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SYNOPSIS

Childcare Exposure to Severe

Acute Respiratory Syndrome

Coronavirus 2 for 4-Year-0Old
Presymptomatic Child, South Korea

Yoonsun Yoon,! Gwang-Jun Choi,* Ji Yeong Kim, Kyung-Ran Kim,
Hwanhee Park, Jae Kyung Chun,? Yae-Jean Kim?

Data on transmission of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) from preschool-age
children to children and adults are limited. We investigat-
ed SARS-CoV-2 exposure at a childcare center in South
Korea. A 4-year-old child, probably infected by his grand-
mother, 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.

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 (I1-3). 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.-d. Choi); Miryang-si Public Health Center, Miryang,
South Korea (J.Y. Kim, J.K. Chun)

DOI: https://doi.org/10.3201/eid2702.203189
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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 chil-
dren 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 SARS-
CoV-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 popula-
tion of 2.4 million in the southeastern part of the coun-
try) 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. Howev-
er, other regions with no confirmed patients with CO-
VID-19 remained open, including Miryang-si (popula-
tion 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 con-
firmed cases in Daegu (11). Subsequently, his 4-year-
old son was given a diagnosis of COVID-19. The child
had attended a childcare center during his presymp-
tomatic period (February 19-21). In this study, we re-
port the results of an epidemiologic investigation of
potential exposure to a presymptomatic child who at-
tended a childcare center in South Korea.

These authors contributed equally to this article.
2These 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-year-
old 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 pMm,
depending on schedules of parents. The index case-
patient 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 av-
erage 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 be-
fore the child tested positive. Adult staff at the cen-
ter 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 intelli-
gence officers on the basis of surveillance by closed-
circuit 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-pa-
tient. Persons who used the same shuttle bus were
also considered to be close contacts.

Response Measures

After the index case-patient was identified, the cen-
ter was closed. All potentially exposed persons were
quarantined at home for 14 days.

Symptoms of close contacts were actively moni-
tored by the local health authority through phone
calls twice a day. For the remaining persons, passive
reporting through self-assessment for fever or a de-
fined set of newly present symptoms indicative of
COVID-19 was conducted. Acute respiratory symp-
toms 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
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(13) or the COVID-19 screening clinic of Miryang-
si 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 charac-
teristics and presence of symptoms by using stan-
dardized epidemiologic investigation forms. The
investigation was a part of a public health response
and was not considered research subject to institu-
tional review board approval; therefore, written in-
formed consent was not required. Personal informa-
tion 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 Dae-
gu. 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 grand-
mother 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 develop-
ment of fever, cough, and myalgia. The father was
confirmed to have COVID-19 on February 26 (cycle
threshold [C] 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 C, value was 24.6 (positive cutoff
value 37.0) for the child and 32.7 (positive cutoff val-
ue 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

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



Childcare Exposure to SARS-CoV-2, South Korea

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 class-
room. 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 tele-
vision 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 con-
tacts (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 con-
tacts: 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

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

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, subse-
quent testing of nasopharyngeal swab specimens
for these 2 persons showed negative results. The in-
vestigation and monitoring ended on March 6, 2020,
which was 14 days after the last day the child attend-
ed 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 SARS-
CoV-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 per-
sons 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, includ-
ing 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 attend-
ees, and enhanced disinfection of the center (14). Dur-
ing 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 transmis-
sion. 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 child-
care 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). Child-
care-related transmission occurred; there were 2-15
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COVID-19 cases/facility (15). The facility that had 15
patients given a diagnosis of COVID-19 did not re-
quire 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 nonhouse-
hold 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 cen-
ters 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 infec-
tious 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 quar-
antined (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-to-
child transmission or child-to-adult transmission in
that epidemiologic investigation (16).

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



Our findings, along with literature discussed,
might suggest potential low transmissibility of SARS-
CoV-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 investi-
gation was conducted at the early stages of the pan-
demic, 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 commu-
nities that had low transmission rates and good pub-
lic 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 trans-
mission (14,15).

