencing of the purified
PCR-amplified template was successfully performed
from all 10 P. knowlesi and from 6 P. cynomolgi isolates. The remaining 3 P. cynomolgi isolates could not
be further amplified due to inadequate DNA in the
samples. All mtCOX1 sequences of P. knowlesi from
Ubon Ratchathani Province were different from one
another and distinct from those from the previous
case of natural human infection in Thailand (GenBank accession no. AY598141) (11). All 6 amplified
P. cynomolgi isolates contained different sequences
belonging to 2 clades. One was closely related to the
Gombak strain (accession no. AB444129) and the remaining 5 isolates were clustered with the RO strain
(accession no. AB444126) (Figure 1).
All but 1 P. cynomolgi infection occurred in male
patients (age 15–53 years, median 32 years). Most P.
cynomolgi malaria patients resided in areas where domesticated or wild macaques were living in proximity to humans. Infections with P. cynomolgi occurred
in different annual periods; more cases were detected
in rainy seasons than in dry seasons (Table 2). The
parasite density of P. cynomolgi could not be determined from blood smears because of morphologic
resemblance to P. vivax; an isolate co-infected with
P. falciparum (YL3634) had very low parasitemia. Of
8 patients with P. cynomolgi co-infection, 6 had parasitemia <10,000 parasites/µL (<0.2% parasitemia).
It remains unknown whether P. cynomolgi was coresponsible for symptomatic infections or merely
coexisted asymptomatically with other human malaria parasites. However, self-reported defervescence
among P. cynomolgi–co-infected patients occurred 1–3

days after antimalarial treatment with chloroquine
plus primaquine after onsite microscopic diagnosis of
P. vivax malaria or artesunate plus mefloquine for P.
falciparum malaria. Unfortunately, data on long-term
follow-up were not available.
Conclusions
This report highlights the presence of P. cynomolgi
in the human population of Thailand, where natural hosts, both pig-tailed and long-tailed macaques,
are prevalent. All patients with P. cynomolgi infections harbored either P. falciparum or P. vivax in their
blood, implying that this simian malaria species
could share the same anopheline vectors or have
different vectors with similar anthropophilic and
zoophilic tendencies. The presence of P. cynomolgi in
diverse malaria-endemic areas of Thailand suggests
that cross-species transmission has occurred. Human infection with P. cynomolgi seems not to be newly emerging because it was detected among blood
samples collected over a range of time periods since
2007. Undoubtedly, morphologic similarity between
P. cynomolgi and P. vivax can hamper conventional
microscopic diagnosis (1,5,8). Cryptic co-existence
of simian and human malaria species could further
preclude accurate molecular detection when inadequate diagnostic devices are used.
Previous surveys of Plasmodium infections in pigtailed and long-tailed macaques have revealed the
presence of P. cynomolgi and other simian malaria
species in Thailand, mainly in the southern part of
the country (4). Most patients infected with P. cynomolgi resided in areas where macaques were living in
proximity to humans; therefore, the risk of acquiring
malaria from this parasite could increase as people
encroach into the habitats of infected macaques, as
happened with malaria caused by P. knowlesi. Of note,
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Figure. Maximum-likelihood
phylogenetic tree inferred
from mitochondrially encoded
cytochrome c oxidase I of
Plasmodium cynomolgi and P.
knowlesi from Thailand compared
with other closely related species.
Tree spans 1,318-bp region. Colors
indicate province where human
isolates were found: red circles,
Yala; green triangle, Narathiwat;
purple square, Chanthaburi; and
blue diamonds, Ubon Ratchathani.
GenBank accession numbers
of reference sequences are
given in parentheses. Bootstrap
values >50% based on 1,000
pseudoreplicates are shown on
the branches. Scale bar indicates
nucleotide substitution per site.

co-infection with P. cynomolgi, P. knowlesi, and P. vivax
occurred in a patient in Yala Province whose housing
area was surrounded by several domesticated pigtailed and long-tailed macaques.
Analysis of the mtCOX1 sequences of P. cynomolgi
among 6 patients showed that all isolates possessed different genetic sequences, suggesting that several strains
or clones of this simian parasite are capable of crosstransmission from macaques to humans. Meanwhile,

P. cynomolgi seems to contain 2 divergent lineages (12),
represented by RO and Gombak strains. The mtCOX1
sequences of both P. cynomolgi lineages were found in
human-derived isolates in this study, further supporting that diverse strains of this parasite can infect people. Likewise, sequence diversity in the mtCOX1 of P.
knowlesi from Ubon Ratchathani Province suggests that
cross-transmission from macaques to humans may not
be restricted to particular parasite strains.

Table 2. Demographic and parasitologic features of Plasmodium cynomolgi–co-infected patients among febrile patients who sought
treatment at malaria clinics or local hospitals in 5 provinces, Thailand
Monkey in Microscopy
PCR
Parasites/L‡
Patient*
Age, y/sex
Province
Month
Season proximity
diagnosis
diagnosis
TSY1522
38/M
Tak
2007 Nov
Dry
No
P. vivax
12,160
P. vivax,
P. cynomolgi
CT606†
30/M
Chanthaburi
2009 Oct
Rainy
Yes
P. vivax
86,535
P. vivax,
P. cynomolgi
UBY120
32/M
Ubon Ratchathani
2015 Aug
Rainy
Yes
P. vivax
570
P. vivax,
P. cynomolgi
NR105
53/M
Narathiwat
2008 Jul
Rainy
Yes
P. vivax
4,620
P. vivax,
P. cynomolgi
YL3179
15/M
Yala
2016 Apr
Dry
Yes
P. vivax
1,140
P. vivax,
P. knowlesi
P. cynomolgi
YL3634
40/F
Yala
2016 Dec
Rainy
Yes
P. falciparum
60
P. falciparum,
P. cynomolgi
YL3680
49/M
Yala
2016 Dec
Rainy
Yes
P. vivax
3,720
P. vivax,
P. cynomolgi
YL3685
18/M
Yala
2016 Dec
Rainy
Yes
P. vivax
4,680
P. vivax,
P. cynomolgi
YL4278
21/M
Yala
2017 Oct
Rainy
Yes
P. vivax
7,440
P. vivax,
P. cynomolgi
*Alphanumeric designations represent provinces and serial number of blood samples.
†Patient from Cambodia, but had lived in Thailand for 1 year just prior to illness, with no history of travel outside of the country.
‡All species of malaria parasites (all stages) were determined from >200 leukocytes on Giemsa-stained thick blood films.
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Although human malaria from either parasite may
be asymptomatic, infection with P. knowlesi can result in
death, but patients infected with P. cynomolgi at worst
had only benign symptoms (5–8). However, severe and
complicated malaria has been observed in rhesus macaques experimentally infected with P. cynomolgi (13).
Whether severe cynomolgi malaria can occur in
humans remains to be elucidated. However, if human infections with P. cynomolgi do become public
health problems, diagnostic and control measures
might be complicated by the morphological similarity between P. vivax and P. cynomolgi. This possibility makes further surveillance of this simian malaria
in humans mandatory.
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sodium and levofloxacin for 3 days for suspected
tickborne bacterial disease, but these treatments did
not alleviate his symptoms.
On June 24, the patient was admitted to the First
Affiliated Hospital of Medical College of Shihezi
University in Shihezi. Physical examination showed
erythema at the bite site (Figure 1, panel A) and neck
stiffness. Cerebrospinal fluid (CSF) analysis showed
a total of 1.07 × 108 nucleated cells (92% hyaline
leukocytes and 8% pleocaryocytes), an increased
protein level (0.99 g/L), and decreased levels of CSF
glucose (2.3 mmol/L) and chloridion (116.0 mmol/L).
The patient was given intravenous ceftriaxone for 12
days, but still experienced headache, nausea, and
vomiting, and his erythema was not decreasing.
Blood, throat swabs, urine, and CSF samples
were obtained from the patient on days 9, 16, and
40 after illness onset. We tested the patient samples
by PCR or reverse transcription-PCR (RT-PCR) for
potential tickborne pathogens, including severe
fever with thrombocytopenia syndrome virus,
tickborne encephalitis virus, Borrelia burgdorferi
sensu lato, Anaplasma, Babesia, Rickettsia spp.,
Tacheng tick virus 1, TcTV-2, Tacheng tick virus 5,
BlTV-1, and Bole tick virus 4 (2). We detected TcTV2 by metagenomic analysis on blood collected on
day 9 and confirmed the virus by RT-PCR targeting
the large (L) gene (Appendix Tables 1, 2, https://
wwwnc.cdc.gov/EID/article/27/2/19-1486-App1.
pdf). We detected TcTV-2 in blood, throat swabs,
and urine samples from the patient. We ruled out
bacterial infection in blood and CSF by using routine
culture methods and 16S rRNA gene broad-range
PCR, which confirmed that no bacterial infection
occurred in this patient.
On July 18, the patient was admitted to the
hospital again. He was given intravenous acyclovir
for 12 days and his clinical symptoms and erythema
vanished without any sequelae (Appendix Table 3).

DOI: https://doi.org/10.3201/eid2702.191486

1

We used metagenomic analysis to identify Tacheng tick
virus 2 infection in a patient with a history of tick bite in
northwestern China. We confirmed the virus with reverse
transcription-PCR, virus isolation, and genomic analysis.
We detected viral RNA in 9.6% of ticks collected from the
same region.

E

merging pathogenic tickborne viruses have attracted much attention because of the increasing
incidence of tickborne viral diseases and their effects
on human health (1–4). In 2015, high-throughput sequencing of samples from ticks in China revealed
several novel phleboviruses, including Tacheng tick
virus 2 (TcTV-2), Changping tick virus 1, Bole tick
virus 1 (BlTV-1), Lihan tick virus, Yongjia tick virus
1, and Dabieshan tick virus (5). However, the risk
for human infection from these viruses is not yet
known. We report on TcTV-2 infection in patient in
China and describe methods for virus isolation and
genomic analysis.

The Study

The patient was a 38-year-old man who lived in
northwestern China and had frequent contact with
horses and sheep. On May 29, 2019, he noticed a tick
embedded on his left upper arm and removed it himself. He noted a localized rash with slight pain and
discomfort. On June 16, fever developed and soon
after the patient had chills, severe fatigue, headache,
anorexia, nausea, and vomiting. On June 20, he was
admitted to the local hospital with a temperature of
37.9°C, which increased to 39.5°C the next day. The
patient was initially given intravenous cefotaxime
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Figure 1. Clinical and morphological features of Tacheng tick virus 2 in a patient, China. A) Erythema at the site of tick bite on the anterior
surface of the patient’s left arm. B) Human hepatocellular carcinoma (SMMC-7721) cells without TcTV-2 infection; magnification × 100. Scale
bar indicates 50 mm. C) TcTV-2–infected SMMC-7721 cells showing cytopathic effects visible by light microscopy; magnification × 100. Scale
bar indicates 50 mm. D) Negatively stained virions purified from TcTV-2–infected SMMC-7721 cells (arrows); magnification × 25,000. Scale bar
indicates 200 nm. E) Transmission electron microscopy image of TcTV-2–infected SMMC-7721 cells (arrows); magnification × 50,000. Scale
bar indicates 500 nm. TcTV-2, Tacheng tick virus 2.

To isolate the virus, we inoculated human
hepatocellular carcinoma (SMMC-7721) cells, African
green monkey kidney (Vero) cells, baby hamster
kidney cells, and human foreskin fibroblasts with
the serum samples collected during early illness
onset (Appendix Figure 2). We performed electron
microscopy analysis on infected cells showing
Table. Results of immunofluorescence assay in detection of
Tacheng tick virus 2 infection in a human, China*
IFA titer
Days post illness onset
Sample type
IgM
IgG
Day 9
Serum
1:40
<1:10
Urine
<1:10
<1:10
CSF
<1:10
<1:10
Day 16
Serum
1:20
1:10
Urine
<1:10
<1:10
Day 40

CSF

<1:10

Serum

<1:10

1:80

Urine

<1:10

<1:10

CSF

<1:10

<1:10

*CSF, cerebrospinal fluid; IFA, immunofluorescence assay.

<1:10

cytopathic effect, as described previously (6). After
incubation, only the SMMC-7721 cells demonstrated
cytopathic effect associated with TcTV-2 after several
passages (Figure 1, panels B,C; Appendix Figure
3). The virions were spherical with a diameter of
≈90–100 nm (Figure 1, panel D). The virions could
be seen in the cytoplasm of infected SMMC-7721
cells on transmission electron microscopy (Figure 1,
panel E). We tested for TcTV-2–specific antibodies by
using immunofluorescence assay. Serologic detection
showed that TcTV-2 IgM titer in serum samples
decreased from 1:40 on day 9 to 1:10 on day 40 after
illness onset, and IgG titer increased from 1:10 on day
9 to 1:80 on day 40 (Table).
We isolated total RNA from infected cells and
used the isolates to amplify the L and small (S) gene
segment sequences by using primers based on our
metagenomic analysis (Appendix Table 2, Table 4).
The obtained L segment of TcTV-2 from the patient
(GenBank accession no. MN567189) showed 98.8%
(6,579/6,659) identity to the L segment of strain TC252
(GenBank accession no. KM817684) and the S segment
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from the isolate (GenBank accession no. MN567190)
showed 99.2% (2,169/2,185) identity to the S of strain
TC252 (GenBank accession no. KM817744).
Phylogenetic analysis suggested that TcTV-2,
together with Phlebovirus sp. 20A L, Pacific coast
tick phlebovirus, Changping tick virus 1, BlTV-1,
Lihan tick virus, Yongjia tick virus 1, Dabieshan tick
virus, American dog tick phlebovirus, Rhipicephalusassociated phlebovirus 1, Xinjiang tick phlebovirus,
tick phlebovirus, and brown dog tick phlebovirus 2

formed a separate branch (Figure 2; Appendix Figure
1). An M segment has yet to be detected in any of
these viruses (5,7–12).
To identify local natural virus hosts in the
environment, 345 adult ticks were collected in the area
where the patient lived, including 108 Dermacentor
marginatus, 183 D. nuttalli, 12 D. silvarum, and 42
Hyalomma asiaticum. We extracted total RNA of each
tick and detected TcTV-2 by using RT-PCR with TcTV2–specific primers (Appendix Table 1). Among 345
Figure 2. Phylogenetic analysis
based on partial amino acid
sequences of the L segment
of tickborne viruses. Black dot
indicates Tacheng tick virus 2
isolated from the patient in this
study. The tree is constructed by
using the neighbor-joining method
in MEGA version 7.0 (https://www.
megasoftware.net) and tested by
the bootstrap method with 1,000
replications. Scale bar indicates
nucleotide substitutions per site.
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ticks, 33 (9.6%) carried TcTV-2. We noted high infection
rates in D. silvarum (16.7%), D. marginatus (14.8%), H.
asiaticum (11.9%), and D. nuttalli (5.5%). We obtained
the partial fragments of the S segment of TcTV-2 in ticks
and phylogenetic analyses showed that sequences from
TcTv-2 in ticks were closely related to the isolate from
the patient (Appendix Figure 1, Appendix Table 5).
We tried to obtain the medium (M) segment
of TcTV-2 by designing a set of primers based on
the conservative sequences of M segments from 15
typical phleboviruses (Appendix Table 6). We used
these primers to amplify the M segment from both
the patient and positive ticks detected by sequencing
the L and S segments by using RT-PCR. We further
analyzed the metagenomic sequences, but the results
were negative.

Conclusions

Among currently known emerging tickborne phleboviruses, severe fever with thrombocytopenia syndrome virus and Heartland virus have been reported
to infect humans and cause multiple organ damage,
including to the liver and kidneys (1,13). In this study,
TcTV-2 did not show any growth in Vero, human foreskin fibroblasts, or baby hamster kidney 21 cells, but
had low level replication and growth in SMMC-7721
cells, indicating that the virus is not well adapted to
mammals and likely is more common in arthropods
than in mammals.
Transmission electron microscopy showed that
TcTV-2 might harbor glycoprotein encoded by the
M gene segment. The lack of M sequence data on
homology-based approaches could indicate that
insufficient homology exists between these viruses to
detect the M gene in this manner. Sequencing methods
that obtain a greater depth of coverage might help
obtain the missing M sequences. To increase the virus
titer and the likelihood of obtaining the M sequence,
we recommend performing deep sequencing on the
isolated virus.
TcTV-2 previously was identified in D. marginatus
ticks from China (5) and in H. marginatum ticks from
Turkey (12). We detected TcTV-2 in D. nuttalli, D.
silvarum, H. asiaticum ticks and in blood, urine, and
throat swab samples from a patient with febrile
illness. Our findings suggest that person-to-person
transmission might be possible through direct
contact with body fluids or by droplet transmission.
In addition, we noted more tick species found in
northwest China that could act as TcTV-2 vectors (14),
but this finding should be verified in further studies.
Nonetheless, our study demonstrates that TcTV-2
could be emerging and infecting humans. Clinicians

should consider TcTV-2 infections in patients with
febrile illness and recent history of tick bites.
This study was supported by the National Key Research
and Development Program of China (approval no.
2018ZX10101002-002-007) and the National Natural
Science Foundation of China (approval no. 81960379).
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Combined Epidemiologic and
Entomologic Survey to Detect Urban
Malaria Transmission, Guinea, 2018
Dean Sayre, Alioune Camara, Yaya Barry, Touré Babacar Deen, Denka Camara, Mohamed Dioubaté,
Ibrahima Camara, Kalil Keita, Nouman Diakité, Youssoufa Lo, Ibrahima Bah, Hadja Fanta Camara,
Mohamed Saran Condé, Aissata Fofana, Abdoulaye Sarr, Eugène Lama, Seth Irish, Mateusz Plucinski

Malaria incidence is generally lower in cities than rural
areas. However, reported urban malaria incidence may
not accurately reflect the level of ongoing transmission,
which has potentially large implications for prevention efforts. To guide mosquito net distribution, we assessed
the extent of malaria transmission in Conakry, Guinea, in
2018. We found evidence of active malaria transmission.

V

ector control strategies are an important tool for the
reduction of malaria burden worldwide. However,
these strategies, such as the distribution of mosquito
nets (long-lasting insecticidal nets [LLINs]), are effective only in settings of ongoing malaria transmission.
Malaria transmission is generally lower in urban areas
compared with rural ones (1,2). Moreover, due to population mobility and increased urban access to medical
services, malaria cases reported from cities may capture
at least some infections acquired in the outlying rural areas, complicating use of incidence data to determine the
need for LLINs in urban areas. To guide a recent LLIN
distribution campaign, we rapidly assessed malaria
transmission in Conakry, Guinea, using a combined
epidemiologic and entomologic approach.
The Study
During November 19–December 24, 2018, we conducted community and health facility cross-sectional surveys describing key malaria epidemiologic and entomologic indicators in 10 nonadjacent sites in Conakry,
Guinea, by using the methods described by Camara
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Centers for Disease Control and Prevention, Conakry (A.Sarr)
DOI: https://doi.org/10.3201/eid2702.191701

et al. (3). In addition, a sample of outpatients seeking
medical attention were tested for malaria at 25 healthcare facilities across Conakry and asked about recent
travel outside of the city (Appendix, https://wwwnc.
cdc.gov/EID/article/27/2/19-1701-App1.pdf).
We conducted a community survey in 300 households throughout Conakry, yielding person-specific
data from 2,164 persons and mosquito net access and
use data for 1,016 unique sleeping spaces (Figure 1;
Appendix Table 1). We performed rapid diagnostic
tests (RDTs) to detect Plasmodium falciparum−specific
antigens for 1,102 (50.9%) of these persons. Surveys
conducted in 120 households in 4 villages within the
neighboring rural district of Dubréka provided person-specific data for 919 participants and mosquito
net access and use data for 486 unique sleeping spaces
to serve as a control. We tested 451 (49.1%) control
participants for malaria by RDT.
In Conakry, 43.3% of households surveyed
claimed to own >1 mosquito net, compared with
89.2% (p<0.001) of households in Dubréka. Survey
participants reported 18.8% (191/1,016) of documented sleeping spaces in Conakry had a mosquito
net available at the time of the survey, compared
with 63.8% (310/486, p<0.001) in Dubréka. Nets were
hanging over 16.7% (170/1,016) of sleeping spaces
in Conakry and 59.9% (291/486, p<0.001) of those in
Dubréka. However, participant use of nets was similar; 89.0% (170/191) of the available nets in Conakry
were in use at the time of the survey, compared with
93.8% (291/310, p = 0.062) in Dubréka (Table 1).
Mosquito net access and rates of use were found
to be heterogeneous across Conakry. Availability of
dedicated mosquito nets ranged from 11.6% (20/173)
to 28.6% (63/220) of sleeping spaces when households were grouped by administrative sections (communes). Net use when available ranged from 65.0%
(13/20) to 100% (26/26) by commune across Conakry
(Table 1).
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Figure 1. Administrative
boundaries and location of
communities visited as part of
an epidemiologic–entomologic
survey in Conakry and Dubréka,
2018. A) The positions of study
sites are shown within the
context of West Africa specifically
Guinea. Turquoise area denotes
Conakry and khaki Dubréka.
Black square represents
boundaries of the area depicted
in panel B. B) Satellite imagery
of Dubréka (outlined in black)
and surrounding areas, with
participating households shown
as black points. C) Locations
of 5 administrative communes
within Conakry are shown in
shades of turquoise; Dubréka
is colored khaki. D) Satellite
imagery of Conakry (outlined in
black) and surrounding areas,
with households participating
in the survey shown as black
points. Global positioning system
coordinates of households were
jittered for confidentiality before
mapping in both (B) and (D).

Table 1. Coverage of malaria prevention interventions in and near Conakry, Guinea, 2018*
Conakry, no./total no. (%)
Characteristic
Kaloum
Dixinn
Matam
Matoto
Ratoma
Total
LLIN ownership
Households receiving LLIN
50/60
48/60
54/60
52/60
52/60
256/300
in last campaign
(83.3)
(80.0)
(90.0)
(86.7)
(86.7)
(85.3)
Households with >1 LLIN
14/60
22/60
38/60
24/60
32/60
130/300
at time of study
(23.3)
(36.7)
(63.3)
(40.0)
(53.3)
(43.3)
LLIN access
Sleeping spaces with LLIN
20/173
28/169
54/248
26/206
63/220 191/1,016
available
(11.6)
(16.6)
(21.8)
(12.6)
(28.6)
(18.8)
Population sleeping in space
42/366
66/383 108/485
63/445 158/511 437/2,190
with LLIN available
(11.5)
(17.2)
(22.3)
(14.2)
(30.9)
(20.0)
LLIN use
Sleeping spaces with LLIN
13/173
26/169
45/248
26/206
60/220 170/1,016
hanging
(7.5)
(15.4)
(18.1)
(12.6)
(27.2)
(16.7)
Population sleeping in spaces
27/366
62/383
89/485
63/445 146/511 387/2,190
with LLIN hanging
(7.3)
(16.2)
(18.4)
(14.2)
(28.6)
(17.3)
Spaces with LLIN hanging
13/20
26/28
45/54
26/26
60/63
170/191
among those where available
(65.0)
(92.9)
(83.3)
(100.0)
(95.2)
(89.0)
Proportion sleeping under LLIN
27/42
62/66
89/108
63/63
146/158
387/437
in population with access
(64.3)
(93.9)
(82.4)
(100.0)
(92.4)
(88.6)
Used LLIN in previous night,
5/52
19/78
21/99
9/77
24/86
78/392
<5 y
(19.6)
(24.4)
(21.2)
(11.7)
(27.9)
(19.9)
Used LLIN in previous night,
14/314
44/298
99/381
40/371
95/408 292/1,772
>5 y
(4.5)
(14.8)
(26.0)
(10.8)
(23.3)
(16.5)
Indoor residual spraying
4/60
1/60
0/60
1/60
0/60
6/300
(6.7)
(1.7)
(0.0)
(1.7)
(0.0)
(2.0)
Any insecticide use
6/60
9/60
10/60
16/60
20/60
61/300
(10.0)
(15.0)
(16.7)
(26.7)
(33.3)
(20.3)

p value†

Dubréka

p value‡

0.61

102/120
(85.0)
107/120
(89.2)

1

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.021
<0.001
0.11
0.012

<0.001

310/486
(63.8)
647/966
(67.0)

<0.001

291/486
(59.9)
617/966
(63.9)
291/310
(93.9)
617/647
(95.4)
137/204
(67.2)
442/716
(61.7)
1/120
(0.8)
54/120
(45.0)

<0.001

<0.001

<0.001
0.062
<0.001
<0.001
<0.001
0.68
<0.001

*Populations determined by summing responses to number of persons sleeping in each space; total denominators do not necessarily match total number
of persons reported as living in surveyed households. LLIN, long-lasting insecticidal nets.
†Comparison of results for communes within Conakry.
‡Comparison of results for Conakry and Dubréka.
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Figure 2. Spatial distribution of key malaria
indices across Conakry, Guinea, as assessed
during the rapid epidemiologic–entomologic
investigation, November–December 2018.
Indices are shown grouped by commune
within Conakry. A) Proportion of the
population reporting sleeping in a space
with a mosquito net hanging. B) Malaria
prevalence (%) in the sample population >5
years of age, as determined by RDT during
community survey. C) Malaria prevalence
(%) in the sample population <5 years of age,
as determined by RDT during community
survey. D) Number of adult female Anopheles
mosquitoes collected per night, averaged
over 2 nights of collection. E) Annualized
malaria incidence, reported as cases/1,000
population, diagnosed in local healthcare
facilities. RDT, rapid diagnostic test.

Malaria prevalence by RDT in both children <5
years and participants >5 years was lower in Conakry
than in Dubréka (Appendix Table 2). RDT positivity
among children <5 years was 4.3% (14/329) in Conakry
and 38.0% (60/158) in Dubréka (p<0.001); in older participants positivity was 5.6% (43/773) in Conakry and
28.0% (82/293) in Dubréka (p<0.001). Within Conakry,
the greatest malaria prevalence in both age groups collocated with the lowest rates of mosquito net use and
access, although the differences observed between communes in the younger age group failed to reach statistical significance (p = 0.125 for age <5 years, p<0.001 for
those >5 years) (Figure 2). Most participants tested in
Conakry (717/1,102, 65.1%) denied having left the city
within the last year. Considering only those reporting
not having left the city in the past year, we found that
4.0% (29/717) were positive for P. falciparum antigen.
Of the 57 participants of all ages who were positive for malaria within Conakry, 75.4% (43/57) reported not leaving the city within the last 4 weeks (Table 2). Thirty-four of these participants (34/57, 59.6%)
reported not having left Conakry within the 6 months

before interview, and 50.9% (29/57) did not leave the
city within the year before interview. Nearly one fifth
of Conakry residents were positive for malaria reported never having left the city (17.5%, 10/57).
A random intercept, mixed effects regression
model to identify risk factors for P. falciparum antigenemia demonstrated statistically significant associations with self-reported travel outside the city
(p<0.23). Odds ratios were 2.2−7.3 and were higher
for more recent travel (Appendix Table 3).
We collected recent travel history data from 4,678
persons seeking medical attention whose diagnostic
workup included malaria testing by microscopy or
RDT. Of these persons, 8.0% (376/4,678) reported travel
outside Conakry within the 4 weeks before being tested.
Malaria antigen was detected in 57.7% (217/376) of those
reporting having left the city in the last 4 weeks, compared with 26.5% (1,139/4,302) of those who remained
in Conakry in the same period (Appendix Table 4). The
overall relative risk for malaria positivity associated
with travel outside of Conakry within the last 4 weeks
was 2.2 (95% CI 2.0–2.4). The corresponding population
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Table 2. Characteristics of persons testing positive for malaria infection, Guinea, 2018*
Conakry
Characteristic, n/N (%)
Kaloum Dixinn
Matam
Matoto Ratoma
LLIN use previous night, <5 y
0/5
0/2
0/2
1/1
0/4
(0.0)
(0.0)
(0.0)
(100)
(0.0)
LLIN use previous night, >5 y
0/17
0/8
0/1
1/4
4/13
(0.0)
(0.0)
(0.0)
(25.0)
(30.8)
Fever <2 wk of RDT
15/22
3/10
2/3
5/5
9/17
(68.2)
(30.0)
(66.7)
(100)
(52.9)
History of travel outside Conakry, <4
4/22
5/10
0/3
1/5
4/17
wks
(18.2)
(50.0)
(0.0)
(20.0)
(23.5)
History of travel outside Conakry, <6
5/22
7/10
0/3
2/5
9/17
mo
(22.7)
(70.0)
(0.0)
(40.0)
(52.9)
No travel outside Conakry within last
17/22
2/10
1/3
2/5
7/17
year
(77.3)
(20.0)
(33.3)
(40.0)
(41.2)

Total
1/14
(7.1)
5/43
(11.6)
34/57
(59.6)
14/57
(24.6)
23/57
(40.4)
29/57
(50.9)

p value†
0.07

0.37

Dubréka
41/60
(68.3)
46/82
(56.1)
75/135
(55.6)
NA

0.04

NA

0.016

NA

0.042
0.092

p value‡
<0.001
<0.001
0.64

*In a joint epidemiologic–entomologic investigation of urban malaria transmission in Guinea, participants were tested by using rapid diagnostic test during
community screening. LLIN, long-lasting insecticidal net; NA, not applicable; RDT, rapid diagnostic test.
†Comparison of results for communes within Conakry.
‡Comparison of results for Conakry and Dubréka.

attributable risk of travel outside the city was calculated
as 8.7%. Although rates of malaria positivity and recent
travel history both showed large variation, associated
relative risks for individual communes were 1.56–3.57
and population-attributable fractions of risk were 4.6%–
17.0% across different communes in Conakry.
Collection of adult mosquitoes as part of the study
demonstrated the presence of female Anopheles gambiae
sensu lato mosquitoes in 4/5 communes in Conakry.
We captured an average of 21 adult female A. gambiae
sl. mosquitoes nightly at the urban site yielding the
greatest number of Anopheles mosquitoes in Conakry
(Figure 2; Appendix Figure 1). In contrast, adult mosquito collection from 2 rural sites in Dubréka yielded
an average of 90 female Anopheles gambiae sensu lato
mosquitoes captured per night. However, the nightly
yield was highly heterogeneous by site, with 1 of the
2 sites accounting for 99.4% (358/360) of the female
Anopheles mosquitoes captured (Appendix Figure 2).
Conclusions
We found multiple corroborating lines of evidence
that strongly indicate malaria is actively transmitted in
Conakry. The presence of Anopheles vectors, current or
recent malaria infections in the absence of any plausible
travel-related exposures, and the spatial distribution of
infection mirroring that of risk factors for local acquisition of disease all suggest ongoing malaria transmission. Rural control sites had greater observed densities
of competent vectors and higher prevalence of malaria.
In addition, travel outside of the city was found to be
a risk for malaria infection for persons living in Conakry. However, we found that the risk associated with
travel was a minor contributor to the overall malaria
burden in Conakry, indicating that residents appear to
be at risk, albeit a decreased one, of acquiring malaria
within the confines of the city.
602

Given the likely ongoing malaria transmission,
coupled with the high rate of net use when available, LLIN distribution is a suitable malaria control
strategy in Conakry. The observed heterogeneity of
malaria transmission across the city raises the potential for more targeted distribution of prevention commodities. Additional studies are needed to confirm
and further refine this finding.
This study was funded by the US President’s Malaria
Initiative.
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Anopheles stephensi Mosquitoes as
Vectors of Plasmodium vivax and
P. falciparum, Horn of Africa, 2019
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Anopheles stephensi mosquitoes, efficient vectors in parts
of Asia and Africa, were found in 75.3% of water sources
surveyed and contributed to 80.9% of wild-caught Anopheles mosquitoes in Awash Sebat Kilo, Ethiopia. High susceptibility of these mosquitoes to Plasmodium falciparum
and vivax infection presents a challenge for malaria control in the Horn of Africa.

M

alaria control programs in Africa traditionally
focus on rural settings, although transmission
is also a health concern in some urban settings (1).
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Anopheles stephensi mosquitoes breed predominantly
in urban settings, prefer water storage containers (2),
and are found throughout the Horn of Africa (3). To
determine susceptibility of An. stephensi mosquito
vectors to infection with local Plasmodium strains, we
measured their abundance in an urban area of Ethiopia and characterized their aquatic habitats, biting
and resting behavior, and competence to transmit local P. vivax and P. falciparum.
Study protocol was approved by the Institutional
Ethical Review Board of the Aklilu Lemma Institute
of Pathobiology of Addis Ababa University (ALIPB
IRB/025/2011/2019), the Oromia Regional Health
Bureau (BEFO/MBTFH/1331), and AHRI/ALERT
Ethics Review Committee (AF-10-015.1, PO07/19).
All participants or parents/legal guardians for participants <18 years of age provided written informed
consent. Persons who volunteered for human landing
collection also provided written informed consent,
were monitored for 3 weeks after collections, and
if symptomatic and positive received treatment for
Plasmodium according to the treatment guidelines of
the country.
The Study
This study was conducted in Awash Sebat Kilo,
Ethiopia, an area of perennial malaria transmission,
during April–September 2019. We examined aquatic
habitats for immature-stage Anopheles mosquitoes
by standard dipping (10×/site) for 5 consecutive
days (4). We assessed mosquito resting, feeding, and
host-seeking behavior by 5 methods: CDC miniature light traps model 512 (John W. Hock Company,
1
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https://www.johnwhock.com), human landing collection, pyrethrum spray sheet collection, aspiration
from animal shelters, and cattle-baited traps (5). We
identified adult mosquitoes by using standard keys
and confirmed identification by targeted sequencing
of nuclear internal transcribed spacer 2 (ITS2) and mitochondrial cytochrome oxidase subunit 1 gene (COI)
(6). To generate clade topologies, we compared An.
stephensi mosquito DNA sequences with those in publicly available libraries (7). We determined mosquito
blood meal sources by using multiplex PCR targeting cytochrome b (8) and infection status by using 18S
rRNA nested PCR (9).
Adult An. stephensi mosquitoes reared from immature mosquitoes from local water sources and a
colony of An. arabiensis mosquitoes (≈120 each) were
fed in the dark for 30 min on membrane feeders containing fresh blood from Adama malaria clinic patients with microscopy-confirmed mono- and mixedspecies infections with P. vivax and P. falciparum (10).
Unfed and partially fed mosquitoes were removed;
fully engorged mosquitoes were maintained on sugar
solution. At 7 or 12 days after feeding, mosquitoes
were dissected, their midguts were examined for oocysts, and their salivary glands were examined for
sporozoites. To compare infection status between An.
arabiensis and An. stephensi mosquitoes, we performed
logistic regression. We used individual mosquito
data and a fixed effect for each patient to account for
correlations between mosquito observations from the
same donor. Bland-Altmann plots were generated for
differences in infectivity between mosquito sources

by using the Pitman test of difference in variance.
For analyses, we used STATA version 13 (StataCorp.,
https://www.stata.com/company) and GraphPad
Prism 5.3 (GraphPad Software Inc., https://www.
graphpad.com). Raw data have been deposited in the
DRYAD data depository (https://datadryad.org/
stash/dataset/doi:10.5061/dryad.gf1vhhmnt).
An. stephensi larvae were detected in 75.3%
(64/85) of the 85 artificial water sources surveyed
(Table 1). A total of 49,393 immature Anopheles larvae and pupae were collected during 20 weekly collections in April–September 2019, of which 45,316
(91.7%) emerged as adult mosquitoes in the laboratory. Morphologic identification of adults confirmed
that all were An. stephensi. During monthly rounds of
entomologic surveillance in August and September
(6 days each), we collected 89 adult female Anopheles
mosquitoes (72 [80.9%] An. stephensi, 16 An. gambiae,
and 1 An. pharoensis). We detected P. vivax in 2.8%
(2/72) and P. falciparum in 1.4% (1/72) of wild-caught
An. stephensi mosquitoes. Blood meal source was identified for 35.0% (28/80) blood-fed wild-caught An. stephensi mosquitoes; exclusive human blood meal was
identified for 17.2% (5/29). The remainder fed (multiple blood meals) either on humans and animals (n
= 9) or animals only (n = 14) such as goats (n = 21),
cows (n = 4), and dogs (n = 5). Successful sequencing
of ITS2 for 76 and COI for 45 Anopheles mosquitoes
confirmed that all were An. stephensi. According to
ITS2 sequences, An. stephensi mosquitoes from Ethiopia formed a well-supported monophyletic clade with
isolates from the Arabian Peninsula and Southeast

Table 1. Characteristics of 85 aquatic habitats surveyed in study of Anopheles stephensi mosquitoes as vectors of Plasmodium vivax
and falciparum, Horn of Africa, 2019
Mosquito larvae, no. larvae
Mosquito pupae, no. pupae
Characteristic
Habitats, no. detected/no. habitats sampled (%) detected/no. habitats sampled (%)
Localities (kebeles) within the town of Awash Sebat Kilo
Sebat Kilo
60
44/60 (73.3)
19/44 (43.2)
Lemlefan
17
12/17 (70.6)
0/12 (0)
Alalamo
8
8/8 (100.0)
5/8 (62.5)
Artificial containers
Permanent
48
41/48 (85.4)
17/41 (41.5)
Temporary
37
23/37 (62.2)
7/23 (30.4)
Shade status
Fully
22
14/22 (63.6)
6/14 (42.9)
Partial
24
22/24 (99.7)
7/22 (31.8)
None
39
28/39 (71.8)
11/28 (39.3)
Use status
In use
71
54/71 (76.1)
20/54 (37.0)
Not in use
14
10/14 (71.4)
4/10 (40.0)
Container material
Fiber jar/tire
23
10/23 (43.5)
4/10 (40.0)
Metal/steel tanks/drum/barrel
17
16/17 (94.1)
5/16 (31.3)
Cement/ceramic
45
38/4 (84.4)
15/38 (39.5)
Water turbidity
Clean
56
45/56 (80.4)
17/45 (37.8)
Turbid
28
19/28 (67.9)
7/19 (36.8)
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Table 2. Characteristics of blood meals and mosquito feeding outcomes in study of Anopheles stephensi mosquitoes as vectors of
Plasmodium vivax and falciparum, Horn of Africa, 2019*
Plasmodium species
Characteristic
P. vivax, n = 36
P. falciparum, n = 7
Mixed, n = 4
Parasites/µL, median (IQR)
7,783 (3,603–13,440)
2,431 (867–8,756)
4,516 (1,589–10,563)
Gametocyte positivity, no. positive/no. sampled (%)
25/34 (73.5)
1/7 (14.3)
1/4 (25.0).
Infectious feeds, no. positive/no. sampled (%)
26/36 (72.2)
1/7 (14.3)
2/4 (50.0)
Infected An. stephensi mosquitoes, no. positive/no.
446/849 (52.5
2.2
36/104 (34.6)
sampled (%)
Infected An arabiensis mosquitoes, no. positive/no.
452/1,000 (45.2)
18/200 (9.0)
45/122 (36.9)
sampled (%)
Oocysts in infected An. arabiensis mosquito midgut, mean
22.8 (1–115)
NA
3.1 (1–22)
(range)
Oocysts in infected An. stephensi mosquito midgut, mean
24.1 (1–105)
NA
2.8 (1–13)
(range)
*Parasite and gametocyte densities were determined by microscopy; IQR, Interquartile range; NA, not available.

Asia (Appendix, https://wwwnc.cdc.gov/EID/
article/27/2/20-0019-App1.pdf). The COI tree was
more resolutive, suggesting that An. stephensi mosquitoes from Ethiopia were most closely related to mosquitoes from Djibouti (64%) and Pakistan (54%).
We conducted 47 paired-membrane feeding experiments by using blood from patients with microscopy-confirmed P. vivax or P. falciparum infection (Table 2). The proportion of blood-fed mosquitoes was
generally higher for An. arabiensis (median 80.5%; interquartile range [IQR] 72.5–85.0) than An. stephensi
mosquitoes (median 53.5%, IQR 44.0–68.0; p<0.001;
Figure 1, panel A). The proportions of the 2 mosquito
species infected with P. vivax were strongly associated (ρ = 0.82, p<0.001; Figure 1, panel B); a significantly
higher proportion of An. stephensi (median 75.1%, IQR
60.0–85.9) than An. arabiensis mosquitoes were infect-

ed (median 58.4%, IQR 40.0–85.6; p<0.042). Allowing
for the number of dissected mosquitoes for each set
of paired feeding experiments, the odds of an individual mosquito becoming infected was higher for
An. stephensi mosquitoes (odds ratio [OR] 1.99, 95%
CI 1.52–2.59; p<0.001) (Figure 1, panel C). The number of oocysts per infected midgut was also higher for
An. stephensi (median 17, IQR 6–33) than An. arabiensis
mosquitoes (median 13, IQR 4–30); p<0.001 (Figure 2,
panel A). The number of oocysts was positively associated with the proportion of infected mosquitoes
for An. stephensi (ρ = 0.553, p<0.001) and An. arabiensis mosquitoes (ρ = 0.576, p<0.001; Figure 2, panel B).
Among paired feedings, sporozoites were detected
in 52.2% (47/90) An. arabiensis and 75.0% (84/112)
An. stephensi mosquitoes. A much higher proportion
of An. stephensi (51.8%, 58/112) than An. arabiensis

Figure 1. Comparison of feeding efficiency and infection rates for Anopheles stephensi and An. arabiensis mosquitoes in paired feeding
experiments in study of An. stephensi mosquitoes as vectors of Plasmodium vivax and falciparum, Horn of Africa, 2019. A) Percentage of
fully fed An. arabiensis mosquitoes (red) and An. stephensi mosquitoes (green). Box plots indicate median (midline), 25th (lower line), and
75th (upper line) percentiles of proportion of blood-fed mosquitoes. Whiskers indicate lower and upper 25% scores. Vertical lines indicate
minimum and maximum values. B) Percentage of infected mosquitoes. C) Bland-Altman plot (difference plots) for mosquito infection rates
in different mosquito species. Symbols indicate differences in infection rates in An. stephensi versus An. arabiensis (y-axis) mosquitoes in
relation to mean infection rates in these 2 species (x-axis). Positive values (57.1%; 16/28) indicate a higher infection rate in An. stephensi
mosquitoes; dotted lines indicate the 95% limits of agreement. There was no evidence that the correlation coefficient between the paired
differences and means differed significantly from 0 (Pitman test of difference in variance, r = 0.026, p = 0.864).
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Figure 2. Comparison of relative oocyst numbers and infection rate for Anopheles stephensi and An. arabiensis mosquitoes in paired
feeding experiments in study of An. stephensi mosquitoes as vectors of Plasmodium vivax and falciparum, Horn of Africa, 2019. Number
of oocysts per infected midgut for individual mosquitoes of each of the 2 species. A) Violin plot showing estimated kernel density.
Horizontal lines indicate median; box indicates interquartile range; and spikes indicate upper and lower adjacent values. The proportion
of midguts with detectable oocysts (y-axis) is indicated in association with log10 transformed oocyst numbers (x-axis) for An. stephensi
(green dots) and An. arabiensis (orange dots) mosquitoes. B) Data for 24 feeding experiments in which 723 An. arabiensis and 643 An.
stephensi mosquitoes were dissected. Shaded area indicates 95% CI around estimates for An. stephensi (green) and An. arabiensis
(orange) mosquitoes.

mosquitoes (31.1%, 28/90) had high sporozoite load
(+3 and +4); p = 0.011. After accounting for the number of examined salivary glands, the odds of detecting high sporozoite intensity were substantially higher for An. stephensi than An. arabiensis mosquitoes (OR
4.6, 95% CI 2.2–9.9; p<0.001).
Conclusions
An. stephensi mosquitoes have spread from Asia
throughout the Horn of Africa, detected in Djibouti
in 2012 (11), Ethiopia in 2016 (12), and Sudan in 2019
(3). The widescale presence of An. stephensi mosquitoes in developmental stages in artificial water bodies demonstrates that these mosquitoes are firmly
established in an urban setting in Ethiopia, located
on the main transportation corridor from Djibouti
to Addis Ababa. Detection of 4 haplotypes suggests
independent arrival of different populations or heterogeneity arising after importation of the mosquito
species. Our mosquito feeding experiments predominantly included highly infective patients with clinical P. vivax infection (10,13). Although feeding rates
for the membrane-adapted colony of An. arabiensis
mosquitoes were high, mosquito infection rates were
significantly higher for An. stephensi mosquitoes.
Our detection of salivary gland sporozoites establishes that sporogonic development of local P. vivax
can be completed by An. stephensi mosquitoes. We
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recruited fewer patients with clinical P. falciparum
infection, who were less likely than P. vivax patients
to infect mosquitoes (10). Despite a modest number
of observations, our findings demonstrate that local P. falciparum isolates are also capable of infecting
An. stephensi mosquitoes and are further supported
by detection of P. falciparum– and P. vivax–infected
wild-caught adult mosquitoes.
Spread of An. stephensi mosquitoes poses risk for
increased P. falciparum and P. vivax receptivity and
local transmission in urban Africa. Given mosquito
preference for human-made containers (14), our findings support integrated vector management recommended by the World Health Organization under the
Global Vector Control Response (15). Management
may include integrated surveillance and control of
other vectors such as Aedes aegypti mosquitoes for larval source management.
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Borrelia burgdorferi Sensu Stricto
DNA in Field-Collected
Haemaphysalis longicornis Ticks,
Pennsylvania, United States
Keith J. Price, Christine B. Graham, Bryn J. Witmier, Holly A. Chapman, Brooke L. Coder,
Christian N. Boyer, Erik Foster, Sarah E. Maes, Ying Bai, Rebecca J. Eisen, and Andrew D. Kyle

We collected questing Haemaphysalis longicornis ticks
from southeastern counties of Pennsylvania, USA. Of 263
ticks tested by PCR for pathogens, 1 adult female was
positive for Borrelia burgdorferi sensu stricto, yielding a
0.4% infection rate. Continued monitoring of this invasive
tick is essential to determine its public health role.

B

orrelia burgdorferi sensu stricto is the causative
agent of Lyme disease, the most commonly reported vectorborne disease in North America (1). In
Pennsylvania, which is first in the United States in
the number of reported Lyme disease cases, the spirochete has been identified in nearly 50% of adult
Ixodes scapularis ticks, the primary vector (2). In 2018,
Pennsylvania initiated a statewide active surveillance
program to monitor tick distribution and density, by
county, and tickborne pathogen prevalence. Although
focused primarily on collecting and testing Ixodes
scapularis ticks, initial surveillance efforts recovered,
among other species, Haemaphysalis longicornis (Asian
longhorned tick), an exotic species recently detected
in North America (3), providing quantitative records
of their presence in Pennsylvania public lands (4).
Since its US discovery in New Jersey during 2017,
the number of states that have detected H. longicornis ticks has increased rapidly. In its native range, H.
longicornis ticks have been found to carry a variety
of pathogens endemic to Pennsylvania, including B.
burgdorferi (5). However, because the ecologic characteristics and the pathogen diversity and prevalence of
Author affiliations: Pennsylvania Department of Environmental
Protection, Harrisburg, Pennsylvania, USA (K.J. Price, B.J. Witmier,
H.A. Chapman, B.L. Coder, C.N. Boyer, A.D. Kyle); Centers for
Disease Control and Prevention, Fort Collins, Colorado, USA
(C.B. Graham, E. Foster, S.E. Maes, Y. Bai, R.J. Eisen)
DOI: https://doi.org/10.3201/eid2702.201552
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H. longicornis ticks in the United States are understudied, potential epidemiologic risks there remain unknown. We report surveillance program data on the
presence of pathogen-infected H. longicornis in public
areas in Pennsylvania.
The Study

We performed surveillance activities weekly in 38
Pennsylvania counties during May 1–September 6,
2019, capturing peak nymphal I. scapularis ticks, in
addition to adult and nymphal H. longicornis tick
densities (6). Sampling sites, primarily high-use public areas in deciduous forests, were selected for high
risk of recreational and occupational tick encounters
and suitable I. scapularis and reported H. longicornis
tick habitat (6).
Collection processes were standardized to minimize spatial and temporal bias. We collected questing
ticks by dragging a 1 m2 white felt cloth over vegetation and leaf litter for 100–600 m. We examined cloths
every 10 m and transferred recovered ticks into vials
containing 80% ethanol, which we shipped to a central laboratory where they were stored at −80°C until
being identified using morphological keys.
We tested the majority (84%) of collected H.
longicornis nymphs and adults for pathogens, then
retained the rest as voucher specimens. We prepared DNA extracts from individual H. longicornis
tick homogenates on the KingFisher Flex Purification System with the MagMAX CORE Nucleic Acid
Purification Kit (ThermoFisher Scientific, https://
www.thermofisher.com). We tested each extract for
B. burgdorferi sensu stricto, B. mayonii, B. miyamotoi,
and Babesia microti using probe-based real-time PCR
assays comprising multiple targets for each pathogen (Table). We amplified a segment of the Borrelia dipeptidyl aminopeptidase (PepX) gene using
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Table. Pathogen targets included in real-time PCR testing of individual Haemaphysalis longicornis ticks, Pennsylvania, USA *†
Pathogen
Borrelia burgdorferi
PCR target
sensu stricto
B. mayonii
B. miyamotoi Babesia microti Reference
Borrelia 16S rDNA
‡
‡
‡
NA
(7)
B. burgdorferi sensu lato fliD
‡
‡
NA
NA
(8)
B. burgdorferi sensu stricto oppA2
‡
NA
NA
NA
(9)
B. mayonii oppA2
NA
‡
NA
NA
(9)
Borrelia miyamotoi purB
NA
NA
‡
NA
(9)
B. miyamotoi glpQ
NA
NA
‡
NA
(9)
B. microti sa1
NA
NA
NA
‡
(10)
B. microti 18S rDNA
NA
NA
NA
‡
(10)

*fliD, flagellin gene; NA, not applicable; oppA2, oligopeptide permease periplasmic A2 gene; purB, adenylosuccinate lyase gene; glpQ,
glycerophosphodiester phosphodiesterase gene; sa1, secreted antigen 1 gene.
†A sample was considered positive for a pathogen only if it was positive for all associated targets.
‡Targets associated with each pathogen.

seminested PCR and sequenced it to confirm B.
burgdorferi sensu stricto–positive specimens. We followed real-time PCR and PepX amplification protocols published elsewhere (9). We amplified and
sequenced a 667-nt fragment of the cytochrome oxidase subunit I (COI) gene using primers LCO1490
and HCO2198 (11) to confirm the tick species of positive specimens. The PCR mixture (25 µL) contained
forward and reverse primers at a final concentration of 0.4 µmol and 5 µL of DNA template. Thermocycling conditions followed protocols published
elsewhere (11). COI and PepX amplicons were sequenced as described elsewhere (9).
Results

A total of 668 H. longicornis ticks (356 larvae, 166
nymphs, 146 adults) were collected from 4 counties
in southeastern Pennsylvania (Figure). During the
same period, 265 I. scapularis ticks (174 larvae, 78
nymphs, 13 adults) were collected from the same 4
counties. Of the subset of H. longicornis ticks tested
by using real-time PCR (n = 263), 1 (0.4%) adult female collected from a county park in Bucks County
on June 14, 2019 was positive for B. burgdorferi sensu stricto. A 570-nt segment of the PepX gene from
this specimen was identical to B. burgdorferi sensu
stricto reference sequences (GenBank accession nos.
CP002312.1:657467–658036). The COI gene fragment
from this tick showed 99.8% identity to an H. longicornis tick sequence in the GenBank database (accession
no. JQ737090). No H. longicornis ticks were positive
for B. miyamotoi, B. mayonii, or B. microti.
Conclusions
We document detection of the Lyme disease spirochete, B. burgdorferi sensu stricto, in invasive
H. longicornis ticks. The overall infection rate of
0.4% was low. In comparison, B. burgdorferi sensu
lato infection rates in I. scapularis ticks collected

during the same surveillance period and in the same
counties ranged from 16.7% to 57.1% (K.P. Price et
al., unpub. data). This finding is consistent with recent findings that H. longicornis ticks are relatively
averse to feeding on white-footed mice (Peromyscus leucopus), the primary reservoir of B. burgdorferi
sensu stricto (12). Our findings support laboratory
studies demonstrating that H. longicornis ticks can
acquire B. burgdorferi sensu stricto while feeding on
experimentally infected mice; however, those studies suggested that H. longicornis ticks are unlikely
to contribute to transmission of B. burgdorferi sensu stricto because infection is lost during molting
(13). However, refeeding and transmission of Lyme
spirochetes by partially-fed ixodid ticks has been
documented (14).
On the basis of microscopy, we estimated that
≈10% of the host-seeking H. longicornis ticks that we
recovered were partially fed, suggesting the possibility that transmission could occur before the ticks molt.
Of note, however, although we detected B. burgdorferi
sensu stricto DNA in the tick, we have no evidence to
suggest the spirochetes were viable. Unique ecologic
traits of H. longicornis ticks (e.g., cold hardiness, parthenogenetic reproduction, host generality), which
may enable the species’ rapid establishment and high
density (4), could confound efforts to determine the
extent to which the tick may be involved in maintenance of B. burgdorferi sensu stricto in nature.
Continued monitoring to identify infested areas
is essential, especially in densely populated regions
(e.g., southeastern Pennsylvania). Despite limited
documentation of H. longicornis ticks biting humans
in the United States (15), findings presented here support continued use of personal protective measures.
H. longicornis ticks are a vector of human pathogens
in its native range; further investigation is needed to
determine its potential public health significance in
the United States.
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Figure. County map of Pennsylvania, USA, and the southeastern region (inset) showing locations of active tick surveillance, where
Haemaphysalis longicornis ticks were recovered, and where Borrelia burgdorferi sensu stricto–positive H. longicornis ticks were found,
May 1–September 6, 2019. Pennsylvania county map shows 38 counties sampled weekly and an additional 14 counties sampled
opportunistically that yielded low tick recovery (Ixodes scapularis ticks only).
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Early Transmission Dynamics,
Spread, and Genomic
Characterization of
SARS-CoV-2 in Panama
Danilo Franco,1 Claudia Gonzalez,1 Leyda E. Abrego,1 Jean-Paul Carrera, Yamilka Diaz,
Yaset Caicedo, Ambar Moreno, Oris Chavarria, Jessica Gondola, Marlene Castillo,
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Lourdes Moreno, Christl A. Donnelly, Juan Miguel Pascale, Nuno Rodrigues Faria, Sandra Lopez-Verges,2
Alexander A. Martinez,2 on behalf of Gorgas COVID19 team and Panama COVID19 Laboratory Network3

We report an epidemiologic analysis of 4,210 cases of
infection with severe acute respiratory syndrome coronavirus 2 and genetic analysis of 313 new near-complete
virus genomes in Panama during March 9–April 16, 2020.
Although containment measures reduced R0 and Rt, they
did not interrupt virus spread in the country.