There were also a few reports of school exposure
in older children during the early period of the CO-
VID-19 pandemic. A report of a cluster in the French
Alps included a 9-year-old boy who did not trans-
mit 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 (in-
dex-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 iden-
tified close contacts, only 2 secondary cases, both in
children, resulted from transmission in the school set-
ting; 1 case-patient was infected by another child and
the other case-patient by an adult staff member. How-
ever, there were no details on exposure setting. In Ire-
land, for notifications of SARS-CoV-2 infection before
school closure in March 2020, there was no transmis-
sion 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, includ-
ing music lessons (woodwind instruments) and choir
practice, both of which are high-risk activities for vi-
rus transmission. Studies in France (18) and Ireland
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(20) performed laboratory tests only for symptomatic
persons and might have underestimated asymptom-
atic 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 chil-
dren are not the main drivers of the COVID-19 out-
break (21,22), but it is unclear whether these findings
are caused by low susceptibility, low transmissibil-
ity, 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 mecha-
nisms of their low susceptibility (24,25). However, an
epidemiologic study from China reported a conflict-
ing finding that SARS-CoV-2 exposure rates for chil-
dren were comparable to those for adults (26).

Because children who had COVID-19 had milder
symptoms and a high proportion of subclinical infec-
tions, viral load and transmissibility during the as-
ymptomatic or presymptomatic period is of particu-
lar 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 dur-
ing 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 SARS-
CoV-2 exposure at 1 childcare center. More data on
transmission from young pediatric index case-pa-
tients to other children and adults in educational set-
tings 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 re-
duced 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 eco-
nomic benefits to society and children (33). Our in-
vestigation 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 infec-
tion prevention protocols as good personal hygiene
practices, wearing masks, daily symptom monitor-
ing of staff members and attendees, and disinfection
of possibly contaminated surfaces and items.
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Characteristics of Patients
Co-infected with Severe Acute
Respiratory Syndrome Coronavirus
2 and Dengue Virus, Buenos Aires,
Argentina, March—June 2020
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Cristina Freuler, Alfredo Martinez, Tomas Rivero Equiza, Carolina Rodriguez Peria,
Diego Yahni, Martin E. Stryjewski, for the COVIDENGUE Study Group*

An epidemic of dengue virus and severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) co-infec-
tions occurred in Argentina during 2020. We describe
the clinical characteristics and outcomes in a cohort of
patients hospitalized because of co-infection. We ret-
rospectively identified 13 patients from different hospi-
tals 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 respi-
ratory 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.

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which produces coronavirus dis-
ease (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 Auténo-
ma 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 ma-
jor concern, it has only been reported in individual
patients (3-5). Information from cohorts of co-infect-
ed 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 co-
infected 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 con-
firmed COVID-19. Therefore, all patients had com-
plete information regarding signs and symptoms at
hospitalization, as well as their hospital course. Clini-
cal data were obtained in a predesigned clinical re-
port form by reviewing medical records.

Infection with SARS-CoV-2 was diagnosed by us-
ing real-time PCR of nasopharyngeal swab specimens,
as approved by the Ministry of Health in reference
laboratories. Dengue was diagnosed by either detec-

Members of the COVIDENGUE Study Group are listed at the end
of this article.
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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 pa-
tients. Patients requiring supplemental oxygen were
considered to have moderate-to-severe COVID-19.
Patients were followed up for 4 weeks from their ini-
tial hospitalizations. Descriptive statistics were used.
This study was approved by the Ethic Committee of
Centro de Educaciéon Médica e Investigaciones Clini-
cas (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 hospital-
ization (Table). The median duration of fever was 7
days; 9 (69%) patients had fever for >5 days. Head-
ache was a common symptom among co-infected
patients. A total of 8 patients (62%) had respiratory
symptoms. Symptoms of lower respiratory tract in-
fection were present in 4 (31%) patients; 5 (38%) pa-
tients had ground glass opacities consistent with viral
pneumonia on computed tomography (CT) scans.
Two patients had bilateral infiltrates on a chest ra-
diograph 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 thrombocyto-
penia 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), in-
tense myalgia (3 patients), or thrombocytopenia (2
patients). All patients had a diagnosis of COVID-19
by real-time PCR of nasopharyngeal swabs speci-
mens. 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 con-
version. 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.