C

oronavirus disease (COVID-19), caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), was first reported in December 2019
in Wuhan, China (1,2). Of ≈23 million confirmed cases
worldwide, as of October 20, 2020, a total of 28% (>6
million) had been reported in Latin America. SARSCoV-2 was first reported in this region in São Paulo,
Brazil, on February 25, 2020 (3).
In Panama, the first confirmed COVID-19 case
was reported on March 9, 2020. Although Panama
rapidly implemented disease control strategies, it is
among the countries in Latin America with the highest cumulative rates of incidence and death (4). To
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elucidate the transmission and spread of SARS-CoV-2
in the region, we analyzed epidemiologic surveillance
data and newly generated genetic data from Panama.
The Study
To perform molecular detection of SARS-CoV-2, the
Panama Ministry of Health implemented a surveillance program on January 20, 2020. The National
Committee on Bioethics of Research of Panama approved protocol EC-CNBI-202–04–46.
We evaluated the early transmission dynamics of
COVID-19 in Panama for the first 62 days of the epidemic (February 15–April 16, 2020) based on reported dates
of symptom onset. We estimated the daily growth rate,
doubling time, and basic (R0) and time-varying (Rt) effective reproduction numbers. We performed genome
amplification and sequencing according to ARTIC Network protocol (https://artic.network) for Illumina Sequencing (https://www.illumina.com) (5). Details of
epidemic parameters, sequencing, and genome analysis are described in Appendix 2 (https://wwwnc.cdc.
gov/EID/article/27/2/20-3767-App2.pdf).
A total of 18,559 suspected cases of COVID-19 had
been investigated in Panama by April 16. Of these,
4,210 (22.7%) patients tested positive for SARS-CoV-2
infection by qualitative reverse transcription PCR.
The first confirmed case, on March 9, corresponded
to a patient who had arrived in Panama from Spain
on March 8 and had exhibited symptoms beginning
on March 6. The first case not related to travel was
1
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confirmed after the death on March 7 of a patient in
whom symptoms first appeared on February 22. Epidemiologic investigation showed that the date of onset of symptoms for the earliest local case related to
that fatal case dates back to February 15, 2020 (Figure
1). In most locally detected cases, patients had mild
disease symptoms (Appendix 2 Figure 1, panel A).
By April 16, a total of 341 patients had been hospitalized (77 at time of diagnosis confirmation) and
116 had died (31 by time of diagnosis confirmation)
(Appendix 2 Figure 1, panels B, C). The highest proportion of confirmed cases was observed in the 20–59
year age group (Appendix 2 Figure 2, panel A). A
higher proportion (55.3%) of patients tested were
female, but among those with positive results, 1.45
times more were male (Appendix 2 Figure 2, panel
B). A rapid growth rate of 0.13 cases/day (Appendix
2 Figure 3, panel A) and a short doubling time were
observed during the early stages of the epidemic;
doubling time increased over the study period (Appendix 2 Figure 3, panel B). We estimated an R0 for
SARS-CoV-2 in Panama of 2.22 (95% CI 2.08–2.37).
Panama was the 11th country in Latin America to
report SARS-CoV-2 and implemented epidemic control
strategies rapidly compared with other countries in the
region (Appendix 2 Figure 4). After the first confirmed
case (March 9), school closures were implemented
within 1 day, social distancing measures within 6 days,
and 24-hour stay-at-home curfew within 14 days. Over
the course of the next 17 days, Rt dropped to 1.08 (95%
Cl 1.00−1.17) (Appendix 2 Table 1, Figure 3, panel C).
However, until April 16, Panama remained the country
in Central America with the highest proportional number of cases and fatalities (Appendix 2 Figure 5).
To determine the diversity of SARS-CoV-2 in Panama and Latin America, we generated SARS-CoV-2

genomes from 313 patients, representing 7.4% of the
total confirmed cases by April 16, 2020 (Appendix 2
Figure 6, panel A). We obtained complete genome coverage for samples using reverse transcription PCR cycle threshold values <25 (Appendix 2 Figure 6, panel B)
and found circulation of >10 virus lineages (Figure 2,
panel A; Appendix 2 Figure 7) (6). The most frequently
identified was A.2 (71.2%), followed by B.1 (16.7%) and
A.1 (3.5%), in contrast to other studies in Latin America, where B-like lineages largely predominate (7,8).
Lineages A.3, B, and B.1.5 were identified in 79 cases
detected early on in the epidemic, 11 (13.9%) of the
cases imported (Figure 2, panel A; Appendix 2 Figure
7). Lineage A.2 was found in 51 patients; 4 (7.8%) belonged to a cluster (Appendix 2 Table 2) from a school
outbreak associated with the first detected local case
and 9 (17.6%) were police officers (Figure 2, panel C).
Phylogenetic analysis identified 3 main virus lineages (Figure 2). Lineage A.2.1/19B (n = 60; posterior
support = 0.69; C12815T) comprised 54.3% of the sequenced cases in the study (Appendix 2 Figure 8, panel
A); lineage B.1/20A (n = 15; posterior support = 0.97;
G26143A) and lineage A.3/19B (n = 12; posterior support = 1.00; C3177T, T26729C) was third. Molecular
clock estimates of the time to most recent common ancestor calculated from lineage A.2.1, made up just of
cases with local transmission, placed the median time
of mutation during February 19–March 9, 2020, just 2
weeks before the first COVID-19 case was confirmed,
and in line with the time of onset of symptoms of the
first case of local transmission (Figures 1, 2).
Central and western Panama had more diverse
lineage distributions (Figure 2, panel B). Those regions
encompass the capital and its surroundings, where
more than 50% of the national population lives and
the main international airport is located. Lineage A.2.1
Figure 1. Epidemic curve of SARSCoV-2 cases in Panama showing
daily incidence of confirmed
imported and local infections
detected through April 16, 2020, with
symptom onset during February 15–
April 13, 2020. Gray shaded area
indicates time period during which
nonpharmaceutical interventions
measures were initiated. Inset at
top right shows the time-varying
effective reproduction number (Rt)
for a time frame of 45 days (x-axis);
dark gray shading indicates 95%
CI, and dashed line indicates
threshold value Rt = 1. SARS-CoV-2,
severe acute respiratory syndrome
coronavirus 2.
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Figure 2. Genetic diversity
of SARS-CoV-2 in Panama.
A) Bayesian maximum clade
credibility tree of 1,261 SARSCoV-2 sequences: 133 from
Panama; 492 from North or
South America (443 genomes
are from Brazil, 41 from the
United States, 7 from Chile, 6
from Mexico, 3 from Argentina, 1
from Peru, and 1 from Canada);
and 636 are from other locations.
Posterior density estimates of
time of the most recent common
ancestor of each lineage with
local transmission are shown in
their branches. B) Distribution
of lineages among regions
in Panama. C) Distribution of
lineages by channel of exposure
detected by the surveillance
system. SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.

was found in all regions across the country with no
obvious spatial pattern; according to a global analysis
of SARS-CoV-2 lineages (https://cov-lineages.org),
this lineage is composed of sequences predominantly
from Panama. We also found that the spike glycoprotein variants D614 and G614 (9,10) were cocirculating
early in the epidemic among all the regions analyzed
and were comprised of multiple lineages (Appendix 2
Figure 8, panel B), but the G614 variant potentially associated with infectivity (9) was detected in only 18.8%
of the sequenced cases (Appendix 2 Figure 8, panel C).
Conclusions
Epidemiologic evidence suggested cryptic circulation
of SARS-CoV-2 in Panama with a probable introduction during early February. A high median trans614

mission potential of SARS-CoV-2 was estimated at
R0 = 2.22 (2.08–2.37), similar to estimates from China,
Brazil, and Europe (11–13). Rt rapidly dropped to 1.08
after implementation of control strategies.
Phylogenetic analysis detected circulation of >10
virus lineages, although the number of detected lineages could be underestimated because we did not sequence each positive case and there is a possibility of
uncommon undetected lineages due to sample bias.
Most of the lineages associated with imported cases
(A.1, A.3, B, B.1, B.2.1) were detected and transmission controlled through active contact tracing. However, we detected early transmission of the lineage
A.2.1/19B, which was introduced into the country >3
weeks before the first detected case. This lineage rapidly became widespread in Panama.
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We conjecture that efforts to identify early suspected cases, which focused mainly in symptomatic travelers returning from China, precluded the opportunity
to detect earlier cases imported from Europe and the
United States, where the virus was already circulating at that time (11,14,15). Moreover, undetected early
transmission occurring before control measures were
implemented could help to explain the widespread
distribution of SARS-CoV-2 across Panama.
Our findings on growth rates and Rt show that
mitigation measures undertaken shortly after the
first reported case in March helped to reduce virus
transmission. Measures such as active contact tracing
and isolation, social distancing, and quarantine targeted to regions where active transmission clusters
are found will help to effectively control the spread of
SARS-CoV-2 in Panama.
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Estimating the Frequency
of Lyme Disease Diagnoses,
United States, 2010–2018
Kiersten J. Kugeler, Amy M. Schwartz, Mark J. Delorey, Paul S. Mead, Alison F. Hinckley

By using commercial insurance claims data, we estimated that Lyme disease was diagnosed and treated in
≈476,000 patients in the United States annually during
2010–2018. Our results underscore the need for accurate
diagnosis and improved prevention.

L

yme disease is caused by Borrelia burgdorferi
spirochetes, which are transmitted to humans
by certain Ixodes spp. ticks (1). The infection can involve multiple organ systems and is treatable with
antimicrobial drugs; most persons recover fully,
especially those who receive early and appropriate
treatment (1). The geographic distribution of Lyme
disease in the United States and the demographic
characteristics of persons affected have been well
documented through nearly 3 decades of public
health surveillance (2).
However, the frequency of Lyme disease is less
well understood. Although 30,000–40,000 cases are
reported through surveillance each year, substantial
underreporting occurs, as is typical for passively reported surveillance data (1). A previous analysis of
insurance claims data for the years 2005–2010 estimated that Lyme disease was diagnosed in ≈329,000
persons annually in the United States (3). We use similar methods to develop an estimate for 2010–2018.
The Study
The IBM Watson Health MarketScan Commercial
Claims and Encounters Databases (https://www.
ibm.com/products/marketscan-research-databases)
are derived from insurance claims for inpatient, outpatient, and prescription services covering >25 million privately insured US residents <65 years of age.
As detailed elsewhere, we identified Lyme disease
diagnoses among the MarketScan population during
Author affiliation: Centers for Disease Control and Prevention, Fort
Collins, Colorado, USA
DOI: https://doi.org/10.3201/eid2702.202731
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2010–2018 by linking specific billing codes for patient
encounters with antimicrobial prescriptions (4). An
outpatient Lyme disease diagnosis was identified by
an International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) or International Classification of Diseases, 10th Revision, Clinical Modification (ICD-10-CM) code for Lyme disease
(ICD-9-CM: 088.81; ICD-10-CM: A69.2x) combined
with an associated prescription of >7 days’ duration
for an appropriate antibiotic drug (3,4). Inpatient diagnoses were identified according to primary and
secondary Lyme disease diagnosis codes (4). To minimize the influence of nonincident diagnoses, we excluded any events that occurred in the same person in
subsequent years. Age, sex, geographic distribution,
and seasonality of Lyme disease diagnoses in MarketScan during 2010–2018 are reported elsewhere (4).
To enable extrapolation of rates from the commercially insured population to the US population,
we calculated directly standardized case counts according to 5-year age group and state using US Census Bureau 2015 population estimates. Because MarketScan does not include patients >65 years of age, we
multiplied the sum of these counts by a factor derived
from contemporaneous surveillance data (https://
wwwn.cdc.gov/nndss) (Figure). Among confirmed
and probable Lyme disease cases reported during
2010–2018, 80.3% were among persons <65 years of
age. Thus, we multiplied the standardized case count
by 1/0.803, or ≈1.25, to estimate the number of persons of all ages coded and treated for Lyme disease.
Previous research has demonstrated that medical records of patients with Lyme disease frequently
lack the specific ICD-9 code for the condition (5,6).
To adjust for this undercoding of medical records,
we applied a correction factor by using data from 3
studies on the proportion of medical records that contain the ICD-9 code 088.81 and meet the confirmed,
probable, and suspect Lyme disease surveillance
case definitions (as a proxy for clinician diagnosis).
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Figure. Estimated number of Lyme disease diagnoses annually, calculated by using commercial insurance claims data and 3 correction
factors, United States, 2010–2018. Only those records that contained age and state information were included to enable calculation of
standardized case counts for the US population. *Correction factor accounting for Lyme disease–specific codes is based on data from
3 studies that suggest only 43% of patients whose cases met the confirmed, probable, or suspect surveillance case definitions had the
ICD-9-CM code for Lyme disease in their medical records (5–7; E. Schiffman, Minnesota Department of Health, pers. comm., 2020 Jan
17). CDC, Centers for Disease Control and Prevention; CrI, credible interval; ICD-9-CM, International Classification of Diseases, 9th
Revision, Clinical Modification.

In New York, 114 (41.8%) of 273 records meeting
these definitions contained 088.81 (6). In Maryland,
84 (35.6%) of 236 records contained 088.81 (5). Supplemental analysis of data from Minnesota captured
as previously described (7) revealed that 91 (56%) of
163 charts contained 088.81 (E. Schiffman, Minnesota
Department of Health, pers. comm., 2020 Jan 17). A
total of 289 (43.0%) of 672 Lyme disease patients had
088.81 in their medical records. Thus, we multiplied
the standardized and age-corrected number of cases
by 1/0.430 or ≈2.33 to arrive at an estimate of the frequency of clinician-diagnosed Lyme disease (Figure).
A 95% credible interval for this estimate was calculated as previously described (3).

A total of 118,780 persons with the requisite codes
for Lyme disease were identified in MarketScan among
199,116,139 person-years of observation during 2010–
2018. Overall, 81% of these diagnoses occurred among
residents of 14 high-incidence states in the Northeast,
mid-Atlantic, and upper Midwest; another 8% occurred
among residents of adjoining states. After direct standardization and age correction, we found that an average of 205,000 patients were coded and treated for Lyme
disease annually. Upon further correction for omission
of Lyme disease–specific codes in patient records, we
estimate an average of ≈476,000 patients received a diagnosis of Lyme disease each year (95% credible interval 405,000–547,000) during 2010–2018 (Figure).
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Conclusions
The public health burden of an infectious disease can
be quantified in several ways: these include the number of illnesses meeting a specific definition that are reported to public health officials; the total number of actual infections resulting in illness in the community; or
the number of patients in whom the presumed illness
is diagnosed and treated, regardless of actual infection.
Our estimate addresses the last of these; it reflects the
overall societal and clinical burden of Lyme disease.
We estimate that ≈476,000 persons were diagnosed with Lyme disease annually during 2010–2018.
This figure is greater than an estimate of ≈329,000 annual diagnoses for the period 2005–2010. Although
both estimates were calculated by using similar
methods, we implemented a slightly more restrictive
approach that prohibited any patient with a diagnosis of Lyme disease from being counted more than
once during the 9-year study period (3). The observed increase in Lyme disease diagnoses between
these 2 periods parallels increases in cases reported
through surveillance (1).
Our estimate is based on commercial insurance
claims data that might not be representative of the US
population with respect to disease risk and access to
health care. In addition, the correction factor used to
account for omission of Lyme disease–specific ICD-9CM and ICD-10-CM codes in medical records is based
on a review of codes in only 672 medical records, yet
it more than doubles the estimated number of diagnoses. Without this correction factor, the observed
rate of diagnoses in our study would be similar to the
76 diagnoses/100,000 persons per year reported by
Tseng et al. (8) in a separate analysis of claims data.
Further studies of coding patterns and improved access to and use of electronic health records could fill
these data gaps, enabling more robust and precise estimates in the future (9).
The estimates we report are influenced by the
uncertainties of clinical practice, in which patients
are often treated presumptively, inevitably resulting in some degree of overdiagnosis and overtreatment (10). In contrast, cases reported through
national Lyme disease surveillance meet a standardized case definition and are more likely to represent
actual infections. However, routine surveillance is
subject to substantial underreporting, previously estimated at between 3- and 12-fold for Lyme
disease (1). The difference between our estimate
and the ≈35,000 cases reported annually though
surveillance is a result of the combined effects of
underreporting of infections and overdiagnosis
in clinical practice. Our analysis does not enable
618

us to discern the relative contribution of each. Although we implemented restrictions to mitigate inclusion of retreatment for nonincident diagnoses,
overdiagnosis could account for the proportionally
higher number of diagnoses in residents of low-incidence states (19%) than what is typically seen in
public health surveillance (≈5%).
Our findings underscore the large clinical burden associated with Lyme disease diagnoses in the
United States. Evolving electronic medical and laboratory systems should help fill demonstrable data
gaps and enable more robust and reliable monitoring of changes in the magnitude and spread of the
disease. Effective interventions are needed, and improved awareness among clinicians and the public
is paramount to foster early and accurate diagnosis
and appropriate treatment.
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Vaccine-Derived Polioviruses,
Central African Republic, 2019
Marie-Line Joffret,1 Joël Wilfried Doté,1 Nicksy Gumede,
Marco Vignuzzi, Maël Bessaud,2 Ionela Gouandjika-Vasilache2

Since May 2019, the Central African Republic has experienced a poliomyelitis outbreak caused by type 2 vaccine-derived polioviruses (VDPV-2s). The outbreak affected Bangui, the capital city, and 10 districts across the
country. The outbreak resulted from several independent
emergence events of VDPV-2s featuring recombinant genomes with complex mosaic genomes. The low number
of mutations (<20) in the viral capsid protein 1–encoding region compared with the vaccine strain suggests that
VDPV-2 had been circulating for a relatively short time
(probably <3 years) before being isolated. Environmental
surveillance, which relies on a limited number of sampling
sites in the Central African Republic and does not cover
the whole country, failed to detect the circulation of VDPV2s before some had induced poliomyelitis in children.

P

oliomyelitis results from infection of the central
nervous system by poliovirus, a picornavirus
of the species Enterovirus C (1). The Global Polio
Eradication Initiative (https://polioeradication.org)
managed to eradicate wild poliovirus of 2 of the 3
serotypes and to contain virus of the third serotype
in Pakistan and Afghanistan. The Initiative relies on
2 pillars: surveillance of poliovirus circulation and
vaccination. Contrary to the inactivated polio vaccine, the oral polio vaccine (OPV) induces strong
intestinal immunity that blocks transmission of poliovirus in subsequent infections (2). Consequently,
OPV is currently the only tool capable of stopping
poliovirus transmission. However, because attenuated strains of OPV replicate in the gut and are excreted in feces, low vaccine coverage enables circulation of these strains and loss of their attenuated
phenotype through genetic drift (3,4). Since May
2019, the Central African Republic (CAR) has experienced a poliomyelitis outbreak caused by serotype
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M. Vignuzzi, M. Bessaud); Institut Pasteur, Bangui, Central African
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2 vaccine-derived polioviruses (VDPV-2s). To ascertain the origin of these VDPV-2s, we determined and
analyzed their full-length genomic sequences.
The Study
During May–December 2019, using standardized
procedures of the Global Polio Laboratory Network
(https://polioeradication.org), we detected VDPV-2s
in fecal samples of 19 children with acute flaccid paralysis (AFP). Positive samples came from 10 districts
across the country, including Bangui, the capital city
(Figure 1). In addition, we detected 49 VDPV-2s in
fecal samples from healthy children living in the vicinity of the children with poliomyelitis; 17 were detected in environmental samples. In December 2017,
routine environmental surveillance was implemented
in CAR, restricted to 4 sampling sites in Bangui; 6 additional sites were gradually opened in 2019 (Figure
1). Compared with the vaccine Sabin-2 strain (reference strain), CAR VDPV-2s had 6–20 nt differences
in the viral capsid protein 1 (VP1)–encoding region
(903 nt), above the threshold used to discriminate
VDPV-2s from Sabin-2 (>6 mutations within the VP1encoding sequence). Given the evolutionary rate of
this genomic region (≈10−2 nucleotide changes/site/
year [5]), this range suggests that VDPVs had been
circulating in CAR from a few months to a couple of
years before detection.
Phylogenetic analysis based on VP1-encoding regions showed that the CAR VDPV-2s fell into different
lineages (Figure 2, panel A; Appendix Figure https://
wwwnc.cdc.gov/EID/article/27/2/20-3173-App1.
pdf). Although the low number of nucleotide differences in young VDPVs makes precise marking of the
boundaries of phylogenetic clusters challenging, we
identified >12 main branches in this phylogram (Figure 2, panel A, branches A–L), indicating the concomitant emergence of multiple VDPV lineages. Branches
A and J gathered sequences of VDPVs sampled from
1
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districts located hundreds of kilometers apart (Figure
1), which suggests active circulation of these lineages
in the country; by contrast, some lineages (F, I, K, L)
were detected only 1 time. No isolates from patients
with AFP were of lineages D, F, G, I, K, L; however,
determining whether some AFP cases were missed
or, alternately, whether surveillance managed to uncover VDPV lineages before they caused poliomyelitis, is not possible. Environmental surveillance is expected to detect poliovirus circulation before it causes
the first poliomyelitis case, but the alert system is efficient only if the surveillance is dense enough to cover
the entire country, a goal that is difficult to reach in
CAR because of the political troubles.
Among the 70 CAR VDPV-2s for which genomes
have been fully sequenced through gene walking and
Sanger sequencing, only 4 (branches G and L, from
healthy children) were free of recombination events
and feature a global nucleotide divergence <1%
compared with Sabin-2. The 66 other CAR VDPV2 genomes comprised sequences derived from Sabin-2 and from other nonpolio enteroviruses in 12
recombinant patterns; polio/nonpolio breakpoints
were within the 2A, 2B, 2C, 3A, 3C, and 3D-encoding

regions (Figure 2, panel B; Appendix Figure). In
the nonpolio region, the unique representative of
recombinant pattern 5 (member of VP1 branch B)
shared recent common ancestors through recombination with the genomes of patterns 3 and 6: it was
closely related to genomes of pattern 6 from the 2A
through the 3C genomic regions and to the genomes
of pattern 3 downstream (Figure 2, panel C). Pattern
4 also shared a recent common ancestor with pattern
3, from which it diverged only near the 3′ extremity
of the genome (Figure 2, panel B). Similarly, the genomes of patterns 7 and 8 were closely related from
the 2B region through the middle of the 3C region and
substantially diverged downstream. Genomic mosaicism is a common trait found in enterovirus ecosystems because of frequent recombination exchanges
between cocirculating enteroviruses, including the
poliovirus vaccine strains. Thus, VDPVs generally
feature genomes resulting from multiple recombination events (6). Three VP1 branches (A, B, and D)
contained various recombinant patterns (Figure 2,
panel A); reciprocally, 2 recombinant patterns (3 and
11) were each found in several VP1 branches (Figure
2, panel B), thereby illustrating how recombination

Figure 1. Central African Republic. Shading indicates districts where VDPV-2s were detected May–December 2019: triangles indicate
districts where environmental surveillance has been implemented; numbers indicate total numbers of VDPVs; numbers in parentheses
indicate number of confirmed poliomyelitis cases, letters A–L indicate VDPV lineages (based on the viral capsid protein 1–encoding
region [Figure 2, panel A]). VDPV-2, type 2 vaccine-derived polioviruses.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 2, February 2021
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Figure 2. Molecular characterization of VDPV-2s isolated in the Central African Republic in 2019. A) Phylogram of the VP1-encoding
sequence drawn by using the maximum-likelihood method based on the data-specific model. Alternating blue and red indicate
evolutionary branches (A–L); open circles indicate sequences of VDPVs from patients with acute flaccid paralysis circles; closed circles
indicate sequences of VDPVs from healthy children; black triangles indicate sequences of VDPVs from environmental samples. The
district where the isolate was sampled and the recombinant pattern the isolate belongs to (patterns 1–12 or nonrecombinant [Figure
2, panel B]) are indicated; asterisks indicate isolates that have not been fully sequenced. Scale bar indicates nucleotide substitutions
per site. B) Schematic representation of the genomic patterns of the VDPVs. Top row shows poliovirus genetic organization, with the
main open reading frame flanked by the 5′ and 3′ untranslated regions (UTRs). Approximate locations of the recombination sites (1–12
on left) are shown. Sequences with different colors differ by <3%. Letters in parentheses on the right indicate the VP1 branches where
each recombinant pattern can be found. NR, no recombination. C) Similarity plot drawn by comparing the sole genome of pattern 5 with
genomes of patterns 3 (green), 4 (red), and 6 (blue) in the 3′ half of the genome. Sliding window width, 200 nt; step distance, 20 nt.
VDPV-2s, type 2 vaccine-derived polioviruses; VP1, viral capsid protein 1.

can make different segments of the enterovirus genome evolve independently (7).
Although VDPV-2s commonly harbor a recombinant nonpolio 5′ untranslated region (UTR), all
CAR VDPVs had a 5′ UTR from the vaccine Sabin-2
strain. Nonetheless, an A→G reversion was found in
all genomes at nt position 481, which harbors one of
the major determinants of attenuation of the Sabin-2
strain (8). A second major determinant of Sabin-2,
located within the VP1-encoding region (nt position
2909), had also reverted (U→C, isoleucine-to-threonine) in all CAR VDPVs.
Conclusions
The origin of the CAR VDPV-2s remains unknown.
In April 2016, a switch from use of the trivalent OPV
to the bivalent OPV, which contains the Sabin-1 and
Sabin-3 attenuated strains (but not Sabin-2), was
synchronized globally (9). The low nucleotide divergence observed within the VP1-encoding sequence
622

between the CAR VDPV-2s and Sabin-2 makes the
hypothesis of silent circulation of Sabin-2–derived
strains originating from the trivalent OPV over >3
years unlikely. More likely, the CAR VDPV-2s may
derive from the Sabin-2 strain contained in the monovalent OPV that was used to control a 2017–2018
VDPV-2 outbreak in the Democratic Republic of the
Congo, which borders CAR (10). Population movements across the border between the 2 countries
could have allowed introduction of Sabin-2–derived
viruses into CAR, a country in which most children
born after the global vaccine switch have no immunity against serotype 2. The silent circulation of
these viruses for several months was probably rendered possible by the difficulties of implementing efficient surveillance in some regions of CAR because
of the civil war that has been ongoing in the country
since 2012.
We show that the CAR VDPV-2 outbreak resulted from several independent emergence events,
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involving recombinant genomes with no recombination in the 5′ UTR. Beyond the situation in CAR, 2019
was a dark year for the Global Polio Eradication Initiative; VDPV-2 outbreaks surged in many countries
in Africa (11). OPV of serotype 2 remains the best tool
to stop VDPV-2 outbreaks, but it also constitutes the
seed for emergence of VDPVs. The pending release
of a novel OPV that contains a genetically stabilized
serotype 2 strain less prone to reversion is expected to
put an end to this vicious cycle (12).
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Azithromycin-Resistant
Salmonella enterica Serovar
Typhi AcrB-R717Q/L, Singapore
Sophie Octavia, Ka Lip Chew, Raymond T. P. Lin, Jeanette W. P. Teo

Global travel has led to intermittent importation of multidrug-resistant Salmonella enterica serovar Typhi into
industrialized countries. We detected azithromycin-resistant Salmonella Typhi in Singapore, of which 2 isolates
were likely locally acquired. Ongoing vigilance and surveillance to minimize the public health risk for this serious
pathogen is needed.

In Singapore, the incidence of typhoid fever is low
(0.8–1.2 cases/100,000 population annually). Most
cases are imported, particularly from the South Asia
subcontinent (1). First-line treatments include ampicillin, trimethoprim/sulfamethoxazole, and chloramphenicol. With increasing multidrug-resistant
and fluoroquinolone-resistant infections, ceftriaxone
and azithromycin are the next treatment alternatives.
However, resistance to ceftriaxone or azithromycin
resistance has been reported (2).
Multidrug-resistant Salmonella Typhi isolates
belong to haplotype H58 (genotype 4.3.1), which is
predominant in Asia and Africa (3). Resistance in
genotype 4.3.1 is characterized by nonsynonymous
mutations in the quinolone resistance–determining-region (QRDR) of DNA gyrase genes gyrA and
gyrB, DNA topoisomerase IV genes parC and parE,
and acquisitions of IncHI1 plasmids (3,4). Azithromycin-resistant Salmonella Typhi is also seen in
this genotype (2).
During September 2019–April 2020, increased
MICs for azithromycin were detected for 3 Salmonella
Typhi isolates identified at the National University
Hospital, Singapore. To characterize the molecular
mechanisms of azithromycin resistance and genetic
lineage in these isolates, we performed whole-genome-sequencing.
Author affiliations: National Centre for Infectious Diseases,
Singapore (S. Octavia, R.T. P. Lin); National University Hospital,
Singapore (K.L. Chew, R.T. P. Lin, J.W.P. Teo)
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The Study
This study was approved by the National Healthcare Group Domain Specific Review Board (study no.
2020/01010). Apart from the 3 isolates tested for azithromycin resistance, an additional 21 Salmonella Typhi isolates (total 24 isolates) collected during 2016 and 2020
at the National University Hospital, a 1,200-bed tertiary
hospital, were retrospectively investigated.
Genus was identified by using the Bruker MALDI Biotyper (Bruker Daltonics, https://www.bruker.
com), and serotyping was performed by using slide
agglutination and antiserum (Statens Serum Institute, Copenhagen, Denmark). After genus and serotype were confirmed, these isolates were submitted
to the National Public Health Laboratory, Singapore, as part of the national surveillance program for
Salmonella spp.
Drug susceptibility testing was routinely performed by using Vitek 2 (bioMérieux, https://
www.biomerieux.com) and supplemented by using the Etest (bioMérieux) for ciprofloxacin and
azithromycin. Azithromycin MICs were further
confirmed by using broth microdilution. Quality
control isolates used were Escherichia coli ATCC
25922, Salmonella Enteritidis ATCC 13076, Salmonella Typhimurium ATCC 14028, and Staphylococcus aureus ATCC 29213. EUCAST interpretative
breakpoints were used, including for azithromycin
resistance, which is based on the tentative epidemiologic cutoff value (https://eucast.org/fileadmin/
src/media/PDFs/EUCAST_files/Breakpoint_
tables/v_10.0_Breakpoint_Tables.pdf).
Whole-genome sequencing was performed by
using MiSeq (Illumina, https://www.illumina.com)
to generate 300-bp paired-end reads. Raw reads
were assembled by using Shovill (https://github.
com/tseemann/shovill). Isolates were genotyped
by using the GenoTyphi tool (https://github.com/
katholt/genotyphi), which separates Salmonella Typhi isolates into clades on the basis of the extended
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genotyping framework described by Wong et al. (4).
SRST2 (5) was used to determine the presence of acquired antimicrobial drug resistance genes by using
the ResFinder database (6). Chromosomal QRDR
mutations in gyrA, gyrB, and parC, as well as the efflux pump AcrB (acrB-R717Q) mutations conferring
resistance to azithromycin, were also investigated by
using the GenoTyphi tool. PlasmidFinder (https://
cge.cbs.dtu.dk/services/PlasmidFinder/) was used
to detect replicons.
Salmonella Typhi CT18 (GenBank accession no.
AL513382.1) was designated as the reference genome. We also downloaded all publicly available
Salmonella Typhi genome sequences belonging to
lineage 4.3.1 and its sublineages from the Pathogenwatch database (https://pathogen.watch) for
comparison with our isolates belonging to lineage
4.3.1. Core-genome single-nucleotide polymorphisms were obtained by using snippy pipeline
(https://github.com/tseemann/snippy) and then
used to generate a phylogenetic tree by using FastTree (7). The resulting tree was visualized by using
iTOL version 4 (8). Raw reads have been submitted
to the Sequence Reads Archive under BioProject no.
PRJNA660881.
Whole-genome sequencing results showed that
15 of the 24 Salmonella Typhi isolates belonged to
subclade 4.3.1 (haplotype H58), which can be further
differentiated into 4.3.1.1 (4/15), 4.3.1.2 (8/15), and
4.3.1.3 (3/15) (Table, https://wwwnc.cdc.gov/EID/
article/27/2/20-3874-T1.htm). The 4.3.1 subclade is
a dominant lineage disseminating from South Asia
into East Africa (3). Signature mutations associated
with this subclade are QRDR mutations at codon positions 83 and 87 in gyrA conferring fluoroquinolone
resistance. The phylogenetic tree showed that these
isolates did not form a unique group but were interspersed with isolates from countries in South Asia,
particularly Bangladesh (Figure). The remaining 9/24
isolates belonged to subclades 0.0.2 (n = 1), 2.3.3 (n =
4), 3 (n = 2), 3.2.1 (n = 1), and 4.1 (n = 1).
The genomic antimicrobial drug–susceptibility
profiles correlated with the phenotypic susceptibilities (Table). Six isolates harbored blaTEM-1, but none had
extended-spectrum-β-lactamases or carbapenemases.
All isolates were resistant to ciprofloxacin and had
QRDR mutations (Table). Four of 8 isolates belonged
to subclade 4.3.1.2 and had the triple QRDR mutation combination. Only isolates with dfrA7, sul1, and
sul2 were phenotypically resistant to trimethoprim/
sulfamethoxazole.
The 3 azithromycin-resistant isolates have not
acquired macrolide-modifying enzymes, such as

methylases [erm(A), erm(B), and erm(C)], esterases
[ere(A) and ere(B)], or phosphotransferases [mph(A),
mph(B), and mph(D)] observed in isolates belonging to the order Enterobacterales (9). There were no
chromosomal alterations in the 50S ribosomal subunit proteins L4 (rlpD) and L22 (rlpV) (11). Instead,
R717Q/L mutations in the efflux pump AcrB were
detected. Increased MICs for azithromycin (R717Q:
32 mg/L, R717L: 16 mg/L) were observed for these
isolates. Azithromycin MICs <4 mg/L were observed for all wild-type acrB isolates (Table). The
AcrB-R717Q mutation was reported in azithromycin-resistant Salmonella Typhi 4.3.1.1 in Bangladesh
(2) and subsequently in a Pakistan-specific 4.3.1.1
cluster (10). The mutation that emerged in Pakistan
is believed to be a de novo spontaneous mutation,
rather than spread of an azithromycin-resistant
clone (10). AcrB-R717Q–associated azithromycin resistance has also been reported in India (11).
Conclusions
The AcrB-R717L mutation (isolate SLT1105) is novel
in Salmonella Typhi. This mutation was described in
an azithromycin-resistant Salmonella Paratyphi A
isolate in Bangladesh (2). Functional analysis of the
R717L mutation conferred resistance to a sensitive
Salmonella Paratyphi A strain resulted in a 4-fold increase in the MIC (7 mg/L vs. 28 mg/L; p = 0.0001)
(2). In Salmonella Typhi, the mutation also appears to
impart azithromycin resistance (Table).
These AcrB-R717Q/L mutations were in multidrug-resistant isolates. This finding is worrisome
because of the unavailability of oral antimicrobial
drug treatment options and increased relapses when
treated with β-lactams without intracellular-acting
antimicrobial drugs.
Most case-patients had relevant travel history
within 2 months before onset of symptoms, including
travel to India (n = 5), Bangladesh (n = 4), Pakistan
(n = 1), Myanmar (n = 1), and the Philippines (n =
1). Three cases appeared to be local transmission, of
which 2 had AcrB-R717Q/L mutations. The remaining case-patient, whose isolate had the AcrB-R717Q
mutation, had traveled to Bangladesh and probably
acquired the infection in this country (2).
Hooda et al. (12) analyzed 49,115 Salmonella genomes and found the AcrB-R717Q/L mutation in 16
Salmonella Typhi genomes (≈0.03%). Although this
number was small, the rate of acquisition of such novel mechanisms might hasten, especially with increasing use of azithromycin, such as in mass drug administration with azithromycin as a key component for
the control of neglected tropical diseases (12). The

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 2, February 2021

625

DISPATCHES

Figure. Core single-nucleotide polymorphism phylogenetic tree of 15 genotype 4.3.1 Salmonella enterica serovar Typhi isolates tested
for azithromycin resistance, Singapore. Isolates sequenced in this study were compared with other publicly available Salmonella Typhi
genomes, indicated by their corresponding GenBank accession number obtained from Pathogenwatch (https://pathogen.watch) on
the basis of 3,104 core-genome single-nucleotide polymorphisms. Azithromycin-resistant isolates analyzed in this study are indicated
by asterisks (*). Salmonella Typhi CT18 was designated as the reference genome (blue). Genotype information obtained from the
GenoTyphi tool (4) was included for all genomes, and country of isolation was added when available. The tree was illustrated by using
iTOL version (8). Scale bar indicates nucleotide substitutions per site.

proportion of isolates in our study with AcrB-717Q/L
mutation (20%, 3/15) was unexpectedly higher than
previously reported. The reasons for this finding
are unclear. However, our study was a single-center
study that had a limited number of cases.
Genotypic testing of the usual azithromycin resistance–associated genes in the order Enterobacterales cannot identify acrB mutations, and there are
currently no formal breakpoints to guide phenotypic
testing. An azithromycin MIC of 16 mg/L was observed for 1 isolate with the AcrB-R717L mutation.
Although this azithromycin MIC was higher (<8
mg/L) than that for isolates without the mutation,
this isolate is still considered wild-type. Detection
626

of increased MICs raises suspicion for resistance requiring further confirmation. Additional data are required to correlate resistance mutations, MICs, and
treatment outcomes.
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Two Ways of Tracking C. difficile in Switzerland
Science wields many different tools in the pursuit of public health.
These tools can work together to capture a detailed picture of disease.
However, many tools accomplish similar tasks, often leaving policymakers wondering, when it comes to disease surveillance, what is the
best tool for the job?
Different tests are currently used to diagnose Clostridioides difficile, a
dangerous bacterium found in hospitals around the world. As rates of
this infection surge globally, researchers need to be able to compare
statistics from different hospitals, regions, and countries.
In this EID podcast, Sarah Tschudin-Sutter, a professor of infectious disease epidemiology at the University Hospital - Basel in Switzerland,
discusses using 2 tests for C. difficile infection in Europe.
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Prevalence of SARS-CoV-2–Specific
Antibodies, Japan, June 2020
Takashi Yoshiyama, Yasuki Saito, Kunitsugu Masuda, Yoshiko Nakanishi, Yasutoshi Kido,
Kazuhiro Uchimura, Satoshi Mitarai, Tadaki Suzuki, Yu Nakagama, Hiroshi Kubota, Maki Satomi,
Sana Uchikoba, Makoto Ohnishi, Takaji Wakita, Seiya Kato, Katsunobu Kato

We used 2 commercially available antibody tests to estimate seroprevalence of severe acute respiratory syndrome
coronavirus 2 infection in Japan during June 2020. Of
7,950 samples, 8 were positive by both assays. Using 2
reliable antibody tests in conjunction is an effective method
for estimating seroprevalence in low prevalence settings.

D

uring the first wave of the coronavirus disease
(COVID-19) pandemic in Japan, a total of 16,884
persons tested positive for severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) by May 31,
2020, indicating a national cumulative incidence of
0.013% (1,2) (Appendix Figure, https://wwwnc.cdc.
gov/EID/article/27/2/20-4088-App1.pdf). To establish a surveillance method in low prevalence settings,
we assessed the seroprevalence of SARS-CoV-2 infection in Japan in early June 2020.
The Study
By October 2020, no standard antibody test or standardized method for estimating the seroprevalence of
SARS-CoV-2 infection had been established. We used
2 serologic tests, a neutralizing antibody assay, and
participant questionnaires to estimate the seroprevalence of SARS-CoV-2 infection in Japan.
We conducted a seroprevalence survey of SARSCoV-2 infection in 3 prefectures of Japan during June
1–7, 2020. We selected 2 prefectures with a relatively
Author affiliations: Research Institute of Tuberculosis, Kiyose,
Japan (T. Yoshiyama, K. Uchimura, S. Miatai, S. Kato); Fukujuji
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Y. Nakagama); National Institute of Infectious Diseases, Tokyo
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Osaka (H. Kubota); Ministry of Health, Labor and Welfare, Tokyo
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high cumulative incidence of confirmed COVID-19
cases as of May 31, 2020: Tokyo, with an incidence
of 0.039% (5,408 cases/13.9 million population) and
Osaka, with an incidence of 0.020% (1,785 cases/8.8
million population). To better estimate the range of
seroprevalence of SARS-CoV-2 infection in Japan, we
also chose a prefecture with a relatively low cumulative incidence, Miyagi, with an incidence of 0.004%
(88 cases/2.3 million population).
Each prefecture was responsible for using its civil
registration data to randomly select participants. The
Tokyo metropolitan government used random sampling stratified by age and sex in 3 cities with a cumulative incidence resembling the average of the Tokyo
metropolitan area. The Miyagi prefectural government
used its residence registry to conduct random sampling with stratification for age, sex, and geographic
region. The Osaka prefecture used age-adjusted random sampling to select resident users of an existing
smartphone application on general health (Figure).
Eligible participants were persons >20 years of
age living in Japan. The Tokyo and Miyagi prefectures excluded otherwise eligible participants with
temperatures ≥37.5°C. All participants provided written informed consent. The study was approved by the
internal review boards of the Research Institute of Tuberculosis (approval no. RIT/IRB 2020–04, 2020–05)
and the National Institute of Infectious Diseases (approval no. 1140).
First, we asked participants to complete a questionnaire (Appendix Table 1). Trained healthcare
workers collected blood samples from the participants.
After centrifuging the samples, the workers collected
serum and tested the samples with 2 commercially
available antibody tests to detect the SARS-CoV-2
nucleocapsid antigen: a chemiluminescent microparticle immunoassay with published specificity results
of 99.6%–99.9% at a cutoff index of 1.4 (SARS-CoV-2
IgG assay; Abbott, https://www.abbott.com) (3,4) and
an electrochemiluminescence immunoassay for the
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Figure. Flowchart of participants and results of SARS-CoV-2–specific antibody survey, Japan, 2020. Dagger (†) indicates sum of values
marked with asterisks (*). SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

qualitative detection of antibodies with 99.8% specificity and 100% (manufacturer determined) sensitivity (Elecsys Anti-SARS-CoV-2 immunoassay; F. Hoffmann-La Roche Ltd, https://www.roche.com) (5).
Samples that were positive or borderline negative by
>1 assay (reference range 1.20–1.39 for the Abbott test
and 0.70–0.99 titer for the Roche test) were sent to Japan’s National Institute of Infectious Diseases (Tokyo)
for a neutralizing antibody assay with VeroE6/TMPRSS2 cells (JCRB Cell Bank accession no. JCRB1819)
(6). For the neutralizing antibody assay, we used an in
vitro cytopathic effect assay, which is more accurate
than serologic tests and therefore well-suited for confirmation of results; however, only a few laboratories
in Japan have the resources to conduct the assay.
We compared the 2 groups using the χ2 test,
considering values with p<0.05 to be significant. We
compared ordinal scales by using the Mann-Whitney
U test. We used Excel (Microsoft, https://www.microsoft.com) to conduct statistical analyses.
In total, 13,547 persons were invited to participate
in the study; 7,950 (58.7%) accepted and gave informed
consent. Of the participants, 3,660 (46.0%) were men
and 4,290 (54.0%) were women. Persons 20–29 years
of age (877 of 1,875 invitees) or 80–99 years of age
(337 of 1,102 invitees) had the lowest response rate
(Appendix Table 2). Participants from Osaka were
more likely to have a history of fever within the past
4 months (2.7%) than participants from Tokyo (2.2%)
and Miyagi (1.2%) (Appendix Table 1).

Of the 7,950 serum samples, 8 tested positive by
both tests and 30 samples tested positive by only 1
test (15 by Abbott and 15 by Roche) (Table). All 8
specimens that were positive for both commercial
tests also tested positive in the neutralizing antibody
assay. No other specimens, including those that tested positive or borderline negative in 1 assay, tested
positive by the neutralizing antibody assay.
The proportion of participants with 2 positive test
results was significantly higher among those with fever (2.5%) than those without fever (0.05%; p<0.001).
The proportion of participants with 1 positive test result was not significantly different among those with
fever (1.2%) and those without fever (0.36%; p = 0.25)
(Appendix Table 1). These findings, validated by the
neutralizing antibody assay, indicated that 2 positive
test results accurately identified seropositive participants. The proportion of participants that tested positive by both tests was 0.1% in Tokyo, 0.17% in Osaka,
and 0.03% in Miyagi. The ratios of seroprevalence to
cumulative incidence were 2.6 in Tokyo, 8.3 in Osaka,
and 8.7 in Miyagi. Seropositivity rates were highest
among participants 20–39 years of age.
Conclusions
The US Centers for Disease Control and Prevention
suggests using an orthogonal testing algorithm, which
considers the results of 2 independent antibody tests,
in settings with low SARS-CoV-2 prevalence (7). Some
surveys in high SARS-CoV-2 prevalence areas such as
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Spain (8), China (9), and Geneva, Switzerland (10) have
not adopted this approach. We believe an orthogonal
testing algorithm, such as the one used in this study,
would be particularly valuable in our low prevalence
setting. The 8 specimens that tested positive by both
commercial antibody assays were confirmed to have
neutralizing activity against SARS-CoV-2 with a neutralizing antibody assay. These results support our use
of the neutralizing assay to confirm the validity of the
commercial tests. Any 2 commercial tests with high
sensitivity and specificity would be appropriate to use
in this orthogonal testing strategy.
Our prefecture-level seroprevalence:cumulative
case detection ratios (2.6–8.7) resemble those of the

United States, which are ≈10 (11), and are lower than
those of Switzerland (≈20–50) (10). These results indicate that Japan has monitored the pandemic as accurately as have other countries.
This study has several limitations. First, participant
selection in Osaka was based on a volunteer population
(i.e., users of a particular smartphone application) rather than the general community. In addition, the prefectures of Tokyo and Miyagi excluded otherwise eligible
participants with temperatures ≥37.5°C. As a result,
Osaka had the highest proportion of participants
with fevers at the time of the survey and the highest
seroprevalence. These factors might have introduced
participation bias, skewing the results. Another limita-

Table. Patient characteristics and serologic results of 2 antibody tests for severe acute respiratory syndrome coronavirus 2, Japan,
June 2020*
Roche –,
Roche +,
% Patients positive
Characteristic
Both +
Abbott +
Abbott –
Both –
Subtotal
by both tests (95% CI)
Total
8
15
15
7,912
7,950
0.10 (0.04–0.20)
Area
Tokyo
2
2
4
1,963
1,971
0.10 (0.01–0.37)
Osaka
5
11
5
2,949
2,970
0.17 (0.05–0.39)
Miyagi
1
2
6
3,000
3,009
0.03 (0.00–0.19)
Sex
M
3
7
5
3,643
3,658
0.08 (0.02–0.24)
F
5
8
10
4,269
4,292
0.12 (0.04–0.27)
Age, y
20–29
3
0
0
875
878
0.34 (0.07–1.00)
30–39
3
2
1
1,210
1,216
0.25 (0.05–0.72)
40–49
0
3
7
1,589
1,599
0 (0.00–0.23)
50–59
0
2
4
1,457
1,463
0 (0.00–0.25)
60–69
1
4
0
1,315
1,320
0.08 (0.00–0.42)
70–79
1
4
1
1,128
1,134
0.09 (0.00–0.49)
>80
0
0
2
338
340
0 (0.00–1.08)
Job setting
Working as before
4
4
3
3,091
3,102
0.13 (0.04–0.33)
Working at home
0
3
2
432
437
0 (0.00–0.84)
Working as before and at home
1
1
5
1,974
1,981
0.05 (0.00–0.28)
Not working
3
7
5
2,410
2,425
0.12 (0.03–0.36)
No information
0
0
0
5
5
0 (0.00–52.20)
Time spent outside the home, h
0
1
4
1
1,153
1,159
0.09 (0.00–0.48)
<2
1
5
6
2,871
2,883
0.03 (0.00–0.19)
2–4
3
5
5
1,182
1,195
0.25 (0.05–0.73)
>4
3
1
3
2,704
2,711
0.11 (0.02–0.32)
No information
0
0
0
2
2
0 (0.00–84.20)
Fever at time of study
Yes
0
0
0
16
16
0 (0.00–20.60)
No
8
15
15
7,886
7,924
0.10 (0.04–0.20)
No information
0
0
0
10
10
0 (0.00–30.90)
History of fever lasting >4 days in past 4 months
Yes
4
1
1
155
161
2.48 (0.68–6.24)
No
4
14
14
7,756
7,788
0.05 (0.01–0.13)
No information
0
0
0
1
1
0 (0.00–97.50)
Previous PCR result
Positive
1
0
0
0
1
100.00 (2.50–100.00)
Negative
0
0
0
33
33
0 (0.00–10.60)
Not applicable
7
15
15
7,879
7,916
0.09 (0.04–0.18)
*Roche, Elecsys Anti SARS-CoV-2 (F. Hoffmann-La Roche Ltd, https://www.roche.com); Abbott, ARCHITECT SARS-CoV-2 IgG assay (Abbott,
https://www.abbott.com); +, positive; –, negative.
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tion is that Tokyo had the lowest participation of participants 20–29 years of age. Because seroprevalences
were higher in younger age groups, this sampling distribution might have reduced the seropositivity rate
and prevalence:cumulative incidence ratio found in
Tokyo. Furthermore, this study did not include participants <20 years of age. Although patients <20 years
of age make up <10% of COVID-19 cases (1), excluding these patients might lead to an overestimation of
SARS-CoV-2 infection prevalence. Finally, antibodies
against SARS-CoV-2 might disappear after 60 days
(12); however, the elapsed time might not affect levels
of nucleocapsid protein antibody (13). Further studies
on antibody levels after disease onset and recovery are
essential for monitoring the course of infections.
We estimate that SARS-CoV-2 seroprevalence
ranged from 0.03%–0.17% in Japan in early June 2020.
Public health officials in low prevalence areas should
consider using 2 antibody tests in conjunction for accurate surveillance.
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Strand-Specific Reverse
Transcription PCR for Detection
of Replicating SARS-CoV-2
Catherine A. Hogan, ChunHong Huang, Malaya K. Sahoo, Hannah Wang, Becky Jiang,
Mamdouh Sibai, Marisa Holubar, Roshni Mathew, James Zehnder, Benjamin A. Pinsky

We developed an assay that detects minus-strand RNA as
a surrogate for actively replicating severe acute respiratory
syndrome coronavirus 2. We detected minus-strand RNA
in 41 persons with coronavirus disease up to 30 days after
symptom onset. This assay might inform clinical decisionmaking about patient infectiousness.

R

eal-time reverse transcription PCR (rRT-PCR) is
the standard diagnostic method for coronavirus
disease 2019, but it cannot differentiate between actively replicating and inactive virus. Active replication
is a critical factor for infectiousness; however, its time
course is difficult to estimate because of the typical
20–50 days before rRT-PCR negative conversion occurs (1,2). PCR cycle threshold (Ct) values might help
physicians to determine a patient’s infectiousness, but
researchers have isolated replicating virus from patients
with a wide range (28–33) of Ct values (3–7). Given the
stringent biosafety precautions needed for viral culturing of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), physicians require additional diagnostic
tools. Actively replicating virus produces minus-strand
RNA intermediates that can be detected by PCR (8,9).
We developed and validated a 2-step strand-specific
rRT-PCR for the detection of actively replicating SARSCoV-2 and assessed its clinical performance.
The Study
We conducted standard nucleic acid and amplificaton testing at the Stanford Health Care Clinical
Virology Laboratory (Stanford, CA, USA) using the
Panther Fusion SARS-CoV-2 Assay (Hologic Inc.,
https://www.hologic.com), the Panther Aptima
SARS-CoV-2 Assay (Hologic Inc.), or the in-house
Author affiliations: Stanford University School of Medicine, Stanford,
California, USA (C.A. Hogan, C. Huang, M.K. Sahoo, H. Wang,
M. Holubar, R. Mathew, J. Zehnder, B.A. Pinsky); Stanford Health
Care, Stanford (C.A. Hogan, B. Jiang, M. Sibai, B.A. Pinsky)
DOI: https://doi.org/10.3201/eid2702.204168
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rRT-PCR specific to the SARS-CoV-2 envelope
gene (permitted by Emergency Use Authorization)
(10,11). We did not culture SARS-CoV-2 because we
did not have access to a biosafety level 3 laboratory.
We developed a novel 2-step rRT-PCR specific to the
minus strand of the envelope gene (Appendix, https://
wwwnc.cdc.gov/EID/article/27/2/20-4168-App1.
pdf). First, we used strand-specific primers to convert
SARS-CoV-2 RNA to complementary DNA. Then, we
amplified the complementary DNA by rRT-PCR in 3
separate positive, negative, and background (no primer)
reactions using the Rotor-Gene Q instrument (QIAGEN,
https://www.qiagen.com) (Appendix). We conducted
the analytical validation during May–June 2020. We
used in vitro transcribed minus- and plus-strand RNA
to evaluate the linearity, precision, and lower limit of
detection of the assay (Appendix).
We retrospectively collected a convenience set of
upper respiratory specimens with a broad range of Ct
values. These samples had been collected and frozen
from 93 inpatients and outpatients who were treated
at Stanford Health Care and tested positive for SARSCoV-2 during March 12–April 9, 2020. We also reviewed the electronic medical records of the participating patients. For the prospective phase of the study, we
collected upper respiratory samples from 53 consecutive patients with confirmed SARS-CoV-2 infection by
standard rRT-PCR during July 31–September 4, 2020
(Appendix). Treating physicians ordered strand-specific rRT-PCR on the basis of clinical need; we used
samples from these patients in the prospective phase.
We conducted analytical validation (12) and statistical analysis using Stata version 15.1 (StataCorp
LLC., https://www.stata.com) (Appendix). We considered a 2-tailed p<0.05 to be significant. This study
was approved by the Stanford Institutional Review
Board (protocol no. 48973).
In total, we analyzed specimens from 146 patients:
93 in the retrospective phase and 53 in the prospective
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Figure 1. Frequency distribution
of days between symptom
onset and testing in study
on strand-specific real-time
reverse transcription PCR for
detection of replicating severe
acute respiratory syndrome
coronavirus 2, California, USA,
2020. Dashed line indicates the
median number of days since
symptom onset. B) Distribution
of standard real-time reverse
transcription PCR cycle
threshold values by results of
strand-specific real-time reverse
transcription PCR. Horizontal
line indicates median.

phase (Appendix Tables 3, 4). The median age was 50
years (interquartile range 36–63 years); 73 (50.0%) were
women, 26 (17.8%) were immunocompromised, and
30 (20.5%) were admitted to the intensive care unit for
coronavirus disease during the course of the study (Table 1). Samples were collected a median of 9 days (interquartile range 4–18 days) after symptom onset (Figure 1,
panel A). We detected minus-strand RNA in 41 (28.1%)
patients. The median Ct value of samples with detected
minus-strand RNA (20.7) was significantly lower than
those in which the minus strand was not detected (33.2;
p<0.01) (Figure 1, panel B). The results of this strandspecific assay were closely correlated with the standard
rRT-PCR results (Figure 2, panels A, B). The ratio of
minus:plus strands varied by patient within 14 days after symptom onset (Appendix Figure 2).
We detected the minus strand in 7 patients in
the prospective cohort (Table 1, https://wwwnc.cdc.
gov/EID/article/27/2/20-4168-T1.htm). Two of these
patients were nonimmunocompromised inpatients
tested >10 days after symptom onset, including 1 who
had been asymptomatic for >48 hours; the Ct values for
these samples were 39.0 and 38.6. We detected minusstrand SARS-CoV-2 RNA up to 30 days after symptom onset in an immunocompromised patient with

persistent fever. For 2 patients in the prospective cohort, a negative result might have facilitated the approval of medical procedures despite prolonged positive results by standard rRT-PCR (Appendix).
Conclusions
We described the performance of a 2-step strand-specific rRT-PCR for detection of SARS-CoV-2. The assay
identified viral replication in patients with persistent
positive results by standard rRT-PCR, possibly facilitating clinical decision-making.
Other assays that assess intermediates of viral
replication, such as subgenomic RNA, have emerged
in the literature (5,13). Perera et al. demonstrated high
correlation between levels of presumptive SARSCoV-2 active replication intermediates and standard
rRT-PCR Ct values (13). The standard SARS-CoV-2
rRT-PCR is appropriate for most routine clinical diagnostic applications. However, because this assay
does not determine whether SARS-CoV-2 is actively
replicating, it cannot infer infectiousness in samples
with mid-level Ct values (i.e., Ct 25–35).
We detected minus-strand RNA up to 30 days after symptom onset, which is longer than the 14-day
period previously reported for subgenomic RNA (13),
Figure 2. Deming regression
analysis of Ct values by strandspecific real-time reverse
transcription PCR as a function
of the Ct values by standard realtime reverse transcription PCR for
severe acute respiratory syndrome
coronavirus 2. Results of PCR for
plus strand (A; y = 0.91x + 3.26)
and minus strand (B; y = 0.88x +
17.30). Ct, cycle threshold.
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Table 2. Clinical characteristics of 7 patients with detected SARS-CoV-2 minus-strand RNA, California, USA, 2020*
Cycle threshold
Symptomatic
value for standard Days after
improvement at
Fever within Minus strand detected
symptom
time of strand24 h of strand- beyond CDC isolation
Patient Age,
ImmunoTest rRT-PCR specific
ID
y/sex compromised order
to SARS-CoV-2
onset
specific testing† specific testing recommendations‡
102
75/M
No
1
33.5
Unclear
Unclear§
No
Unclear
2
19.7
Unclear
Unclear§
No
Unclear
111
58/M
Yes
1
NA¶
26
No
Yes
No
117
82/M
No
1
18.5
12
Unclear§
No
Yes
118
69/M
No
1
20.8
4
No
Yes
No
127
61/M
No
1
34.5
11
Yes
No
Yes
129
60/M
Yes
1
22.6
18
No
Yes
No
2
20.2
30
No
Yes
No
141
2/F
Yes
1
18.1
NA#
NA#
NA#
NA#
*ID, identification; NA, not available; rRT-PCR, real-time reverse transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†From symptom onset to time of testing.
‡According to recommendations from the Centers for Disease Control and Prevention (14).
§Because of underlying condition.
¶Qualitative testing conducted at external reference laboratory.
#Data not available because patient was treated at external medical facility.

and 8–15 day period for viral culture (3–6,13). We detected minus-strand RNA in 2 patients beyond the typical
period recommended for isolation. Isolation strategies
on the basis of time and symptoms are simple to apply,
reduce the number of tests that need to be conducted,
thus saving resources, and are probably effective at a
population level (14). However, it can be challenging
to determine the infectiousness of patients in certain
clinical contexts, such as immunocompromised hosts
with persistent viral shedding, on the basis of time and
symptoms alone. Tools such as strand-specific RNA
testing might be helpful in determining the infectiousness of these patients. Strand-specific testing might also
help avoid delays in required procedures or treatments
such as chemotherapy, which might be postponed because of SARS-CoV-2–positive PCR results.
This study has several strengths, including a large
patient cohort and analytical validation. This strandspecific assay is useful because it can be adapted for
routine clinical laboratory testing, does not require
emergency use authorization, and reports Ct values
and strand-specific RNA detection. The study was
limited by its single-center design and combination
of 2 patient cohorts chosen using different selection
techniques. The assay lacks viral culture data and
is hampered by longer turnaround time and complexity. In future studies, we will validate this assay
against SARS-CoV-2 viral culture and within a household transmission study.
In summary, we described the test performance
and clinical feasibility of a strand-specific rRT-PCR
assay for SARS-CoV-2. Strand-specific rRT-PCR testing might be especially useful in patients with prolonged RNA shedding. It might also supplement existing strategies for estimating infectiousness on the
basis of time and symptoms. Further work is required
to correlate these findings with viral culture, compare
634

different strand-specific RNA detection methods,
and to assess clinical utility in large and longitudinal patient cohorts. These findings might improve
understanding of the infectiousness of SARS-CoV-2,
enabling optimization of infection control measures
and resource use.
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We determined the seroprevalence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in an
affected area in northern Iran in April 2020. Antibodies
to SARS-CoV-2 were detected in 528 persons by using
rapid tests. Adjusted prevalence of SARS-CoV-2 seropositivity was 22.2% (95% CI 16.4%–28.5%).

C

oronavirus disease (COVID-19) was first reported in China and has now spread throughout the
world. Global estimates of disease spread are based
on confirmed cases in symptomatic patients (1). However, these estimates do not accurately reflect actual
infection rates in the community because they exclude
persons with mild or no symptoms or for whom testing is unavailable. Knowledge about actual infection
rates is vital for accurately estimating the case-fatality
rate, a public health measure of COVID-19 (2), and for
projecting the course of the pandemic and determining public policy guidelines (3).
Guilan Province was the second-largest province
in Iran to have multiple confirmed cases of COVID-19
soon after the beginning of the pandemic. The
epidemic curve has subsided in this province, making
it an appropriate location to test for the presence of
past infections through a seroprevalence survey.
In this study, we provided a population-based
seropositivity estimate of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection
based on World Health Organization protocol.
We conducted a cross-sectional population-based
study among persons in Guilan Province during
April 11–19, 2020. The study was approved by the
Institutional Review Board of Guilan University of
Medical Sciences (Rasht, Iran). All persons living
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in a household, regardless of age, were invited
through multistage cluster random sampling. We
selected clusters from the list of Comprehensive
Healthcare Centers (CHCs) (the top units of the
healthcare network in Iran) and used simple random
sampling method to select households from those
covered by CHCs. On the day participants arrived
at the CHC, we took 10 µL capillary blood samples
from each participant and collected information on
demographics, disease history, COVID-19 symptoms
in previous 3 months, and history of SARS-CoV-2
exposure. Samples were tested by using VivaDiag
Rapid test kit (VivaChek, https://www.vivachek.
com) for a SARS-CoV-2–specific serologic assay.
The design-adjusted prevalence of seropositivity
was estimated by using inverse probability weighting
with weights equal to the inverse of probability of
selection for each participant (4). The prevalence
estimates were then adjusted for test characteristics.
We used a Monte Carlo bias analysis with 100,000
samples for sensitivity of 83.3% and specificity of 99%
for IgM or IgG (5,6). The number of infections was
calculated by multiplying infection prevalence by
total population of Guilan Province. All analyses were
performed in Stata version 14 (Stata, https://www.
stata.com). Additional information about methods
and results has been provided in the Appendix
(https://wwwnc.cdc.gov/EID/article/27/2/201960-App1.pdf).
Of 632 households contacted, 196 households,
consisting of a total of 551 persons, participated in this
study. Eleven of those 551 participants refused blood
sampling and could not be tested, and 12 had invalid
test results. Of the remaining 528 participants, 117 were
positive for either IgM or IgG (22.1% [95% CI 0.19%–
0.26%]). Adjusted for design and test performance,
prevalence was 22.2% (95% CI 16.4%–28.5%).
Seropositivity prevalence estimates varied most
substantially according to age group, occupation,
presence of COVID-19 symptoms in the previous
3 months, and county of residence (Table). Office
workers had the highest prevalence of SARS-CoV-2
infection, followed by taxi drivers. Among counties,
the highest prevalence of seropositivity was in Anzali,
followed by Rasht.
In this study, the seroprevalence estimate of
SARS-CoV-2 antibodies after adjusting for population
and test characteristics was 22.2%. This result is
much higher than those for previous seroprevalence
estimates using an immunoassay test to detect
antibodies in Spain (7); California, USA (8); and
Geneva, Switzerland (9). Unlike Guilan Province,
those places enacted severe lockdown policies to
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Table. Severe acute respiratory syndrome coronavirus 2 seropositivity prevalence estimates according to study variables, Guilan
Province, Iran, April 2020*
Sample size (%),
No.
Design-adjusted prevalence
Design- and test performance–
Characteristic
N = 528
positive
(95% CI)
adjusted prevalence (95% CI†)
Sex
M
257 (48.7)
55
16.8 (13.2–21.2)
19.0 (12.7–25.4)
F
271 (51.3)
62
22.2 (14.7–32.1)
25.6 (15.4–36.8)
Age group, y
<5
26 (4.9)
4
8.7 (2.1–30.2)
9.8 (0.9–22.6)
5–17
101 (19.1)
20
17.0 (11.6–24.2)
19.1 (11.2–27.5)
18–59
329 (62.3)
74
21.0 (16.9–25.8)
24.1 (17.5–31.6)
≥60
72 (13.6)
19
22.4 (15.7–31.0)
25.7 (16.6–36.1)
Obesity, BMI >30
No
474 (89.8)
107
19.8 (16.9–22.9)
22.6 (16.8–29.0)
Yes
54 (10.2)
10
15.4 (7.8–28.2)
17.3 (6.2–29.0)
SARS-CoV-2 exposure history
No
452 (85.6)
95
18.1 (12.7–25.1)
20.4 (12.6–28.8)
Yes
76 (14.4)
22
26.9 (13.5–46.5)
31.2 (13.4–50.8)
COVID-19 symptoms in previous 3 mo
No
382 (69.3)
65
15.3 (11.03–20.9)
17.2 (10.3–24.1)
Yes
169 (30.7)
52
30.05 (25.3–36.4)
35.5 (27.8–45.8)
Underlying condition
No
420 (79.5)
89
18.2(13.6–24.03)
20.7 (13.5–28.3)
Yes
108 (20.5)
28
25.3 (18.3–33.9)
29.2 (19.8–40.2)
Place of residence
Village
162 (30.7)
38
21.0 (16.0–27.1)
24.0 (16.5–32.4)
Town
366 (69.3)
79
19.2 (16.0–23.0)
21.9 (15.8–28.4)
Occupation‡
Employee
53 (10.04)
19
46.0 (35.9–56.5)
54.3 (41.8–71.1)
Housekeeper
159 (30.1)
39
21.8 (13.4–33.5)
25.0 (13.6–37.5)
Student
114 (21.6)
22
15.6 (12.1–20.0)
17.5 (11.3–23.7)
Unemployed
67 (12.7)
11
11.8 (7.6–18.0)
12.9 (5.9–19.6)
Farmer
16 (3.03)
3
17.4 (9.9–28.8)
19.7 (9.1–31.0)
Salesman
46 (8.7)
5
7.9 (2.0–26.7)
8.7 (0.8–20.0)
Healthcare personnel
43 (8.1)
12
13.2 (6.5–24.9)
14.5 (4.5–25.0)
Taxi driver
13 (2.5)
5
24.0 (7.1–56.7)
28.0 (4.5–56.3)
Worker
17 (3.2)
1
2.5 (0.1–32.1)
28.0 (4.5–56.3)
County
Rasht
226 (42.8)
56
20.8 (19.7–21.9)
23.7 (18.6–29.6)
Anzali
75 (14.2)
23
30.0 (29.7–30.4)
34.8 (29.7–43.2)
Astara
78 (14.8)
12
15.4 (14.3–16.6)
17.4 (12.0–21.8)
Lahijan
74 (14)
12
15.0 (13.6–16.5)
16.9 (11.5–21.4)
Rudbar
75 (14.2)
14
17.7 (15.5–20.2)
20.1 (14.5–25.7)
*BMI, body mass index; COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Calculated using Monte Carlo simulation method.
‡Employee was defined as a government employee working in an office. Worker was defined as a person performing manual jobs in nongovernmental
locations.

contain the pandemic, which might explain the higher
prevalence of infection in our study.
Our study’s limitations include possible
selection bias if persons with previous COVID-19–
like symptoms sought to participate in the study.
However, in our study only 11 participants had
a history of COVID-19 diagnosis. Otherwise, bias
toward persons in good health who could participate
in the study might result in an underestimation of
actual prevalence. In addition, household sampling
might result in an overestimation of prevalence
compared with random sampling of persons because
of clustering of infection in household contacts. We
excluded persons in institutional residences (i.e.,
nursing homes, boarding schools, and prisons), for
whom close contact with others might increase risk

for infection, resulting in an underestimation of
actual prevalence. Finally, our study used rapid test
kits that have lower sensitivity than the ELISA test
method, particularly for patients in the acute phase of
infection. However, the study was designed to detect
previous infection in healthy persons, in whom the
test has better sensitivity.
In conclusion, our findings imply that ≈518,000
persons in Guilan Province may have been infected
with SARS-COV-2 as of April 19, 2020, which is
substantially higher than the 1,600 cumulative
confirmed cases recorded. As of May 3, if we assume
a 3-week lag from time of infection to death (10), 625
persons had died of confirmed COVID-19 in Guilan
Province. This number would correspond to an
infection-fatality rate of 0.12%.
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We documented fetal death associated with intrauterine transmission of severe acute respiratory syndrome
coronavirus 2. We found chronic histiocytic intervillositis, maternal and fetal vascular malperfusion, microglial
hyperplasia, and lymphocytic infiltrate in muscle in the
placenta and fetal tissue. Placenta and umbilical cord
blood tested positive for the virus by PCR, confirming
transplacental transmission.
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A

woman 42 years of age at 27 weeks’ gestation
sought treatment at Hospital de Clínicas da
Universidade Federal do Paraná, Parana, Brazil, for
symptoms of coronavirus disease (COVID-19). Dyspnea, dry cough, high temperature (38.5°C), anosmia, nausea, vomiting, and diarrhea had developed
2 days before hospitalization. At admission, we collected a nasopharyngeal swab sample and tested it
for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and rhinovirus by reverse transcription PCR (RT-PCR) (XGEN MASTER COVID-19 Kit;
Mobius Life Science, Inc, https://mobiuslife.com.br)
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/2/20-3824-App1.pdf). The sample tested
positive for both viruses. We prescribed azithromycin, oseltamivir, prophylactic enoxaparin, and corticosteroids for fetal lung maturation. A chest computed tomography scan revealed bilateral ground glass
opacities and interlobular septal thickening. After 4
days, the patient needed ventilatory and hemodynamic support.
The patient’s prenatal care had been uneventful. She had undergone routine tests and ultrasound
scans; the most recent had been at 25 weeks’ gestation.
Her medical history included a previous pregnancy
complicated by hypertension that resolved with delivery. The current pregnancy was her seventh; she
previously had delivered 3 children and had 2 abortions and 1 ectopic pregnancy.
Six days after admission, obstetric ultrasound
demonstrated a single intrauterine pregnancy. The
fetus was in a transverse position with shoulder
presentation; the ultrasound showed reduced amniotic fluid volume and absence of fetal movements
and heart rate. Because misoprostol failed to induce
labor, we conducted a cesarean delivery. The fetus
was stillborn. Immediately after delivery, we used

an aseptic technique to collect samples of amniotic
fluid (before amniotic membranes ruptured), umbilical cord blood, placental membranes, and cotyledon
fragments (Table).
We obtained informed written consent for fetal
autopsy, placental grossing, and histologic examination. External examination showed a female concept
with skin discoloration and moderate peeling; the
fetus had gestational age of ≈28 weeks and weighed
1,020 g (50th percentile). Internal examination revealed red serous effusions in the chest and abdomen
and petechial hemorrhage in the heart and lungs. We
conducted evisceration using the Letulle method and
separated the organs into functional groups. We noted hepatic discoloration and friability and lung and
kidney hypoplasia (both <5th percentile). We did not
identify other macroscopic abnormalities.
The placental disc was round, and had tan and
glistening membranes peripherally attached. The
umbilical cord had 3 vessels; it was 28 cm long, inserted eccentrically, and under coiled. The fetal surface was gray with normal chorionic plate vessels.
The trimmed placental disc weighed 135 g and measured 12 × 12 cm (<3rd percentile) (Appendix Figure 2). We collected additional samples of fetal liver,
spleen, lung, central nervous system tissue, ovary,
and muscle for RT-PCR (Table). Tissue samples were
fixed in 10% buffered formalin, routinely processed,
stained in hematoxylin and eosin, and underwent immunohistochemical staining using CD68 antibodies
(Figure; Appendix Figure 2).
Few reports have described the effects of SARSCoV-2 infection in utero; because pathogen detection requires multiple samples, it has been difficult to
characterize congenital infection (1,2). According to
Shah et al. (3), congenital SARS-CoV-2 infection can
be confirmed by PCR of placental tissue. We detected

Table. Results of PCR for severe acute respiratory syndrome coronavirus 2 in a pregnant woman and fetus, Brazil, 2020*
Cycle threshold†
Sample
Day
ORF1ab
N
RNaseP‡
Maternal nasopharyngeal swab sample
0
21.0
24.0
23.0
Maternal nasopharyngeal swab sample
4
20.9
24.8
29.9
Umbilical cord blood
8
31.9
30.3
27.0
Placenta§
8
24.5
25.5
25.6
Fetal liver
9
Undetectable
Undetectable
29.0
Fetal spleen
9
Undetectable
Undetectable
27.8
Fetal lungs
9
Undetectable
Undetectable
25.7
Fetal central nervous system
9
Undetectable
Undetectable
29.4
Fetal skeletal muscle
9
Undetectable
Undetectable
26.5
Fetal heart
9
Undetectable
Undetectable
26.5
Fetal ovary
9
Undetectable
Undetectable
25.4

*PCR conducted using XGEN MASTER COVID-19 Kit (Mobius Life Science, Inc, https://mobiuslife.com.br). N, nucleocapsid protein gene; ORF, open
reading frame.
†Cycle threshold value is considered positive if both viral genes are <38.
‡PCR is selective for human RNaseP gene as a control for sample integrity.
§Insufficient sample.
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Figure. Histologic sections from the placenta of stillborn fetus of a woman with severe acute respiratory syndrome coronavirus 2
infection, Brazil, 2020. Tissue stained with hematoxylin and eosin. A) Placenta shows accelerated villous maturation with increase in
syncytial knots. Black arrows indicate small or short hyper mature villi. B) Membranes and basal decidua show decidual arteriopathy,
including fibrinoid necrosis with foam cells, mural hypertrophy, absence of spiral artery remodeling, and arterial thrombosis associated
with decidual infarct. Asterisks (*) indicate fibrinoid necrosis. C) The umbilical cord shows subendothelial edema and nonocclusive
arterial thrombosis, which was also focally observed in a chorionic plate and stem vessels. Asterisks (*) indicate arterial thrombosis.
D–E) Photomicrographs show diffuse perivillous fibrin deposition associated with multifocal mononuclear inflammatory infiltrate in the
intervillous space and occasional intervillous thrombi. Black arrows indicate fibrin deposition; asterisks (*) indicate mononuclear infiltrate;
arrowheads indicate increase in number of Hofbauer cells. E) Immunohistochemical assay using CD68 antibodies highlights histiocyte
infiltrate in paraffin-embedded samples (KP1 Clone; Biocare Medical LLC, https://biocare.net).

SARS-CoV-2 RNA in cotyledon samples, membranes,
and umbilical cord blood aspirate, suggesting a breakdown of the placental barrier and fetal intrauterine
viremia. We used immunohistochemical staining
with CD68 antibodies to identify multifocal chronic
histiocytic intervillositis in the placenta (Figure, panels D, E). This condition was also described in other
pregnant women with COVID-19 (4,5). We also noted
microglial hyperplasia, mild lymphocytic infiltrate,
and edema in skeletal muscle (Appendix Figure 3).
These findings might suggest infection. However, all
fetal tissue samples tested negative for SARS-CoV-2
RNA (Table). Other findings might have been caused
by intrauterine asphyxia (Appendix Figure 3).
COVID-19 is associated with cytokine storm, an
exaggerated inflammatory response that is usually
indicative of disease severity (6). Excessive inflammation could cause endothelial damage and disrupt
the coagulation system; some evidence suggests that
thrombotic and microvascular injury might affect
manifestations of COVID-19 (7,8). We noted severe
maternal vascular malperfusion injuries in the placenta, including substantial recent infarcts, decidual
vasculopathy, accelerated villous maturation, and
640

low placental weight. Similar findings are often observed in placentas from women with hypertensive
disorders and have been associated with oligohydramnios, preterm birth, and stillbirth. Although the
patient’s blood pressure was within reference limits,
her age and history of gestational hypertension are
risk factors for such alterations and the probable cause
of placental insufficiency and fetal demise (9,10). We
also observed multifocal small intervillous thrombi
and focal thrombosis of fetal placental vessels. Therefore, the extent and apparently rapid development of
these findings suggests that infection contributed to
vascular damage.
The effects of congenital transmission of SARSCoV-2 remain largely unknown. This study highlights the need for placental and fetal gross and microscopic evaluation, which can help elucidate the
pathophysiology of COVID-19.
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In March 2020, a national elimination strategy for coronavirus disease was introduced in New Zealand. Since
then, hospitalizations for lower respiratory tract infection
among infants <2 years of age and cases of respiratory
syncytial or influenza virus infection have dramatically
decreased. These findings indicate additional benefits of
coronavirus disease control strategies.

I

n New Zealand, the incidence of hospitalization of
infants with lower respiratory tract infection (LRTI)
is high. LRTIs disproportionately affect Māori and Pacific Islander children and are predominantly caused
by respiratory syncytial virus (RSV) (1).
The first case of coronavirus disease (COVID-19) in New Zealand was identified on February 28, 2020. Subsequently, the government pursued an elimination strategy, commencing with a
national lockdown on March 25, along with strict
international border controls, mandatory 14-day
isolation of all international arriving passengers,
intensive community testing, school closures, and
contact tracing. This strategy seems to have largely
succeeded, although recent small clusters of cases
in the Auckland region demonstrate continuing
vulnerabilities (2).
Kidz First Children’s Hospital serves an urban
population of ≈550,000 persons in South Auckland,
where 50% of infants are of Māori or Pacific Islander
ethnicity. Since 2007, clinicians have performed nasopharyngeal sampling for respiratory virus PCR
1
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Figure. Hospital discharges
among children <2 years of
age with lower respiratory tract
infection, South Auckland, New
Zealand, 2015–2019.

when clinically indicated and have participated in
the SHIVERS (Southern Hemisphere Influenza Vaccine Effectiveness Surveillance) program of multiplex
PCR virus surveillance (2). Since March 2020, additional COVID-19 PCR testing has been routinely performed for hospitalized children with respiratory illness. Influenza vaccine, although recommended for
pregnant women and high-risk infants and children,
is not routinely administered. During winter–spring
2019, a large measles outbreak occurred in Auckland
and hospitalizations increased. From 2016 through
2019, a randomized clinical trial of RSV vaccine for
pregnant women was conducted with 152 South
Auckland mother–infant pairs (3).
After COVID-19 lockdown measures were
implemented, we observed a marked reduction in
hospitalizations of infants for respiratory illness at
Kidz First Hospital; the reduction was sustained after gradual easing of the national lockdown beginning on April 27, 2020. To confirm the decrease, we
examined respiratory viral PCR test results and infant LRTI hospitalization data from January 1, 2015,
through August 31, 2020. We reviewed clinical and
laboratory records of infants <2 years of age hospitalized for >3 hours during that time for LRTI (codes
J22, A37, J47, J10.0 J10.1 J11.1, J12–16, J20, J21, and
J18 from the International Classification of Diseases,
10th Revision). All specimens submitted by a clinician for respiratory viral PCR testing were identified. Re-admissions and duplicate tests were not excluded from this dataset.

Annual numbers of hospitalizations for LRTI during 2015–2019 varied from 1,486 to 2,046. A characteristic winter peak in hospitalizations occurred during
July and August; however, from January 1 through
August 31, 2020, only 268 admissions were reported,
with no winter peak observed (Figure). Numbers
of clinician-directed PCR tests performed during
March 1–August 31 during the 6-year study period
are similar except for increased testing in 2019 during the major measles outbreak (Table). Since March
2020, the numbers of hospitalizations associated with
a positive PCR result for RSV (n = 2) and influenza
(n = 1) have plummeted; however, hospitalizations
for adenovirus and rhinovirus/enterovirus (positive
by PCR) have persisted at levels similar to previous
years. No hospitalized children have received positive COVID-19 test results.
The New Zealand COVID-19 elimination strategy seems to have halted transmission of seasonal
RSV and influenza virus to infants in South Auckland;
similar findings have been reported for other populations around the world, focused mainly on influenza
reductions (4–8). The most likely influence on the
virtual absence of RSV and influenza disease affecting infants (during what would usually be the peak
winter season in New Zealand) is international border
controls, including mandatory 14-day isolation of arriving passengers, limiting seasonal virus ingress to
the country, although physical distancing and hygiene
measures undoubtedly play a part. This hypothesis is
further supported by the persistence of rhinovirus/

Table. Data for children <2 years of age hospitalized for LRTI, South Auckland, New Zealand, March 1–August 31, 2015–2020*
Variable
2015
2016
2017
2018
2019
2020
Total hospitalizations for LRTI
1,249
881
1,012
916
1,031
159
Total PCR tests for LRTI viruses
7,259
6,642
8,876
7,676
14,881
6,735
Positive PCR results
RSV
214
224
317
204
388
2
Influenza A
28
16
56
53
85
1
Influenza B
11
6
11
1
97
0
Rhinovirus/enterovirus
285
274
378
283
495
252
Adenovirus
106
26
83
66
72
41
*LRTI, lower respiratory tract infection; RSV, respiratory syncytial virus.
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enterovirus infections and lack of rebound of RSV and
influenza infections when lockdown measures were
gradually eased from late April on. The persistence
of disease burdens from viruses that circulate all year
suggests that although border controls have prevented
entry of the seasonal viruses into the population, community preventive measures have had a more limited
effect on the transmission of regional endemic viruses
that cause infant hospitalizations.
Our findings are supported by the informative
comparison of data across 6 years, during which time
the clinician-directed investigation of infants with respiratory infections has remained consistent. Although
these preliminary single-center findings need confirmation over a complete year and with national-level
surveillance data, they closely align with emerging reports from Alaska, Australia, and Finland (5,8,9).
The current global situation emphasizes the need
for ongoing comprehensive respiratory virus surveillance in vulnerable populations, as demonstrated by
the unexpected benefit seen locally for Māori and Pacific Islander infants. As the Northern Hemisphere
winter approaches, the population-level benefits of
substantially reduced RSV and influenza burden may
usefully inform policy makers about the merits of different COVID-19 control strategies (10).
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Ethan M. Berke, Daniel O. Griffin
Residents of long-term care facilities are at risk for coronavirus disease. We report a surveillance exercise at
such a facility in Pennsylvania, USA. After introduction
of a testing strategy and other measures, this facility
had a 17-fold lower coronavirus disease case rate than
neighboring facilities.
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T

he coronavirus disease (COVID-19) pandemic created an urgency to accelerate data collection to better understand the outbreak in vulnerable populations
and identify best strategies for containment (1). Data
suggested that older adults living in long-term care
facilities (LTCFs) were at high risk for infection (2,3).
Guidance issued by the Centers for Disease Control
and Prevention outlined the importance of restricting
visitation, canceling group activities, and implementing symptom screening for residents and healthcare
workers (HCWs). Mitigation was put in place to limit
visitors to these facilities; however, residents rely on
staff, who may be exposed to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) outside
the facility. As was seen in Seattle, Washington, USA,
during early 2020 (4), once SARS-CoV-2 is introduced
into a LTCF, infection and death can be common. We
hypothesized that high-risk persons in group living
situations would benefit from regular, proactive monitoring for COVID-19 to prevent infection and the high
transmission rates that occur in LTCF (5).
In this surveillance exercise performed at Twin
Pines, an LTCF in Chester County, Pennsylvania,
USA, we selected participants based on their association with this LTCF through employment, frequent
visits (e.g., deliveries, essential care), or residence. Although we were solely observing the impact of facility-wide quality improvement, we obtained approval
from the UnitedHealth Group Research and Development Institutional Review Board (Minnetonka,
Minnesota, USA) and proceeded with its oversight.
644

All persons involved in daily activities of the LTCF,
including residents, employees, and visitors, were
asked to participate. They completed daily symptom surveys and provided samples by nasal swab. If
a participant had trouble with the self-administered
sampling, a healthcare provider assisted by overseeing or performing the process. Healthcare providers
collected nasal swab tests from residents twice per
week and staff daily for 10 weeks (June 23–October 1,
2020). All symptom surveys and tests were conducted
at the LTCF.
In addition to all 92 of the staff (nurses, therapists,
and other personnel), 9 frequent visitors completed
a survey and test every time they entered the facility during the surveillance period. Delivery persons
who did not enter the building were not required to
participate. The use of personal protective equipment
(PPE) was required for all staff and visitors; PPE consisted of masking at all times while in the facility and
wearing N95 masks in isolation and quarantine areas.
Strict hygiene practices for the staff and twice-daily
cleaning were enforced. Only full-time staff worked
during this period; no per-diem staff were engaged.
New residents were admitted to the facility during
the observation, but they were required to quarantine
for 14 days or until they had 2 negative tests. Family
visits and group activities were not allowed.
During this surveillance period, a total of 5,625
nasal swabs were evaluated. We processed swab
test specimens by reverse transcription PCR using a
SARS-CoV-2 nucleic acid amplification test platform
(LabCorp, https://www.labcorp.com). Results were
provided to participants; typical turnaround time
was 3 days. Two of 111 residents who tested positive
had confirmed positive SARS-CoV-2 tests (results
available in 1 day for the first infected resident and
7 days for the second; the delay for the second patient resulted from increased testing and limited capacity). The 2 patients were isolated for 10 days, after
which they were retested until they tested negative.
Staff who tested positive waited 10 days from their
initial positive test and were required to have 2 negative tests before returning to work. Frequent testing
and symptom surveys enabled the detection of 1 infected staff member early enough to prevent spread
within the facility. Based on data obtained September
28–October 9, 2020, this LTCF’s case number was 17
times lower than that of neighboring facilities when
adjusted for the facility census.
Although our findings were encouraging, several aspects of our study need confirmation in future
studies. The introduction of testing, questionnaires,
and infection control measures may not fully explain
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the low prevalence of SARS-CoV-2 infection. We do
not have a clear explanation for how the 2 residents
became infected after the introduction of these measures; we were unable to determine whether surveys
were useful tools. It is possible that routine testing
discouraged persons with symptoms from visiting. We observed a very low rate of positive tests
in the LTCF staff; only 1 staff member tested positive. Potential explanations for this low rate could
be that testing had an impact on behavior, symptom
screening kept ill staff home, or the virus was less
prevalent in the community surrounding the LTCF.
Although symptom surveys were used and absentee
rates were normal, staff did not report symptoms as
a reason for missed work. Despite these limitations,
this study suggests that a proper testing strategy
coupled with other measures may result in protection of vulnerable populations.
About the Author
Dr. Shimotsu is an epidemiologist at United Health
Group. His research areas include clinical care model
development, chronic disease treatment, and social
determinants of chronic disease.
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We report an outbreak of coronavirus disease with 74
cases related to a nightclub in Germany in March 2020.
Staff members were particularly affected (attack rate
56%) and likely caused sustained viral transmission after
an event at the club. This outbreak illustrates the potential for superspreader events and corroborates current
club closures.
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S

evere acute respiratory syndrome coronavirus
2 (SARS-CoV-2) superspreading events are particularly linked to indoor settings, such as religious
venues (1), restaurants (2), and bars or nightclubs
(3–6). To provide further details on the extent and
transmission dynamics in nightclubs, we describe a
SARS-CoV-2 outbreak related to a Berlin, Germany,
nightclub during the early phase of the coronavirus
disease (COVID-19) pandemic, before infection prevention measures were applied.
On March 5, 2020, contact tracing activities in
Berlin revealed several COVID-19 cases linked by
visiting the same nightclub, club X, on February 29,
2020 (event 1). Estimates suggest ≈300 guests attended event 1. Club X then held other events: event 2
with ≈150 guests on March 2 and event 3 with ≈200
guests on March 5. On March 6, the local health
1
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authority of Mitte district, Berlin, published announcements in local newspapers and on social
media to identify other attendees of the events.
Everyone attending >1 event was categorized as a
high-risk contact person and ordered to self-quarantine for 14 days. If symptoms occurred, laboratory
testing was recommended. Mandatory case notification occurred from the laboratory to the local health
authority based on Germany’s Protection against Infection Act (7). Due to the increasing spread of COVID-19, on March 16, 2020, government authorities
in Germany prohibited social gatherings, including
events in nightclubs, until further notice.
Confirmed cases in the outbreak were defined as persons with laboratory-confirmed SARSCoV-2 (Appendix, https://wwwnc.cdc.gov/EID/
article/27/2/20-4443-App1.pdf). We retrieved dates
of symptom onset and sociodemographic data of 64
outbreak cases from the national infectious diseases
notification database. We considered staff and persons who attended any event at club X to have firstgeneration cases and their contacts to have secondgeneration cases.
We interviewed 44 persons with first-generation cases whose contact information was available and with all 16 club X staff members who

worked any of the 3 events. For staff members
who were not tested after the events or who tested
negative despite reporting symptoms, we offered
SARS-CoV-2 antibody testing 3 months after the
outbreak to ascertain their infection status. We
also mapped the space inside club X (Appendix
Figure 1).
In total, 74 reported cases were linked to the outbreak. Median age was 30 (range 2–63) years; cases
were equally distributed by sex, 37 female (50%) and
37 male (50%). Among 41 first-generation cases with
known date of symptom onset and only 1 exposure,
the median incubation period was 4 days (interquartile range 3–6 days). The calculated attack rates (ARs)
show that guests attending event 1 were particularly
affected. Staff pooled over all events had the highest
risk for infection (AR 56%) (Table).
Among guests, 1 PCR-confirmed case had self-reported initial symptoms 1 day before attending event
1 and could be a potential source of the outbreak. The
most probable source for continued viral transmission at event 3 was a PCR-confirmed case in a staff
member working event 1 and event 3, with symptom
onset 1 day before event 3. Overall, staff members reported symptom onset at a later stage of the outbreak
than guests (Figure).

Table. Calculated attack rates for identified coronavirus disease outbreak cases among staff members and guests attending events in
a nightclub, Berlin, Germany, March 2020*
No. attending
Characteristics
Cases, no. (%)
Event 1
Event 2
Event 3
Estimated guests†
–
300
150
200
Staff members, n = 16‡
–
11
6
11
Total cases
74 (100)
Cases by generation§
First-generation, n = 55
55 (74.3)
Guests¶
46 (83.6)
39
0
3
Staff
9 (16.4)
–
–
–
Second-generation, n = 10
10 (13.5)
–
–
–
Generation unknown, n = 9
9 (12.2)
–
–
–
Cases by case definition#
Confirmed cases, n = 72
72 (97.3)
–
–
–
PCR-confirmed
70 (97.2)
–
–
–
Antibody testing-confirmed
2 (2.8)
–
–
–
Probable cases
2 (2.7)
–
–
–
Attack rate, %**
Pooled over all events
Event 1
Event 2
Event 3
Guests
–
13
–
2
Staff
56
–
–
–

*Event-related case numbers are shown only for first-generation guest cases as all of them confirmed to only have attended 1 of the 3 events. –, value
not calculated.
†The exact number of guests attending the events is unknown. For event 1, an estimate of attending guests was based on the maximum capacity of the
club; staff and contacted guests confirmed that the club was running at full capacity. For events 2 and 3, the club owner provided estimates listed here.
‡Most staff members attended >2 of the events.
§First-generation cases were defined as cases exposed during event 1, 2, or 3. Second-generation cases were defined as cases without exposure at
club X but with exposure to first-generation cases. Cases of unknown generation were confirmed cases of the outbreak but without contact information to
reveal whether they were first- or second-generation cases.
¶All guests contacted confirmed they attended only 1 of the 3 events. Information on the event of exposure was available for 42 first-generation cases
among guests. No guest case reported visiting club X for event 2.
#The outbreak case definition is described in the Appendix (https://www.nc.cdc.gov/EID/article/27/2/20-4443-App1.pdf). All cases confirmed by antibody
testing were otherwise probable cases.
**Calculation of primary attack rates for guests was based on approximations for the denominator, the number of guests attending. Because most staff
members were exposed repeatedly while working at >1 event we separately calculated attack rates for staff pooled over all events.
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Figure. Date of symptom
onset among 64 coronavirus
disease cases linked to an
outbreak in a nightclub, Berlin,
Germany, March 2020. The
asterisks indicate cases with
symptom onset prior attending
event 1 (symptom onset on
February 28, 2020) and event
3 (symptom onset on March
4, 2020). No guests among
cases reported attending event
2, but all attended either event
1 or event 3. No staff among
cases attended only event 2; all
attended event 1, event 3, or
both events.

SARS-CoV-2 whole-genome sequencing was
performed on 17 available patient samples to assess
clustering of sequences. Sequencing revealed that 10
cases among event 1 guests, 2 second-generation cases, and 5 cases of unknown generation all grouped
within clade G (GISAID, https://www.gisaid.org)
and B.1 (Pangolin clade naming) (Appendix Figure
2). This clade also was observed in the SARS-CoV-2
outbreak in Italy and many later outbreaks in Europe (8). Sequences from 11 samples were identical. The other 6 samples were otherwise identical,
but had slight differences; 1 sequence had 1 position
with ambiguous nucleotides; 3 other sequences had
3 positions with ambiguous nucleotides; 1 sequence
had a substitution in the 3′ untranslated region; and
sequences from 2 cases, in a couple who attended
event 1, had an identical substitution in the N gene
(Appendix Table 1). This substitution could hint to
a second independent transmission cluster comprising these 2 cases, but all observed sequence variants
also can be explained by sporadic mutation events.
Thus, the sequence data do not provide evidence
against a single person as the outbreak source (Appendix Figure 2).
The large number of cases from event 1, the relatively low median incubation period (4 days) for firstgeneration cases, and the close genetic relatedness
of the sequenced viruses corroborate the theory of
transmission from a single person and the potential
for superspreading in a nightclub when no social distancing measures are applied. This outbreak further
illustrates the potential role of nightclub staff members in transmission. AR among staff was particularly
high (56%), showing they had a particularly high risk

for infection. Because 1 staff member appears to have
been infected at event 1, then worked with symptoms
at event 3, continued viral transmission could have
been caused by staff. However, without sequencing
data for all cases, staff contribution to viral transmission cannot be confirmed. Nonetheless, once ease of
restrictions is considered, our study suggests that infection protection should be targeted particularly toward staff in nightclubs and bars.
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We identified severe acute respiratory syndrome coronavirus 2 RNA in an oropharyngeal swab specimen
collected from a child with suspected measles in early
December 2019, ≈3 months before the first identified
coronavirus disease case in Italy. This finding expands
our knowledge on timing and mapping of novel coronavirus transmission pathways.

C

oronavirus disease (COVID-19) symptoms can
encompass a Kawasaki disease–like multisystem inflammatory syndrome and skin manifestations that accompany common viral infections such
as chickenpox and measles (1,2). Some of the earliest reports of COVID-19 cutaneous manifestations
came from dermatologists in Italy. In fact, Italy was
the first Western country severely hit by the COVID-19 epidemic. The first known COVID-19 case
in Italy was reported in the town of Codogno in
the Lombardy region on February 21, 2020. However, some evidence suggests that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
had been circulating unnoticed for several weeks
in Lombardy before the first official detection (3).
Phylogenetic studies highlighted an early circulation of SARS-CoV-2 in Italy and suggest multiple
introductions of the virus from China and Germany, followed by an autochthonous transmission
(4,5). Furthermore, environmental surveillance has
unequivocally demonstrated the presence of the virus, at concentrations comparable to those obtained
from samples collected at later stages of the pandemic, in the untreated wastewater of the Milan
area as early as mid-December 2019 (6).
1
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As participants in Italy’s Measles and Rubella
Network, a sensitive case-based surveillance system,
we observed in Milan during late autumn 2019 cases of suspected measles in patients who eventually
tested negative for measles. We therefore retrospectively explored a possible etiologic involvement of
SARS-CoV-2 in these non–measles-linked rash cases.
We analyzed oropharyngeal swabs specimens
collected during September 2019–February 2020
from 39 consenting patients (mean age 19.9 years
[range 8 months–73 years]). All laboratory procedures were conducted in a university research laboratory, accredited according to World Health Organization standards, dedicated exclusively to the
surveillance of measles and rubella, and therefore
designated as free from SARS-CoV-2. RNA strands
stored at −80°C were tested by an in-house heminested reverse transcription PCR assay for the amplification of a 470-bp fragment of the gene encoding
the SARS-CoV-2 spike protein. Primers used during
the first amplification step were Out_f 5′-AGGCTGCGTTATAGCTTGGA-3′ and MaSi_Ar 5′-ACACTGACACCACCAAAAGAAC-3′. Primers used for
the second step were SiMa_Bf 5′-TCTTGATTCTAAGGTTGGTGGT-3′ and MaSi Ar 5′-ACACTGACACCACCAAAAGAAC-3′. Positive and negative controls also were included in each PCR test and
performed as expected.
One oropharyngeal swab specimen tested
positive. The amplicon was sequenced by using
Sanger technology, resulting in a sequence of 409
bp. Sequence analysis performed by using BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) showed
100% identity to the reference sequence WuhanHU-1 (GenBank accession no. NC_045512.2) as well
as to sequences of other SARS-CoV-2 strains circulating worldwide at a later stage; therefore, accurately determining the origin of the identified strain
was not possible. The specimen was confirmed as
positive by repeated amplification and sequencing,
and all other specimens were repeatedly negative.
The sequence (SARS-CoV-2_Milan_Dec2019 [GenBank accession no. MW303957]) was identified in a
specimen collected from a 4-year-old boy who lived
in the surrounding area of Milan and had no reported travel history. On November 21, the child had
cough and rhinitis; about a week later (November
30), he was taken to the emergency department with
respiratory symptoms and vomiting. On December
1, he had onset of a measles-like rash; on December
5 (14 days after symptom onset), the oropharyngeal swab specimen was obtained for diagnosis of
suspected measles. This patient’s clinical course,

which included late skin manifestations, resembles
what has been reported by other authors; maculopapular lesions have been among the most prevalent
cutaneous manifestations observed during the COVID-19 pandemic, and several studies have noticed
a later onset in younger patients (7).
We describe the earliest evidence of SARSCoV-2 RNA in a patient in Italy, ≈3 months before
Italy’s first reported COVID-19 case. These findings,
in agreement with other evidence of early SARSCoV-2 spread in Europe, advance the beginning of
the outbreak to late autumn 2019 (6,8–10). However, earlier strains also might have been occasionally imported to Italy and other countries in Europe
during this period, manifesting with sporadic cases
or small self-limiting clusters. These importations
could have been different from the strain that became widespread in Italy during the first months of
2020. Unfortunately, the swab specimen, which was
collected for measles diagnosis, was not optimal for
SARS-CoV-2 detection because it was an oropharyngeal rather than a nasopharyngeal swab specimen and it was collected 14 days after the onset of
symptoms, when viral shedding is reduced. In addition, thawing might have partially degraded the
RNA, preventing the sequencing of longer genomic
regions that could have been helpful in determining
the origin of the strain.
This finding is of epidemiologic importance because it expands our knowledge on timing and mapping of the SARS-CoV-2 transmission pathways.
Long-term, unrecognized spread of SARS-CoV-2 in
northern Italy would help explain, at least in part,
the devastating impact and rapid course of the first
wave of COVID-19 in Lombardy. Full exploitation of
existing virologic surveillance systems to promptly
identify emerging pathogens is therefore a priority to more precisely clarify the course of outbreaks
in a population. Further studies aimed at detecting
SARS-CoV-2 RNA in archived samples suitable for
whole-genome sequencing will be crucial at determining exactly the timeline of the COVID-19 epidemic in Italy and will be helpful for the preparedness against future epidemics.
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We conducted a survey among 735 parents to determine
differences in endorsement of misinformation related to
the coronavirus disease pandemic between parents of
children in cancer treatment and those with children who
had no cancer history. Parents of children with cancer
were more likely to believe misinformation than parents
of children without cancer.

M

edical misinformation and unverifiable content about the coronavirus disease (COVID-19)
pandemic have been propagated at an alarming rate,
particularly on social media (1). Such misinformation
may confer increased risk for nonadherence with COVID-19–related guidelines as well as ongoing medical
regimens (2,3), which is particularly concerning for patients who are immunocompromised, such as children
with cancer (4). The extent to which COVID-19 misinformation is believed by parents is not yet known, nor
is it known whether parents of medically vulnerable
children are more or less susceptible to misinformation
than parents of children who are not medically vulnerable. Although parents of children with cancer may
be more attentive to online medical information, rendering them more susceptible to misinformation, they
may also be more discerning in what they endorse. We
sought to determine whether parents of children with
cancer are more or less vulnerable to COVID-19–related misinformation than their counterparts who have
generally healthy children.
The panel survey firm Qualtrics (https://www.
qualtrics.com) conducted a survey among 735 parents
of children 2–17 years of age (n = 315 currently in cancer treatment, 38.7% female parent/caregiver; n = 420
without a cancer history, 67.1% female parent/caregiver) during May 1–31, 2020. Participants were asked
to endorse a series of COVID-19–related misinformation statements taken from the World Health Organization’s website, with the following scale: “Definitely
untrue,” “Likely untrue,” “Not sure if untrue/true,”
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Figure. Forest plot of odds ratios for parents of children with cancer (as opposed to parents of children without cancer) predicting each
dichotomized COVID-19 misinformation item (“definitely true” and “likely true” answers coded as 1, others as 0). Results are adjusted for
sex, age, race, and education of parent as well as COVID-19–related stress. COVID-19, coronavirus disease.

“Likely true,” and “Definitely true” (Figure) (5). Participants also answered questions about their highest
attained education (dichotomized: college degree or
less than college degree), sex, age, and race (dichotomized: white and nonwhite); an item also asked participants how much stress the COVID-19 pandemic
has caused them, rated on a scale from 1 = “Not at all
stressed” to 5 = “Extremely stressed.”
First, we evaluated the fit of a single-factor
confirmatory factor analysis model with misinformation items as indicators. The fit was adequate:
χ2 (118) = 424.90, p<0.001, comparative fit index
(CFI) = 0.94, root mean square error of approximation = 0.07. The reliability of the scale was α = 0.94.
Next, we used the confirmatory factor analysis model
as a dependent variable in a structural equation model, with parental age, sex, race, education, perceived
stress from COVID-19, and parent group as predictors (Table). The fit was adequate: χ2 (198) = 608.60,
p < 0.001, CFI = 0.93, root mean square error of approximation = 0.06. Parents of children with cancer

were more likely to believe misinformation compared
with parents of children without cancer. Believing misinformation was also more likely for fathers,
younger parents, and parents with higher perceived
stress from COVID-19. As a follow-up to this summative analysis, we evaluated each of the misconception items separately to determine the likelihood of
endorsement of each item among parents of children
with cancer compared with their counterparts using a
logistic regression analysis (dichotomizing each item
as definitely true and likely true = 1, others = 0) controlling for age, race, education, sex, and perceived
stress (Figure).
This study’s main finding was that parents of
children with cancer were more likely to endorse misinformation about COVID-19, as well as more likely
to believe myths associated with COVID-19 prevention as opposed to those related to COVID-19 susceptibility (Appendix, https://wwwnc.cdc.gov/EID/
article/27/2/20-3285-App1.pdf). It is not completely
clear why parents of children with cancer are more

Table. Results from structural model predicting belief in COVID-19 misinformation among parents of children with and without pediatric
cancer*
Characteristic
B
SE
p value

Male
0.18
0.05
<0.001
0.16
Age
0.01
<0.001
−0.01
−0.16
Nonwhite
0.04
0.169
−0.07
−0.05
College degree
0.05
0.725
−0.01
−0.01
COVID-19 stress
0.06
0.02
0.001
0.12
Parent of patient with pediatric cancer
0.37
0.06
<0.001
0.33
*B, unstandardized beta; COVID-19, coronavirus disease.
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vulnerable to misinformation. Parents of children
with cancer may be at greater risk of exposure to misinformation as a result of greater levels of COVID-19–
related stress, resulting in more time spent looking
for information online. Moreover, the increased stress
levels reported by these parents could be affecting
their information-processing abilities, making them
more likely to use heuristics or cues rather than more
critical, central processing routes of assessing information credibility (6).
From the perspective of health behavior theory,
parents who feel high levels of fear should be most
likely to seek out efficacious responses to ease their
fears (7). This tendency could offer one explanation for why prevention-focused myths were more
likely to be endorsed by parents of patients with
pediatric cancer.
The mortality rate for pediatric cancer has increased during the COVID-19 pandemic as a result of
delayed access to medical care; misinformation related
to COVID-19 may also be a contributing factor (8). Although this study was focused on parents of children
with cancer, it is possible that parents of children with
other chronic diseases, as well as adult patients and
caregivers, may experience similar patterns. Future
studies should investigate the extent in which these
findings hold in similar high-risk populations.
This study’s results suggest that healthcare professionals working in pediatric oncology, in particular, should be aware of the potentially high endorsement of COVID-19 misinformation among parents
of their patients across the illness trajectory, from
new diagnosis to survivorship, and should proactively address this in routine visits as well as tailored written materials. The evolving nature of our
understanding of COVID-19 necessitates coordinated and diligent efforts to reduce illness and death.
Paramount among these efforts is the development
of innovative preventive interventions to combat
COVID-19–related misinformation.
This work was supported by the National Cancer Institute at the National Institutes of Health (grant nos.
2T32CA093423, P30 CA016059).
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The epidemiology of Rift Valley fever virus (RVFV) and
Crimean-Congo hemorrhagic fever virus (CCHFV) in
Jordan is unknown. Our investigation showed 3% of 989
tested dairy cattle, sheep, and goats were RVFV seropositive and 14% were CCHFV seropositive. Ongoing
surveillance is needed to assess risk to humans and protect public health.

R

ift Valley fever (RVF) virus (RVFV) and CrimeanCongo hemorrhagic fever (CCHF) virus (CCHFV)
are zoonotic arboviruses. RVFV has been causing sporadic outbreaks in East, West, and southern Africa;
the Indian Ocean region; and the Arabian Peninsula
(Saudi Arabia and Yemen) (1). Although Jordan is considered an at-risk country, the disease has not been
reported in Jordan (2). Meanwhile, no seroprevalence
studies for CCHFV in human or animals have been
conducted in Jordan despite the endemicity of CCHF
in neighboring countries (https://www.cdc.gov/vhf/
crimean-congo/outbreaks/distribution-map.html),
the presence of a necessary tick vector (Hyalomma sp.)

(http://www.who.int/csr/disease/crimean_congoHF), and the classification of Jordan as an at-risk country (3). Accordingly, we aimed to determine whether
livestock populations across Jordan have been exposed
to CCHFV and RVFV (Appendix, https://wwwnc.
cdc.gov/EID/article/27/2/20-3713-App1.pdf). Jordan
University of Science and Technology Animal Care and
Use Committee approved the study.
Using EpiTool (https://epitools.ausvet.com.au),
we determined that a minimum of 665 samples were
required based on an assumed prevalence of 0.5%
and a 95% CI. We tested 989 serum samples from
109 farms (31 dairy cow farms, 44 sheep farms, and
20 goat farms, as well as 14 mixed sheep and goat
farms) that were randomly selected from different
regions of Jordan during 2015–2016. Serum samples
were shipped to the US Centers for Disease Control
and Prevention (Atlanta, Georgia USA) for laboratory
testing by indirect ELISA (Appendix).
Overall seroprevalence was 14% for CCHFV and
3% for RVFV. The greatest differences in seroprevalence were among sheep, 16.7% (85/509) for CCHFV
and 4.5% (23/509) for RVFV, followed by a similar
difference for goats, 14.7% (48/327) for CCHFV and
0.6% (2/327) for RVFV (Table). CCHFV and RVFV seroprevalence did not differ in cows at ≈1% (4/152 for
CCHF and 2/152 for RVF) (Table).
The provinces that had the highest respective seroprevalence for CCHFV or RVFV did not coincide (Figure). The highest CCHFV seroprevalence was found in
the northwest and the highest RVFV seroprevalence
in the provinces along the central western border area
with Israel (Figure). In total, 29 farms had seropositivity for CCHFV: 19 sheep farms (10 in Irbid, 5 in Tafela, 2 in Jarash, 1 in Ma’an, and 1 in Mafraq), 5 mixed
sheep and goat farms (1 in each of Irbid, Jarash, Ajloun,

Table. Seroprevalence of CCHFV and RVFV by location and animal species, Jordan, 2015–2016*
Seroprevalence, %
Sheep
Goat
Cow
No.
No.
No.
Location
tested CCHFV RVFV
tested CCHFV RVFV
tested CCHFV RVFV
Ajloun
36
80.5
5.6
42
85.7
0
0
Zarqa (Al-Dulail
0
NA
NA
0
NA
0
100
0
2
area)
Amman
0
12
0
0
3
0
0
Irbid and
206
16.5
1.4
39
2.6
0
26
15.4
0
Northern
Jordan Valley
Jarash
78
8
0
127
4
0
10
0
0
Karak
8
0
0
24
0
4
1
0
0
Ma’an
12
8
0
13
0
0
0
Mafraq
94
5
13
42
5
0
8
0
0
Balqa
16
0
0
7
43
14
4
0
0
Tafilah
59
17
10
22
0
0
0
Total
509
16.7
4.5
328
14.7
0.6
152
2.6
1.3
*CCHFV, Crimean-Congo hemorrhagic fever virus; RVFV, Rift Valley fever virus.
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No.
tested
78
100

All animals
CCHFV RVFV
83
2.6
0
2

15
271

0
14.4

0
0.7

215
33
25
144
27
81
989

5
0
5
5
11
13
14

0
3
0
8
4
8
3
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Figure. Seroprevalence of
Crimean-Congo hemorrhagic
fever (A) and Rift Valley fever (B)
in ruminants, by province, Jordan,
2015–2016.

Mafraq, and Balqa), 3 goat farms (all in Jarash), and 2
dairy cow farms in Irbid. Ten farms had animals seropositive for RVFV: 5 sheep farms (2 in Tafelah, 2 in
Irbid, and 1 in Mafraq), 3 mixed sheep and goat farms
(1 in each of Ajloun, Mafraq, and Balqa), 1 goat farm in
Karak, and 1 dairy-cow farm in Zarqa.
This study reports RVFV seropositivity in Jordan’s ruminant population without any previously
reported animal cases. Observing seropositive animals without disease, however, is not unique; 22%
of the small ruminant population in Mayotte were
seropositive (4) without any documented human or
animal clinical cases. Similarly, South Africa reported
high proportion of seropositive ruminants in the absence of a reported outbreak (5). In addition, IgG seroprevalence of 6.5% was detected in sheep and goats
in southern Gabon without a reported outbreak (6).
In Jordan, small ruminants are short day breeders; June–September are breeding months. After a
≈5-month gestation period, lambing occurs during
November–February, which places gestation and
lambing periods during the rainy months in Jordan. The shift of RVF from enzootic to epizootic or
epidemic cycle typically follows extended periods of
heavy rainfall (7). Because rainy season and gestation
periods overlap, RVFV spread poses a potential high
risk for abortions and neonatal death in Jordan.
In light of the regional distribution and general
expansion of RVFV and CCHFV into newly identified areas, it is not surprising that animals in Jordan
tested seropositive to either virus. This finding is consistent with recent studies that reported other mosquitoborne viruses in Jordan, such as West Nile (8)
654

and dengue viruses (9), and tickborne viruses such as
Coxiella burnetii (10).
The findings of seropositive animals for CCHFV
and RVFV in different regions of Jordan call for implementing an early warning contingency plan. Such
a plan would include training field veterinary officers, developing strong epidemiologic capabilities,
sustaining active disease surveillance, and enhancing laboratory diagnostic capabilities. On the basis of
our identification of the subprovinces with the highest seroprevalence, small ruminant sentinel herds
should be monitored for IgG and IgM to these viruses
in conjunction with seasonal weather, particularly
before and during the rainy months. Despite CCHF
virulence in humans and the potential public health
impact because of severe outbreaks, the virus is not
pathogenic for the amplifying hosts (i.e., ruminants).
Thus, farmers and veterinarians are at higher risk
for infection compared with the general population.
Future studies should be conducted to determine
the prevalence and potential incident cases of CCHF
and RVF in Jordan’s human and animal populations.
Ongoing surveillance will inform contemporaneous
risk assessments and enable development of effective
public health messaging for identified risk groups.
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We report an analysis of the genomic diversity of isolates
of Burkholderia pseudomallei, the cause of melioidosis,
recovered in Colombia from routine surveillance during
2016–2017. B. pseudomallei appears genetically diverse, suggesting it is well established and has spread
across the region.

M

elioidosis is caused by the environmental bacterium Burkholderia pseudomallei. Infections are
acquired by direct contact with the pathogen, most
commonly through traumatic inoculation with contaminated soil or water but also by ingestion or inhalation. Symptoms are nonspecific and can include pneumonia, skin lesions, abscess formation, and sepsis (1).
In Latin America, melioidosis is believed to be
underdiagnosed because of the absence of reliable
surveillance and the lack of available diagnostic tools
and methods (2). Colombia has previously reported
cases as sporadic, isolated events in a few geographic
areas (2,3). The aim of this study was to genetically
characterize isolates of B. pseudomallei recovered from
clinical specimens in different departments of Colombia (4). (A department in Colombia is a geographic
unit composed of municipalities led by a governor.)
The goal was to better understand genetic relationships among the isolates from Colombia, as well as
their relationships to isolates from other tropical and
subtropical regions of the Americas. The study was
internally reviewed at the US Centers for Disease
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Control and Prevention (Atlanta, GA, USA) and determined not to involve human subject research.
Melioidosis is not an officially reportable disease
in Colombia, but when cases are identified, department public health laboratories are required to send
isolates of B. pseudomallei to the Instituto Nacional
de Salud. During 2016–2017, a total of 11 isolates of
B. pseudomallei were recovered from 10 melioidosis
patients in the departments of Cesar (n = 4 isolates),
Antioquia (n = 4), Casanare (n = 2), and Santander
(n = 1) (Appendix, https://wwwnc.cdc.gov/EID/
article/27/2/20-2824-App1.pdf). The most common
risk factor was diabetes mellitus (n = 6); 4 of the patients died (Table). Cesar, Antioquia, Casanare, and
Santander vary in population from a few hundred
thousand to >6 million (4).
We performed whole-genome sequencing of the
11 isolates and deposited sequences at the National
Center for Biotechnology Information under BioProject PRJNA638548. Sequences were used for multilocus sequence typing and single-nucleotide polymorphism (SNP) analysis (Appendix). The multilocus
sequence types (ST) we observed were ones previously described, such as ST92, ST349, ST518, and ST1459.
Two novel STs from this study were designated
ST463 and ST1701. Previous entries in the PubMLST
database (http://pubmlst.org) indicate that ST92 has
been identified in cases associated with Puerto Rico
and Brazil and in 1 person in Switzerland who had
travelled to Martinique. ST349 was represented in
2 examples, one from Martinique and the other in a
person from Spain who had travelled to West Africa;
ST518 is represented in 4 examples. The first was in a
person from Arizona, USA, in whom melioidosis developed after sustaining an injury while swimming
in Costa Rica (5). In addition, ST518 was identified
in B. pseudomallei isolates from 3 pet green iguanas,

2 of them in California, USA, and 1 in Belgium, all
of which were presumably imported from Central or
South America (6,7). ST1459 was noted in 1 isolate
from Brazil.
SNP analysis determined from the whole genome
sequences indicates that the Colombia isolates (N=11)
are within the clade associated with Western Hemisphere B. pseudomallei based on a comparison with a
panel of reference genomes (N=45) (Figure). Within
this clade, a subgroup was resolved containing the
Colombia genomes along with ones from Brazil and
Guatemala. Also included is a genome from an isolate
from a patient who had traveled to both Panama and
Peru, as well as isolates from iguanas from California
and Belgium, as noted, plus 1 from the Czech Republic that were presumably imported from Central or
South America (Figure) (6–8).
The full panel (N = 56) was also used for quantifying SNP differences among the genomes. Patient
isolates B107 and B108 had no SNPs between them,
even though they were from different patients, suggesting a common source of infection or a clonal population of B. pseudomallei present in different sources.
However, isolates B308 and B309 were from the same
patient and had 1 SNP between them. The next closest relationship was for B199 (from Casanare), which
diverged by 38 SNPs from B308 and by 39 SNPs from
B309 (from Antioquia). The phylogenetic SNP tree
indicates that isolates from Antioquia, Casanare, and
Cesar for the most part do not uniformly group together by department. The largest divergence was
seen between B109 and the genomes for B107 and
B108, with >6,900 SNPs detected (all from Cesar). The
amount of divergence plus the lack of grouping by
department, even though we presume that patients’
main exposures would have been within a given department, suggests B. pseudomallei is well established

Table. Epidemiologic and demographic characteristics of 10 melioidosis patients, Colombia
Sequence
Age,
Medical history and risk
Isolate
type
Department y/sex
Type of sample
Diagnosis
factors
B107
1459
Cesar
71/M
Blood
Sepsis
Arterial hypertension
B108
1459
Cesar
54/M
Right leg injury
Soft tissue infection
Tibial fracture
B109
349
Cesar
56/M
Urine
Urinary infection
Diabetes mellitus
B197
1463
Cesar
51/F
Bronchoalveolar Pulmonary melioidosis
Diabetes mellitus, anemic
lavage
syndrome
B198
1701
Casanare
24/M
Blood
Pneumonia
None
B199
518
Casanare
26/M
Blood
Unspecified sepsis
None
B255
92
Santander
68/M
Blood
Sepsis
B308*
518
Antioquia
64/M Tracheal aspirate Systemic inflammatory
Diabetes mellitus
response syndrome
B309*
Blood
B310
1740
Antioquia
81/F Tracheal aspirate
Pneumonia
Kidney tumor (in studio),
diabetes mellitus, arterial
hypertension, hypothyroidism
B411
1741
Antioquia
53/F
Blood
Sepsis
Diabetes mellitus
*Isolates from the same patient.
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Outcome
Died
Recovered
Recovered
Recovered
Died
Died
Recovered
Died
Recovered
Recovered
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in Colombia and has had time to diverge substantially since its introduction. In addition, the genomes
from the 2 cases of melioidosis from pet iguanas from
California and the 1 from Belgium cluster together
with examples from Colombia, suggesting this region
or a nearby region may have been the origin of the
iguanas. Further studies, especially to recover and
test environmental isolates, will improve our understanding of the population structure of B. pseudomallei
in Colombia and improve the ability of public health
stakeholders to respond to cases of melioidosis.
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We report 3 cases of Puumala virus infection in a family
in Switzerland in January 2019. Clinical manifestations
of the infection ranged from mild influenza-like illness to
fatal disease. This cluster illustrates the wide range of
clinical manifestations of Old World hantavirus infections
and the challenge of diagnosing travel-related hemorrhagic fevers.

P

uumala orthohantavirus (PUUV), a species of
the genus Orthohantavirus within the Hantaviridae family, is an enveloped single-strand negativesense RNA virus (1). The case-fatality ratio of Old
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World hantaviruses ranges from 1%–10% for Dobrava-Belgrade and Hantaan orthohantaviruses to
<1% for PUUV. Infection is transmitted by direct
inhalation of virion-containing aerosols from rodent urine and feces. PUUV causes nephropathia
epidemica, a limited form of hemorrhagic fever
with renal syndrome (1). In Russia, 6,000–8,000
cases of hemorrhagic fever with renal syndrome
are reported annually. Most cases occur in Western
Russia and are caused by PUUV and Dobrava-Belgrade orthohantaviruses (2).
Asthenia, fever, chills, diffuse myalgia, and lumbar pain developed in a man 45 years of age 4 days
after he returned to Switzerland from Samara, his
hometown in central Russia (Appendix, https://
wwwnc.cdc.gov/EID/article/27/2/20-3770-App1.
pdf). Four days later, he sought treatment at the Geneva University Hospitals (Geneva, Switzerland) for
septic shock with disseminated intravascular coagulation and kidney and liver failure. He had severe
thrombocytopenia and elevated levels of C-reactive
protein, procalcitonin, and leukocytes (Appendix Table 2). We transferred him to the intensive care unit
for mechanical ventilation and hemodynamic support because of severe metabolic acidosis and confusion. We began treatment with broad-spectrum antimicrobial drugs, including doxycycline for possible
leptospirosis. The day after admission, the patient
tested positive for PUUV by real-time reverse transcription PCR (3) with a cycle threshold of 28. His serum sample tested positive for IgM and IgG against
hantaviruses (Appendix Table 1). Shortly after his
diagnosis, we administered 2 doses of 30 mg subcutaneous icatibant 6 hours apart. The patient died of
multiple organ failure <60 hours after admission.
The next day, fever, lymphopenia, moderate
thrombocytopenia, and hepatitis developed in the index patient’s daughter, who was 12 years of age (Appendix). She was hospitalized and tested positive for
PUUV by PCR with a cycle threshold of 26. We prescribed a 5-day course of oral ribavirin starting with
an initial dose of 30 mg/kg followed by 15 mg/kg
every 6 hours (4). The viral load in plasma rapidly
decreased. We did not detect viral RNA in urine (Appendix Table 3). Interstitial nephropathy briefly developed and subsided; she was discharged without
sequelae after 7 days.
The wife of the index patient had had influenzalike symptoms in Russia during the week before her
husband’s illness. Her serum sample tested positive
for IgM and IgG against hantaviruses. We used a
pseudovirus-based neutralization assay to confirm
serologic results (Appendix Figure 1).
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We sequenced the viral genome from blood
samples taken from the father (GenBank accession no. MT822196) and the daughter (GenBank
accession no. MT822195) using high-throughput
sequencing (Appendix Figure 2). Both sequences
showed a 100% s segment match and were related
to PUUV sequences in GenBank from Samara (Figure), confirming that the patients were exposed
there. Regular outbreaks occur in Samara (5), where
annual rodent control measures were delayed in
2019. In Switzerland, local acquisition of PUUV
is rare (6).
This familial cluster highlights the wide spectrum of clinical manifestations of PUUV, which can
range from an influenza-like illness (mother) to the
classical nephropathy (daughter) to a rapidly fatal
hemorrhagic fever with shock and multiple organ
failure (father). Such a large spectrum of disease
might be caused by the viral inoculum or host factors. Uncontrolled immune response and subsequent cytokine storm have been identified as key
factors in the development of critical disease (7).
Smoking, enzymatic polymorphisms, and gene variants such as HLA-B8 DRB1*03:02 (8) might be risk
factors for severe disease, whereas HLA-B57 might
have a protective effect (9). High procalcitonin

levels, severe thrombocytopenia, increased interleukin 6 levels, and leukocytosis are known markers for
severe disease.
Although specific antimicrobial drugs have
been tested against PUUV infections, treatment is
limited to supportive care. A small trial in Russia
showed no effect of ribavirin on PUUV viral load or
risk for death (10). We decided to treat the daughter with ribavirin because of her early diagnosis
and treatment, the potential genetic factors that
might predispose her to severe disease, and the
emotional context of her father’s death. We treated
the father with icatibant, a selective antagonist of
the bradykinin type 2 receptor that reduces capillary leakage. This treatment has been used with
apparent success in 2 patients with severe PUUV
infection (Appendix).
PUUV usually causes limited renal disease but
has a broad spectrum of clinical manifestations. Human hantavirus infections are rare in Switzerland and
mostly acquired outside of the country. Physicians
should consider viral hemorrhagic fevers when a patient has worsening influenza-like illness, thrombocytopenia, renal and hepatic impairment, and a plausible epidemiologic link to a region to which these
viruses are endemic.

Figure. Phylogenetic tree of Puumala virus using S segment nucleotide sequences. Bold text indicates sequences isolated from family
in Switzerland. GenBank accession numbers are provided in brackets. Lineages are indicated at right. Scale bar indicates number of
substitutions per site.
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Severe acute respiratory syndrome coronavirus 2 readily transmits between domestic cats. We found that domestic cats that recover from an initial infection might be
protected from reinfection. However, we found long-term
persistence of inflammation and other lung lesions after
infection, despite a lack of clinical symptoms and limited
viral replication in the lungs.

P

revious studies have demonstrated the transmissibility of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) by direct or indirect contact between domestic cats (1,2). Given the
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close relationship between cats and humans, further
characterization of the biology of SARS-CoV-2 in cats
is warranted.
We inoculated domestic cats with SARS-CoV-2,
and on postinfection days 3, 6, and 10, sampled organs to
titrate virus (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/27/2/20-3884-App1.pdf). In plaqueforming assays in VeroE6/TMPRSS2 cells, infectious
viruses were detected in the nasal turbinates and trachea of all animals on day 3, and most on day 6, whereas virus detection in the lungs was limited on day 3
and absent on day 6 (Appendix Figure 2, panel A).
These results suggest that the virus replicated efficiently in upper respiratory organs, which might contribute
to its high transmissibility among cats. Infectious virus
was cleared from the upper and lower respiratory organs by day 10 (Appendix Figure 2, panel A). No animal showed any signs of respiratory illness during the
study (Appendix Figure 3). Infectious virus was not
detected (detection limit 10 pfu/g of tissue) in other examined organs (e.g., brain, liver, spleen, kidney, small
and large intestine, heart, and eyelids). Viral antigen
was detected in nasal turbinates and trachea but was
sparse within the lungs at day 3 (Appendix Figure 4).
We conducted histopathologic examination of
the lungs, trachea, and nasal turbinates. Lymphocytic inflammation within the tracheal submucosa was

present on days 3 to 10, whereas lymphocytic to
mixed inflammation in the nasal cavity was more
severe on days 3 and 6 but minimal on day 10. In
lungs, moderate lesions persisted despite clearance
of virus. On day 3, we observed mild bronchitis with
lymphoid hyperplasia, moderate to severe histiocytic bronchiolitis with partial to complete occlusion
of lumina, and moderate to severe thickening of alveolar septa (Appendix Figure 2, panel B; Appendix
Figures 4, 5). Interstitial inflammatory infiltrate decreased significantly over time (p = 0.0012, F = 34.70,
by 1-way analysis of variance) (Appendix Figure
2, panel C); however, by day 10, alveolar septa remained thickened (Appendix Figure 5). Bronchiolitis remained with partial occlusion of bronchioles,
even in regions with minimal alveolar lesions (Appendix Figure 2, panel B).
Because SARS-CoV-2 did not cause acute lethal respiratory disease in the cats in our study, cats are a compelling animal model for studying the long-term effects
of nonfatal infections. Cats were infected with SARSCoV-2 and euthanized at postinfection day 28 (Appendix Figure 6, 7). Persistent lung lesions were observed 28
days after infection, including histiocytic bronchiolitis
with luminal plugs and thickened alveolar septa, similar to lesions observed on day 10 but with more chronic
features such as peribronchiolar fibrosis and vascular

Figure 1. Comparison of histopathology between cats on day 28 after initial infection with severe acute respiratory syndrome
coronavirus 2 and on day 21 after reinfection. Bronchioles and alveoli of cats (cats 1–3 in Appendix Figure 6; https://wwwnc.cdc.gov/
EID/article/27/1/20-3884-App1.pdf) on day 28 after initial infection (A) and those of cats (infected cats 1–3 in Appendix Figure 6, upper
half) on day 21 after reinfection (49 days after the initial infection) (B); original magnification 20 ×. Cats from both groups showed
histiocytic bronchiolitis with occlusive plugs, peribronchiolar fibrosis, and thickening of alveolar septa. Mild acute hemorrhage was
detected in affected and less affected regions of the lung on day 21 after reinfection, with a trend toward an increase compared with day
28 (severity score 1.8 + SEM 0.8 on day 21 vs. 0.3 + SEM 0.2 on day 28; p = 0.187 by unpaired t-test).
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 2, February 2021
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proliferation within the thickened interstitium. We observed a notable dearth of fibrosis within alveolar septa,
in contrast to what has been reported for humans with
severe acute respiratory syndrome or Middle East respiratory syndrome (3,4). One cat had severe pneumonia
with fibrin in alveolar spaces and endothelialitis (Appendix Figure 8), similar to what has been reported in
humans with fatal coronavirus disease (5), although this
cat did not show any respiratory signs.
To determine whether previous infection provides protection from future potential infection by
SARS-CoV-2, we performed a reinfection study with
2 groups of cats. We previously reported that SARSCoV-2 was transmitted from cats inoculated with
the virus to cohoused, naive cats (1). In the previous study, the 3 cats that had been inoculated with
SARS-CoV-2, whose nasal swabs were virus-negative
on day 6 or 7 after the initial infection (1), were rein-

oculated with the same virus 4 weeks after the initial
infection (Figure 1; Figure 2, panel A). No infectious
virus was detected in the nasal or rectal swabs after
reinfection, suggesting that the animals were protected from reinfection. These cats were euthanized at 21
days after reinfection (49 days after the initial infection), and tissue was submitted for histopathologic
examination. The reinfection group showed lesions
that were comparable with lung lesions observed
on day 28 but with less severe thickening of alveolar
septa (p = 0.041, by unpaired t-test) (Figure 1; Figure
2 panel B). The 3 cats in the other group, which recovered from infection that was transmitted by contact with virus-inoculated cats, were reinfected with
the virus at ≈4 weeks (29–32 days) after transmission.
On day 3 after reinfection, organs were harvested;
infectious virus was not detected (detection limit 10
pfu/g of tissue) in respiratory organs or other organs

Figure 2. Timeline of severe acute respiratory syndrome coronavirus 2
infection and reinfection of cats and distribution of interstitial thickening.
A) Timeline of infection and reinfection. As reported previously (1), a
group of cats was inoculated with severe acute respiratory syndrome
coronavirus 2 on day 0 (infected cats 1–3, upper half). A virus-naive cat
was cohoused with each of the infected cats from day 1 (contact cats
1–3, lower half). The days on which infectious virus was detected in
the nasal swabs are shown as red bars for each animal. In this study,
we infected the cats with the same severe acute respiratory syndrome
coronavirus 2 isolate at ≈4 weeks after initial infection or exposure to
infected cats. After reinfection of the group shown in the upper half of
the figure, no infectious virus was detected in the nasal swabs. The
cats were confirmed to be seronegative before the initial infection or
cohousing with infected cats, and seropositive before reinfection, on
the basis of neutralization assay results. B) The distribution of interstitial
thickening (interstitial pneumonia severity score) was decreased on day
21 after reinfection compared with day 28 (p = 0.041 by unpaired t-test).
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analyzed (e.g., brain, liver, spleen, kidney, small and
large intestine, heart, and eyelids). These results suggest that virus infection by natural transmission between cats, as well as by experimental inoculation,
induces protective immunity against a second SARSCoV-2 infection.
In conclusion, SARS-CoV-2 replicated effectively
in the upper respiratory tract in cats, and infectious
virus was cleared from the lungs within 6 days of infection; however, histopathologic examination demonstrated chronic lung sequelae in cats even a month
after viral clearance. After initial infection with SARSCoV-2, cats were protected from reinfection, with no
virus replication in respiratory organs and no additional lung damage.
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Antibody response against nucleocapsid and spike
proteins of SARS-CoV-2 in 11 persons with mild or asymptomatic infection rapidly increased after infection.
At weeks 18–30 after diagnosis, all remained seropositive but spike protein–targeting antibody titers declined.
These data may be useful for vaccine development.

S

evere acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the causative agent of the coronavirus disease (COVID-19) pandemic (1). Effective
vaccines are vital for mitigating the impact of the pandemic. As such, synthesizing a long-term humoral
immune response to SARS-CoV-2 remains essential
to developing and implementing a SARS-CoV-2 vaccine. We report a longitudinal study of 11 persons
with SARS-CoV-2 infection in Vietnam, in which we
monitored antibody responses for up to 30 weeks after infection.
We included patients with a confirmed SARSCoV-2 infection admitted to a COVID-19 treatment
center in central Vietnam during January–March
2020. To enable long-term follow-up, we excluded all
short-term visitors. We collected information from
each participant about clinical status, travel history,
contacts with persons with confirmed cases, and personal demographics. For plasma collection, we applied a flexible sampling schedule encompassing 30
weeks after diagnosis, stratified by collection at 1, 2–3,
4–7, and ≥18 weeks after diagnosis.
We measured antibodies against 2 main immunogens of SARS-CoV-2, the nucleocapsid (N) and spike
(S) proteins, by using 2 well-validated sensitive and
specific serologic assays, Elecsys Anti–SARS-CoV-2

assay (Roche, https://diagnostics.roche.com) (2) and
SARS-CoV-2 Surrogate Virus Neutralization Test
(sVNT) (GenScript, https://www.genscript.com) (3).
The former is an electrochemiluminescence immunoassay that uses recombinant N protein for qualitative
detection of pan Ig, including IgG, against SARSCoV-2. The latter is a surrogate assay for measuring
receptor-binding domain–targeting neutralizing antibodies (RBD-targeting NAbs) (3,4), in principle a
blocking ELISA that quantifies antibodies that block
the receptor–RBD interaction (3). Our study forms
part of the national COVID-19 response and was approved by the institutional review board of the Pasteur Institute in Nha Trang, Vietnam.
During the study period, there were a total
of 23 patients with confirmed SARS-CoV-2 infection in central Vietnam. Ten were tourists and
were thus excluded from the study. Of the remaining 13, a total of 11 consented to participate
in this study. Among study participants, 6 were
female and 5 were male; the age range was 12–64
years (Table). Seven experienced mildly symptomatic infection and did not require supplemental oxygen during hospitalization; 4 were asymptomatic. Before becoming ill, 3 had traveled to a
SARS-CoV-2–endemic country, including patients
2 and 3, who had traveled to Malaysia and patient 4 had traveled to the United States. Patient 4
transmitted the virus to 6 of her contacts, including 4 family members and 2 employees. Of these, 2
transmitted the virus to another family member
(Table; Appendix Figure, https://wwwnc.cdc.
gov/EID/article/27/2/20-4226-App1.pdf).

Table. Demographics, travel history, contact history, clinical status, and outcome for participants in study of long-term humoral
immune response in persons with asymptomatic or mild SARS-CoV-2 infection, Vietnam, 2020*
Presumed Recent
Patient Age,
Presumed
Symptoms
incubation
travel
Contact with
Clinical Hospital
no.†
y/sex
Province
exposure
developed Diagnosed period, d
history confirmed patient status
stay, d
1
25/F Khanh Hoa
Jan 14
Jan 18
Jan 24
4
None
1 of first 2 cases Sympt
11
in Vietnam
2
42/M Ninh Thuan Feb 27–Mar 4
Mar 9
Mar 16
5–14
Malaysia
Unknown
Sympt
16
3
36/M Ninh Thuan Feb 27–Mar 4
Mar 13
Mar 17
9–15
Malaysia
Unknown
Sympt
15
4
51/F Binh Thuan
Feb 22–29
Mar 5
Mar 9
7–14
USA
Unknown
Sympt
25
5‡
51/M Binh Thuan
Mar 2–9
Mar 11
Mar 11
2–9
None
Husband of
Sympt
23
patient 4
6‡
64/F Binh Thuan
Mar 2–10
Asympt
Mar 10
5–8
None
Domestic worker Asympt
31
of patient 4
7‡
28/F Binh Thuan
Mar 7
Asympt
Mar 10
3
None
Daughter-in-law Asympt
24
of patient 4
8‡
28/M Binh Thuan
Mar 2–9
Mar 11
Mar 11
2–9
None
Son of patient 4
Sympt
23
9‡
47/F Binh Thuan
Mar 3–8
Mar 11
Mar 11
3–8
None
Mother of patient Sympt
23
7
10‡
37/F Binh Thuan
Mar 3–8
Asympt
Mar 10
2–7
None
Staff of patient 4 Asympt
24
11‡
12/M Binh Thuan
Mar 3–8
Asympt
Mar 11
2–7
None
Son of patient 10 Asympt
30

*All patients made a full recovery. No patients required oxygen. All patients were of Vietnamese nationality. First enrollment was on January 24, 2020,
and last was on March 17, 2020. Last follow up was on August 13, 2020. Asympt, asymptomatic; sympt, symptomatic.
†Patient numbers match those in Figure 1.
‡Patients from a cluster involving 3 household transmission chains (Appendix Figure, https://wwwnc.cdc.gov/EID/article/27/2/20-4226-App1.pdf).
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Figure. Antibody responses in 11
study participants, weeks 1–20
after PCR diagnosis of SARSCoV-2 infection, Vietnam, 2020.
A) Seroprevalence of SARSCoV-2 among 11 COVID-19
patients. We followed testing
protocols and the positive
cutoff of 20% recommended
in the Elecsys Anti–SARSCoV-2 assay (Roche, https://
diagnostics.roche.com)
without any modification.
Using these parameters,
previous studies showed
an excellent concordance
between results from surrogate
virus neutralization tests
and conventional neutralizing antibody detection assays (3,4). Vertical bars denote 95% CIs. Graphs were created using GraphPad
Prism version 8.0 (GraphPad software, https://www.graphpad.com). B) Kinetics of neutralizing antibodies measured by the surrogate
neutralization assay (GenScript, https://www.genscript.com) with the 20% cutoff applied. We tested samples at 1:10 dilution as specified.
Because of the limited availability of plasma samples, each sample was tested only once. RBD, receptor-binding domain; NAbs,
neutralizing monoclonal antibodies; S, spike; N, nucleocapsid.

We collected 43 plasma samples from 11 participants within 4 time ranges after diagnosis: <1 week (n
= 10), weeks 2–3 (n=11), weeks 4–7 (n=11), and weeks
18–30 (n = 11). During the first week after diagnosis,
1 patient (1/10, 10%) had detectable RBD-targeting
NAbs, and none had antibodies against N protein.
In subsequent weeks, all (100%) participants tested
positive by surrogate virus neutralization. Antibodies against N protein were detected in 10/11 (91%) of
the samples collected between the second and third
weeks after diagnosis and 11/11 (100%) samples collected at subsequent time points (Figure, panel A).
Previous studies have demonstrated that the
inhibition percentage measured by surrogate virus
neutralization tests correlates well with neutralizing
antibody titers measured by conventional virus neutralization assays or plaque-reduction neutralization
tests (3,4). In our study, the inhibition percentage was
below the assay cutoff in all but 1 plasma sample taken during the first week after diagnosis and then rapidly increased above the assay cutoff at subsequent
time points. At weeks 18–30 after diagnosis, the inhibition percentage declined but remained detectable
(Figure, panel B).
We demonstrate that antibodies against 2 main
structural proteins (S and N) of SARS-CoV-2 in patients with asymptomatic or mild infections were
almost undetectable within the first week after diagnosis. Antibodies rapidly increased in subsequent
weeks and peaked around weeks 4–7 before declining
during the later phase of infection, consistent with
previously reported findings (2,5–7). However, few
studies have reported the persistence of long-term

humoral immune response to SARS-CoV-2 up to 18–
30 weeks after diagnosis (5), especially among mildly
symptomatic or asymptomatic infected patients.
The titers of RBD-targeting NAbs, which are well
correlated with those of neutralizing antibodies, decayed by weeks 18–30 after infection, suggesting that
humoral immunity to SARS-CoV-2 infection may not
be long lasting. Because neutralizing antibodies are
recognized as a surrogate for protection (7–9), followup studies beyond this period are needed to more
conclusively determine the durability of these longterm responses and their correlation with protection.
Our collective findings offer insights into the
long-term humoral immune response to SARSCoV-2 infection. The data might have implications
for COVID-19 vaccine development and implementation and other public health responses to the COVID-19 pandemic.
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We conducted 3 population-based cross-sectional surveys, at 1-month intervals, to estimate the prevalence
and time-trend of severe acute respiratory syndrome
coronavirus 2 infection in Puducherry, India. Seropositivity rate increased from 4.9% to 34.5% over 2 months and
was 20-fold higher than the number of diagnosed cases
of infection.

T

he magnitude of the ongoing pandemic of coronavirus disease (COVID-19), caused by infection
with severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), has not been fully assessed because
most those infected have no or mild symptoms, and
thus do not undergo viral nucleic acid or antigen testing (1–3). Determining the proportion of a population
that has had infection at various time points is essential for understanding the dynamics of an epidemic in
a particular area.
Puducherry district, population ≈1.25 million, is
located in southern India. Its earliest recorded case of
COVID-19 was in March 2020; it had 7 total cases by
the end of May, 67 by end of June, and 663 by end
of July 2020 (4). The district followed national COVID-19 management guidelines, including testing all
symptomatic persons and their high-risk contacts.
We conducted 3 community-based serologic surveys for SARS-CoV-2 antibodies in Puducherry at
1-month intervals, i.e., during August 11–16, September 10–16, and October 12–16, 2020 (Figure). Each survey included 900 adults selected using a multistage
sampling procedure. In the initial stages, we chose 30
clusters, including 21 of 90 urban wards and 9 of 62
villages, using a probability proportional to size with
replacement method; this method replicated the urban-to-rural ratio (70:30) of the district’s population.
Thereafter, in each cluster, we chose 30 households
by systematic random sampling; we collected blood
from 1 adult (>18 years of age) in each household
using a modified Kish method (5,6). The data from
these surveys represent the cumulative proportion of
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Figure. Prevalence of severe
acute respiratory syndrome
coronavirus 2 infection in 3
surveys in Puducherry district,
India, 2020. Arrows indicate
the timepoint 2 weeks before
the midpoint of each of 3
surveillance periods.

population in Puducherry who had been infected
with SARS-CoV-2 at ≈2 weeks before midpoint of
each survey, i.e., at the end of July, August, and September 2020 (Figure). We obtained approval from
Jawaharlal Institute’s ethics committee and informed
written consent from participants.

We tested all serum specimens using a commercial electrochemiluminescence-based microparticle
immunoassay with 99.5% sensitivity and 99.8% specificity (Elecsys Anti-SARS-CoV-2; Roche, https://
www.roche.com) (7) for qualitative detection of antibodies against recombinant nucleoprotein antigen of

Table. Seroprevalence of SARS-CoV-2 antibodies in 3 surveys in Puducherry, India, 2020*
August 11–16, n = 869
September 10–16, n = 898
No, positive/
No. positive/
Variable
no. tested
% (95% CI)
no. tested
% (95% CI)
Crude prevalence
43/869
4.9 (3.5–6.4)
186/898
20.7 (18.0–23.3)
Age category, y
18–29
8/170
4.7 (1.5–7.8)
33/165
20.0 (13.9–26.1)
30–44
13/295
4.4 (2.1–6.7)
58/277
20.9 (16.2–25.7)
45–59
13/242
5.4 (2.5–8.2)
64/271
23.6 (18.5–28.7)
>60
9/162
5.6 (2.0–9.1)
31/185
16.7 (11.4–22.1)
Sex
M
16/439
3.6 (1.9–5.4)
95/443
21.4 (17.6–25.2)
F
27/428
6.3 (4.0–8.6)
91/455
20.0 (16.3–23.6)
Residence setting†
Urban
35/609
5.7 (3.9–7.5)
130/629
20.7 (17.5–23.8)
Rural
8/260
3.1 (1.0–5.2)
56/269
20.8 (16.0–25.7)
Occupation‡
Healthcare workers
2/29
6.9 (1.0–22.8)
4/32
12.5 (1.0–24.0)
Other frontline workers
0/22
0
8/23
34.8 (15.3–54.2)
Others
41/818
5.0 (3.5–6.5)
174/843
20.6 (17.9–23.4)
Other characteristics
COVID-19
4/34
11.8 (9.3–22.6)
16/47
34.0 (20.5–47.6)
COVID-19 diagnosis
3/3
100
3/7
42.9 (6.1–79.5)
COVID-19 symptoms in
8/85
9.4 (3.2–15.6)
10/44
22.7 (10.3–35.1)
last 6 mo
Cumulative case incidence
2,987 (0.25%)
12,331 (1.03%)
(cumulative incidence
ratio)§
Infection-to-case ratio¶
4.9%/0.25% = 19.6
20.9%/1.03% = 20.0
Cumulative deaths
43
187
Infection fatality ratio
73.4
75.8
(cumulative deaths per
100,000 infected persons)#

October 12–16, n = 900
No. positive/
no. tested
% (95% CI)
311/900
34.5 (31.5–37.7)
58/180
92/252
101/259
60/209

32.2 (25.8–39.3)
36.5 (30.8–42.6)
39.0 (33.2–45.0)
28.7 (23.0–35.1)

126/406
183/491

31.0 (26.7–35.6)
37.2 (33.1–41.6)

225/628
86/272

35.8 (32.1–39.7)
31.6 (26.3–37.4)

18/66
6/15
287/819

27.2 (18.0–39.0)
40.0 (19.0–64.2)
35.0 (31.8–38.3)

82/184
25/29
85/148

44.5 (37.5–51.7)
86.2 (69.4–94.5)
57.4 (49.3–65.1)

23,080 (1.92%)
34.5%/1.92% = 18.0
441
106.1

*COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Definitions used by the Office of the Registrar General & Census Commissioner, Government of India.
‡Other frontline workers included police officers, teachers, revenue officers, persons involved in COVID-19 response.
§Calculated for data gathered until 2 weeks before the midpoint of the survey.
¶Infection-to-case ratio was calculated as crude seroprevalence / cumulative incidence ratio.
#Infection-fatality ratio was calculated as cumulative deaths/crude prevalence × estimated population of the district.
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SARS-CoV-2, following manufacturer’s instructions.
Specimens with cutoff index >1.0 were considered
seroreactive; cutoff index was the ratio of chemiluminescence signal of sample with that of the reference sample. For each timepoint, we calculated crude
prevalence rate with 95% CI using a binomial model.
In addition, we used the data on cumulative cases
and deaths recorded until each timepoint (4) to calculate infection-to-case and infection-to-death ratios.
We visited 890 households and recruited 869 participants (response rate 97.8%) in August, 902 households from which we recruited 898 (99.8%) participants in September, and 900 households from which
we recruited 900 (100%) participants in October. We
tracked cumulative number of reported cases (cumulative incidence rates) of COVID-19 and deaths due
to the disease in the district at each timepoint (Table)
(4). In each survey, the median age was in the mid40s with nearly equal numbers of men and women.
Crude seroprevalence of SARS-CoV-2 antibodies increased from 4.9% (95% CI, 3.5%–6.4%) in August, to
20.7% (18.0%–23.3%) in September, to 34.5% (31.5%–
37.7%) in October. These rates indicate that ≈16% of
the district’s population acquired SARS-CoV-2 infection during August and ≈14% during September
2020. These rates are much higher than those reported
from other parts of the world (8), but are similar to a
high seropositivity rate of 57% reported in slum areas
of Mumbai (9).
The infection-to-case ratios were similar across
the 3 surveys: 19.6 in August, 20.0 in September,
and 18.0 in October. These results indicated that,
despite implementing the strategies of testing all
symptomatic persons and of aggressive contact
tracing in the district, only a small proportion of
SARS-CoV-2 infections had been diagnosed at each
timepoint. This contrasts with the data from highincome countries (10) and could be related to the
younger age distribution in the population of India,
partial immunity due to other prior coronavirus or
other infections, or both.
Strengths of our study include representativeness of the population by its random selection procedure and high participation rate; repeat testing in
the same primary sampling units to reduce variability over time; and the use of an assay with high sensitivity and specificity. Limitations included the possibility that some persons did not show development
of antibodies following infection, leading to a falsely
low seroprevalence; possible loss of antibodies over
time, leading to a falsely low rise of seroprevalence
with time; and dependence of seroprevalence on the
assay used.
668

Our data indicate a high rate of transmission
of SARS-CoV-2 in Puducherry during August and
September 2020, with some evidence of slowing over
time. By the end of September, nearly one third of the
population were infected with SARS-CoV-2, a much
larger proportion than those diagnosed with COVID-19. These findings should help guide the response
to COVID-19 in our district.
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Despite mitigation efforts, 2 coronavirus disease outbreaks were identified among office workers in Washington, DC. Moderate adherence to workplace mitigation efforts was reported in a serologic survey; activities outside
of the workplace were associated with infection. Adherence to safety measures are critical for returning to work
during the pandemic.

O

n March 19, 2020, the Federal Emergency Management Agency (FEMA) activated the National
Response Coordination Center in Washington, DC,
USA, in response to the coronavirus disease (COVID-19) pandemic. At that time, cases were rapidly increasing in Washington, DC; ≈200 cases had
been reported since March 7. Although city officials

ordered closure of nonessential businesses on March
24, FEMA remained open. To protect staff from severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection, all persons entering FEMA
headquarters underwent symptom and temperature
screening. On April 5, after a cluster of 6 epidemiologically linked cases was identified, additional mitigation efforts were implemented, including requiring
face masks at all times, requiring that a distance of 6
feet be maintained between employees, and reducing
occupancy in the open office space building from a
daily average of 1,300 to 400 persons.
To examine workplace and community factors
associated with infection, we conducted a serologic
survey of SARS-CoV-2 antibodies among staff who
worked on site after the mitigation efforts had been
implemented. To assess the effect of mitigation efforts
in the workplace, we examined occupational case surveillance data.
Staff who worked in the FEMA building during
April 1–22 were identified by using turnstile records
and were invited by email to participate in a survey.
Persons who had had symptoms of COVID-19 within
2 weeks of the survey were ineligible to participate.
During April 23–29, consenting participants completed a self-administered, online questionnaire assessing
demographics and potential community and workplace exposure to SARS-CoV-2, and blood samples
were collected.
Blood samples were tested for SARS-CoV-2 IgG
by using ELISA targeting the SARS-CoV-2 receptorbinding domain protein (1). Indeterminate test results or incomplete questionnaires resulted in the
exclusion of 10 participants. Characteristics of seropositive and seronegative groups were compared
by using the Fisher exact test, and 2-sided p values
<0.05 were considered statistically significant. Reports of confirmed COVID-19 cases among staff who
worked at FEMA headquarters during March–October 2020 were obtained from occupational health records. This activity was reviewed by the Centers for
Disease Control and Prevention and deemed public
health surveillance.
Of the 466 survey participants, 15 (3.2%) tested
positive for SARS-CoV-2 antibodies. Seroprevalence did not vary by sex or age (Table). Of those
who tested positive, 11 (73%) reported never having been tested for SARS-CoV-2 by nasal or throat
swab, and 8 (53%) reported no symptoms suggestive of SARS-CoV-2 infection since January 15, 2020
(2). On average, participants had spent 20.5 (± 12.0
SD) days in the FEMA building since March 2020.
We found no significant difference in workplace
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Table. Characteristics and workplace and community exposure for SARS-CoV-2 infection among workers in the FEMA headquarters,
by serologic testing results, Washington, DC, USA, April 2020*
SARS-CoV-2 result, no. (%)
Characteristic
Positive (n = 15)
Negative (n = 451)
p value†
Sex
F
4 (26.7)
167 (37.0)
0.588
M
11 (73.3)
284 (63.0)
Age group, y (n = 464)
18–34
5 (33.3)
112 (24.9)
0.503
35–49
3 (20.0)
187 (41.5)
50–64
7 (46.7)
139 (31.0)
>65
0 (0.0)
11 (2.4)
Mitigation activities in the workplace
Wear a face cover (most or all the time)
9 (60.0)
273 (60.5)
0.298
Maintain a distance >6 feet from others (most or all the time)
12 (80.0)
344 (76.3)
1.000
Wash your hands or use hand sanitizer (>5 times daily)
13 (86.7)
411 (91.1)
0.147
Exposure to someone who tested positive for SARS-CoV-2 in the FEMA building
Any face-to-face contact
2 (13.3)
51 (11.4)
0.224
>10 min within 6 feet
2 (13.3)
46 (10.2)
0.061
Shared workspace
2 (13.3)
44 (9.8)
0.062
Shared breakroom
1 (6.7)
30 (6.7)
0.286
Within 6 feet while coughing or sneezing
1 (6.7)
10 (2.2)
0.325
Exposure to household member with confirmed COVID-19
2 (13.3)
3 (0.7)
0.001
Community exposure during January 15–March 11
Traveled by bus, train, or subway
8 (53.3)
318 (70.5)
0.161
Traveled by taxi or rideshare
9 (60.0)
290 (64.3)
0.787
Attended social gatherings of >50 persons
12 (80.0)
254 (56.3)
0.109
Visited a healthcare facility
8 (53.3)
150 (33.3)
0.162
Community exposure during March 12 through date of blood draw
Traveled by bus, train, or subway
5 (33.3)
204 (45.2)
0.436
Traveled by taxi or rideshare
9 (60.0)
147 (32.6)
0.047
Attended social gatherings of >50 persons
2 (13.3)
55 (12.2)
0.704
Visited a healthcare facility
2 (13.3)
64 (14.2)
1.000
*COVID-19, coronavirus disease; FEMA, Federal Emergency Management Agency; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
†Fisher exact test for categorical variables.

mitigation activities between seropositive and seronegative participants: 60.0% seropositive versus
60.5% seronegative participants used a face covering most of the time or always, 80.0% versus 76.3%
maintained a distance of >6 feet from others most
of the time or always, and 86.7% versus 91.1%
washed their hands or used hand sanitizer >5 times
per day. However, a higher, although not statistically significant, percentage of participants who
shared a workspace were seropositive (13.3%) than
seronegative (9.8%). The same was true for persons
who spent >10 minutes <6 feet from someone who
tested positive for SARS-CoV-2 in the FEMA building; 13.3% were seropositive and 10.2% were seronegative. A significantly higher percentage of seropositive participants lived with someone who had
a confirmed positive test result for SARS-CoV-2
(13.3%) than those who were seronegative (0.7%).
After the cancellation of nonessential gatherings on
March 11, 60.0% of seropositive participants traveled by taxi or rideshare compared with 32.3% of
seronegative participants who did not (p = 0.047).
By October 30, after mitigation efforts were implemented, 2 clusters of epidemiologically linked
COVID-19 cases were identified: 4 cases among staff
670

in cluster B and 5 cases in cluster D (Figure). We identified an additional 6 nonlinked cases among staff
who worked in the FEMA building. Overall, 15 (71%)
cases were linked to a cluster.
To our knowledge, evaluations of workplace
SARS-CoV-2 mitigation strategies in office buildings have not been published. This study identified
2 factors outside of the workplace that are potentially
associated with SARS-CoV-2 infection and transmission in the workplace (despite limited knowledge of
whether infection occurred before or after potential
exposure): residing with a household member with
COVID-19 and using shared transportation. Although seroprevalence for SARS-CoV-2 antibodies
was low among office workers, preventing workplace
exposures to COVID-19 during March–April 2020 remained challenging. More than half of seropositive
participants remained asymptomatic or were never
tested for SARS-CoV-2, and 20%–40% of participants
did not adhere to masking or physical distancing
guidelines. This finding highlights the difficulties of
adhering to mitigation efforts in the workplace and
the importance of ensuring prevention efforts as persons return to work, such as engineering controls
to reduce occupancy levels and modifying areas to
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Figure. Coronavirus disease cases among workers in the Federal Emergency Management Agency, by case reporting date, and critical
events, Washington, DC, USA, March–October 2020. Associated colors and A, B, and D indicate infection clusters. NRCC, National
Response Coordination Center; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

maintain a distance of 6 feet between employees (3).
Despite hazard controls implemented in the workplace, activities outside of work and noncompliance
with mitigation efforts probably contributed to cases
and small clusters of COVID-19 among office workers. However, seroprevalence remained at the same
level as the overall 3.2% seroprevalence estimate for
Washington, DC residents (4).
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Although Zika virus (ZIKV) circulates in sub-Saharan Africa,
no case of ZIKV-associated microcephaly has thus far been
reported. Here, we report evidence of a possible association
between a 2007 outbreak of febrile illness and an increase
in microcephaly and possibly ZIKV infection in Gabon.

S

ince its 1947 discovery in Uganda, Zika virus
(ZIKV) was restricted to sporadic human infections in Africa and Asia until 2007, when a large outbreak occurred in Micronesia, followed by another in
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French Polynesia 6 years later. This second outbreak
spread to Brazil and throughout Central and South
America, resulting in hundreds of thousands of cases
(1). ZIKV infection leads to an asymptomatic or mildly symptomatic nonspecific disease in 80% of cases,
but the outbreak in the Americas and French Polynesia coincided with a steep increase in the birth of
babies with congenital microcephaly (2–4). However,
no case of ZIKV-associated microcephaly has been recorded in sub-Saharan regions of Africa, where ZIKV
also circulates.
During April–August 2007, Gabon’s capital, Libreville, experienced simultaneous outbreaks of chikungunya and dengue (5). A retrospective study of
4,312 serum samples collected during this time found
5 ZIKV-positive cases (6). In addition, 2/137 (1.46%)
pooled samples from Aedes albopictus mosquitoes
tested positive for ZIKV, a proportion similar to that
observed for dengue virus. Given that 80% of ZIKV
infections are asymptomatic or subclinical, these findings suggest that an undetected ZIKV outbreak may
have occurred in Gabon in 2007.
To determine if the incidence of microcephaly
increased during this suspected ZIKV outbreak, we
examined birth registers at the 2 main hospitals of
Libreville: the Libreville Hospital Centre and the Regional Hospital of Melen in Estuaire Province. We recorded all births and cases of microcephaly occurring
during January 2006–December 2008 (Figure). Most
births in Libreville and its suburbs occur in these 2
hospitals; in addition, the hospitals receive newborns
with malformations observed at birth who have been
transferred from smaller healthcare facilities that lack
neonatal departments. We collected most of the 4,312
samples from patients who visited these hospitals, so
the 5 ZIKV case-patients likely lived in the 2 hospitals’ coverage area.
In 2017, we searched birth registers for cases of
microcephaly, identified when the head circumference was 2 SDs below the average, according to
World Health Organization standards, depending on
the age and sex of the neonate. For male-born infants,
microcephaly corresponded to a cranial circumference of <31.9 cm, and for female-born infants, a cranial circumference of <31.5 cm, measured <48 hours
after birth. We recorded only data from physical examination of newborns.
We collected details of 34,409 births and grouped
them by 2-month periods from January–February
2006 through November–December 2008. Children
were considered exposed if they were born during
May 2007–June 2008 to mothers pregnant during
April 2007–August 2007, as described elsewhere (7).
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Figure. Cases of microcephaly
(A) and limb malformations
(B) in Libreville, Gabon, during
January 2006–December 2008.
Histograms correspond to the
total number of births over
the time of the study period.
Scales for the y-axes differ to
underscore patterns but do
not permit direct comparisons.
Green boxes encompass the
time period when the febrile
illness outbreak happened;
purple boxes encompass the
time period of births of infants
whose mothers could have
been exposed to Zika in their
first trimester of pregnancy
during the outbreak. Numbers of
births were collected from birth
registers by 2-month periods
from January–February 2006
through November–December
2008. (Births are recorded in
the registers in such a way that
we were unable to obtain data
for single months.) The duration
of the febrile illness outbreak
was estimated by the Health
Ministry of Gabon during April
2007–August 2007, based on
information communicated by
hospitals. The febrile illness
outbreak coincided with an
increase in the number of patients seeking treatment for painful febrile illnesses at healthcare centers beginning in April 2007. The
end of the outbreak in August 2017 coincided with the disappearance for >15 days of grouped clinical cases and with negative test
results from samples.

We calculated statistical significance using the ratio
of the odds of an infant with microcephaly being born
within or outside of the exposure period. Only 1 case
of microcephaly was recorded during January 2006–
April 2007 (Figure, panel A), suggesting a baseline
rate of ≈1 case/year.
Among 10,286 children born in the 14 months
during May 2007–June 2008, a total of 20 microcephaly cases were recorded, compared with only 2 cases
among 24,123 children born in the 20 months of the
study period outside of the outbreak (OR 15.6, 95%
CI 4.65–52.70; p = 8.8 × 10–6; Figure, panel A). In contrast, we found no increase in newborns with other
types of malformation, such as limb malformations,
during that period (Figure, panel B). Of note, 18
of the 20 outbreak-associated children with microcephaly were born during September 2007–February
2008, corresponding to mothers in the first trimester
of pregnancy during the outbreak, when the risk of
microcephaly in fetuses or neonates is highest. To
eliminate potential artifacts in the data arising from

unspecified environmental incidents, we used the
same method of analysis to examine other congenital birth malformations such as facial, upper limb,
and lower limb malformations. No significant associations were found.
Limitations of our study included that the tabulations (conducted in 2017) of ZIKV infections (from
the 2007 disease outbreak) and microcephalic births
were retrospective, meaning that no investigation
of ZIKV infection was performed during the fever
outbreak. Thus, there was no ZIKV diagnosis at the
time of delivery for any of the mothers of infants born
with microcephaly. Although fetal malformations are
sometimes detected in obstetric ultrasounds, in Gabon they are usually discovered at birth. In addition,
this study did not directly investigate the etiology of
birth malformations for other possible explanations.
Despite these limitations, our findings support
that the 2007 febrile illness outbreak in Libreville
was associated with an increase in infants with microcephaly. Although microcephaly may be due to
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many other causes that were not investigated in our
study, the detection of 5 ZIKV cases in samples collected during the febrile illness outbreak suggests a
temporal association between ZIKV and microcephaly in this country. Given the risk of microcephaly in
infants is ≈1% for mothers infected during the first
trimester of pregnancy (8), the high number of microcephaly cases reported here indicates that ZIKV
infections were likely prevalent during the outbreak.
These observations highlight the need to provide
specific priority care for pregnant women during
future ZIKV outbreaks in Africa and to investigate
possible ZIKV infections that have occurred in the
past during the pregnancies of mothers of babies
with microcephaly.
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I

n 1902, Ronald Ross received the second Nobel Prize in Physiology or
Medicine for discovering
that mosquito bites transmit malaria. Determined
to stop the spread of the
disease, Ross developed
mathematical models that
demonstrated a key insight: mosquito control
could effectively stop the
spread of malaria without
eliminating all mosquitos.
This early insight showed
the power of mechanistic models to inform efforts to
slow the spread of infectious disease.
Over a century later, digital marketers repurposed epidemiologic models to tackle a new puzzle:
spreading online content. They recognized that Instagram influencers have a lot in common with superspreaders of severe acute respiratory syndrome and
that memes have R0 values (mathematical terms that
indicate how contagious an infectious disease is).
Although their goals were different, both the digital marketers and Ronald Ross turned to mathematical models to ask the same question: why do things
spread, and why do they stop? This is the question
that motivates Adam Kucharski’s ambitious new
book The Rules of Contagion. Kucharski, an associate professor at the London School of Hygiene and
Tropical Medicine, has spent his career analyzing infectious disease outbreaks. In The Rules of Contagion,
Kucharski zooms out to take a sweeping look at the
science of how things, from viral infections to new
ideas, spread.
Kucharski artfully interweaves the science of
disease outbreaks with the spread of violent crime,

financial bubbles, malware attacks, and folktales.
Although this book covers a lot of ground, it is an
incredibly fun ride. Kucharski shows how scientists
and businessmen directly apply models of infectious
disease dynamics to other contexts. For example, after the 2008 financial crisis, businesses on Wall Street
recruited leading theoretical biologists to forecast financial contagion, such as the spread of an economic
crisis from one country to another. However, social
contagion fundamentally differs from infectious disease. For instance, influenza might be transmitted by
a single exposure but the spread of new ideas might
depend on cumulative exposure.
Against a backdrop of pandemic and political
uncertainty, this book is a timely read. Models of
disease outbreaks have never been more in the public eye. The science of contagion can help societies
navigate not just disease, but also pressing political
issues. For example, Kucharski makes a convincing
case that violent crime behaves as a contagion; by
viewing violence through this lens, public health experts have offered alternatives to traditional policing. Similarly, as misinformation spreads rampantly
on social media during a US election year, understanding how ideas spread online has never been
more crucial.
In one whirlwind of a book, The Rules of Contagion distills lessons learned from the Zika virus
epidemic, the 2008 financial crisis, the ice bucket
challenge, and more. Written in clear and accessible
prose, this is a rewarding read for infectious disease professionals and members of the public alike.
Whether you are looking to understand the coronavirus disease pandemic or promote your ideas to
the public, Kucharski will convince you that understanding contagion is essential to understanding the
modern world.
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Public Health Posters Take Aim against Bloodthirsty Ann
Byron Breedlove

F

rom June 1942 until September 1945, the United
States Office of War used various media, including posters, as communication tools. Those posters―
plastered in public areas, storefronts, factories,
and military installations―employed motivation,
guilt, and humor to boost morale and to encourage
information security, buying war bonds, planting
victory gardens, and, notably for military personnel
deployed to tropical and subtropical areas during
World War II, preventing malaria.
For military personnel deployed to tropical and
subtropical areas during WWII, the number one
health problem was malaria. Because of its lingering, debilitating, and recurring effects, this vectorborne infection hobbled the effectiveness of combat
forces and support staff. Various official documents
and publications issued by the Office of War and by
the Office of Malaria Control in War Areas, a joint
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undertaking by the US Public Health Service and
state health departments, detailed ways to reduce
malaria infection, including using antimalarial drugs,
insecticides, and bed nets. But the dense, bureaucratic
language in such publications did not serve as a call
to action. More accessible and persuasive messaging
was needed to convince military personnel to protect
their health for the good of the war effort.
Complicating matters, the traditional treatment
for malaria, quinine, was in short supply. In 1942, Japan had seized control of the cinchona trees grown
for quinine in the Dutch East Indies and other parts
of Asia, and Germany had seized control of captured
quinine reserves and manufacturing facilities in Amsterdam. The Allies turned to the synthetic drug quinacrine, known as Atabrine. Although effective, Atabrine
had some disagreeable side effects: it often caused diarrhea, headaches, and nausea and had the unnerving,
but temporary, tendency to turn skin bright yellow.
Moreover, Japanese propaganda falsely proclaimed
that using Atabrine could lead to infertility.
According to historical researcher Seth Paltzer,
“It was clear to the Army that using antimalarials and
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insecticides were key to the fight against disease but
making sure troops at the front participated in these
measures continued to be a problem. As a result, a
third offensive front was opened against malaria, in
the form of propaganda.” Integral to that campaign
were colorful, cartoonish posters for educating military personnel on malaria prevention.
Featured on this month’s cover is a detail of an
Anopheles mosquito from one such poster. At the top
of the poster are the eye-catching words “This is Ann
. . . and she drinks blood!” Drawings of Ann, whose
full name is revealed to be “Anopheles Mosquito,”
appear twice, first glimpsed through a keyhole as a
smiling red menace and then raising an oversized
goblet brimming with blood (Figure).
The informal slang-based text calls attention to
a world map showing where Ann “hangs out” and
warns “She can knock you flat so you’re no good to
your country, your outfit or yourself. You’ve got the
dope, the nets and stuff to lick her if you will USE
IT.” Bands of red indicate relative risks of contracting malaria in different locations when this poster
was printed in late 1943. Among the highest risk locales are the South Pacific islands and southern Italy,
where American forces were deployed.
Office of War Information posters and publications do not include credits. But the cartoonish images of Ann may look familiar. They are the handiwork
of the young Army Captain Theodore Geisel, best
known as Dr. Seuss, the pen name he used for writing
and illustrating more than 60 children’s books such as
Green Eggs and Ham and The Cat in the Hat. Assigned
to the Animation Department, First Motion Picture
Unit, in Hollywood, California, USA, Geisel worked
with a creative team of artists, cartoonists, writers,
and filmmakers. Among them was Munro Leaf, another prolific author of childrens’ books, including
The Story of Ferdinand. Leaf drafted the text for this
malaria poster and collaborated with Geisel on the
related booklet This Is Ann / She’s Dying to Meet You,
featuring more of their text and illustrations.
Ginny A. Roth, Curator of Prints & Photographs,
History of Medicine Division, National Library of
Medicine, notes that Geisel and Leaf believed that the
various military manuals and guides explaining how
to prevent malaria were “. . . boring and concluded
that soldiers were either not reading them or not making a connection between malaria and mosquitoes.”
How much difference such posters made remains
speculative, but the overall campaign yielded results.
Paltzer writes, “Thanks to the educational efforts of
the Army’s propaganda, and the scientific and industrial base that supplied insecticides and antimalarials,

the Army was able to significantly minimize the effects of malaria on the war effort, contributing in no
small measure to final victory.”
Effective September 15, 1945, an executive order by President Harry Truman shuttered the Office
of War Information, which he had cited for its “outstanding contribution to victory.” The war was over;
however, the need to control malaria has persisted,
although it has been largely controlled in many of the
red-shaded areas on this WWII poster. Still the World
Health Organization reports that in 2019, there were
an estimated 229 million cases of malaria worldwide
and an estimated 409,000 deaths, largely among children in the Africa region. Ann is still drinking blood
and spreading malaria, especially in resource-limited
tropical and subtropical areas.
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Article Title

Zika Virus–Associated Birth Defects,
Costa Rica, 2016–2018
CME Questions
1. Your patient is a newborn infant born to a mother
with confirmed Zika virus (ZIKV) infection. According
to the descriptive analysis by Benavides-Lara and
colleagues, which of the following statements about
prevalence of Zika-related birth defects (ZBD) and
microcephaly among live-born infants in Costa Rica,
March 2016 to March 2018, is correct?
A.
B.

Prevalence of ZBD was 5.3/100,000 births
Mortality within the first year of life among infants with
ZBD was 6.6%
C. Provinces with the highest prevalence of ZBD
were Limón and Puntarenas (58.8/100,000 and
37.1/100,000 live births, respectively)
D. Three-quarters of infants with confirmed or probable
ZBD had microcephaly
2. According to the descriptive analysis by
Benavides-Lara and colleagues, which of the following
statements about clinical and test findings of live-born
infants with ZBD in Costa Rica, March 2016 to March
2018, is correct?
A.

82% had brain anomalies; 95%, neurodevelopmental
abnormalities; 41%, eye abnormalities; and 9% had
hearing loss

B.
C.
D.

Half of the evaluated cases had evidence of ≥1 brain
defect on neuroimaging
Most cases were hypotonic
None of the cases had swallowing problems

3. According to the descriptive analysis by
Benavides-Lara and colleagues, which of the
following statements about clinical and public health
implications of ZBD among live-born infants in Costa
Rica, March 2016 to March 2018, is correct?
A.

B.
C.
D.

Timing of ZBD in Costa Rica relative to peak incidence
of ZIKV infection in pregnant women differed
substantially from that in Brazil, Colombia, and the
United States
Enhancement of existing national birth defects
surveillance identified affected babies and ensured
referral of families to appropriate services
After ZIKV infection in a pregnant woman,
microcephaly is the only congenital anomaly that
should be monitored, and monitoring can stop at birth
Costa Rica’s National Guidelines (CRNG) regarding
surveillance of ZIKV disease in pregnant women
contradict those of the Pan American Health
Organization (PAHO)
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Article Title

Plasmodium ovale wallikeri and P. ovale curtisi
Infections and Diagnostic Approaches
to Imported Malaria, France, 2013–2018
CME Questions
1. You are advising an infectious disease practice
regarding management of patients with Plasmodium
ovale malaria. According to the retrospective
multicenter analysis by Joste and colleagues, which
of the following statements about epidemiologic and
clinical characteristics of P. ovale curtisi (POC) and
P. ovale wallikeri (POW) in infected patients treated
in France from January 2013 to December 2018
is correct?
A.
B.
C.
D.

Patients with POC vs POW infections had worse
thrombocytopenia and shorter latency period
Patients with POC vs POW infections were
significantly more likely to receive intensive care
unit care
Among P. ovale cases, the proportion of POW
infections increased from 44% to 59% between 2013
and 2018
Receipt of prophylactic treatment did not affect
latency period

2. According to the retrospective multicenter
analysis by Joste and colleagues, which of the
following statements about diagnostic test
findings of POC- and POW- infected patients treated
in France from January 2013 to December 2018
is correct?

680

A.

B.
C.
D.

Rapid diagnostic tests (RDTs) detecting aldolase
were more effective than those detecting Plasmodium
lactate dehydrogenase (pLDH) (P < 0.001), with no
difference in efficacy between POW and POC
Species identification for POW and POC were
97% accurate
Country of contamination was strongly associated with
P. ovale tryptophan-rich antigen (potra) genotype
The potra gene was an excellent genetic marker of
relapse

3. According to the retrospective multicenter analysis
by Joste and colleagues, which of the following
statements about treatment and clinical implications
of characteristics of POC- and POW-infected patients
treated in France from January 2013 to December 2018
is correct?
A.
B.
C.
D.

New recommendations from the French Infectious
Diseases Society (SPILF) in 2017 led to marked
increases in chloroquine treatment
POW- vs POC-infected patients were more frequently
treated with artemisinin-based combination therapy
(ACT) (29.2% vs 17.1%; P < 0.001)
ACT treatment was not associated with latency period
Currently, P. ovale relapses are diagnosed mainly by
potra gene sequencing
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