Patients Co-infected with SARS-CoV-2 and DENV

Discussion

This report of patients co-infected with SARS-CoV-2
and dengue virus provides several useful observa-
tions. 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 conditiont 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)

QOdinophagia 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)

Median leukocytes x 10° cells/uL 4.3 (2.26-7.9)

Leukopenia, <4 x 10° cells/uL 4 (31)

Median lymphocyte count x 10° cells/uL 0.81(4.1-1.16)

Lymphopenia, <1.5 x 10° cells/pL 12 (92)

Platelets x10%/uL 172 (1 16-196)

<150 x10%/uL 6 (46)
<100 x10%/uL 3(23)

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.
TIncludes 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 concern-
ing 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 Ai-
res, 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 circula-
tion of SARS-CoV-2 and dengue virus, the distinc-
tion 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 25 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, pro-
longed fever was a clinical clue for suspecting co-in-
fection. Other than fever, headache was the most com-
mon symptom in patients with co-infection. Although
headache is common in patients who have dengue in-
fection (>90%) (11) it is less commonly observed in pa-
tients 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 suspi-
cion based on epidemiologic grounds might alert clini-
cians 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 pa-
tients 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 re-
sults 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.
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Patients Co-infected with SARS-CoV-2 and DENV

World Malaria

Day, March 25

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, ac-
cording 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 aspira-
tions for elimination will all require new inter-
ventions 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 progres-
sion or infectiousness associated with initiation of viral
shedding. We investigated household transmission in
5 households with daily specimen collection for 5 con-
secutive days starting a median of 4 days after symptom
onset in index patients. Seven contacts across 2 house-
holds implementing no precautionary measures were in-
fected. 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 fourth-
day specimen in 1 patient and from the fourth- and fifth-
day 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.

he coronavirus disease (COVID-19) outbreak first
recognized in Wuhan, China, in December 2019 is
now a global pandemic (1). Serial intervals for trans-
mission have been estimated (2,3), and presymptom-
atic transmission from confirmed case-patients to
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others has been documented (4-8). In addition, stud-
ies suggest that virus shedding can begin before the
onset of symptoms (7,8) and extend beyond the reso-
lution of symptoms (9). However, data on the initia-
tion and progression of viral shedding in relation to
symptom onset and infectiousness are limited. Inten-
sive early monitoring of household members through
serial (i.e., daily) collection of a respiratory tract spec-
imen for testing by real-time reverse transcription
PCR (rRT-PCR), which could clarify the characteris-
tics of initial viral shedding, has rarely been imple-
mented, although serial self-collection of nasal and
saliva samples was used in a recent study (10). To ex-
amine the transmission dynamics of severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) and
guide public health recommendations, we describe
initial detection and progression of SARS-CoV-2 vi-
ral shedding, as indicated by rRT-PCR positivity for
SARS-CoV-2 and cycle threshold (C) values, in rela-
tion to exposure to an index patient, symptom onset
and duration, and transmission to household con-
tacts who underwent intensive early monitoring with
viral cultures.

Methods

Index patients with laboratory-confirmed SARS-
CoV-2infection 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 eli-
gible 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 speci-
men collected <5 days before enrollment. A sample
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size of 5 households was chosen because of time con-
straints 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 ad-
ministered to all index patients and household con-
tacts by telephone to request demographic informa-
tion 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 self-
declared 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 ques-
tionnaire 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 speci-
mens and blood samples were collected from all in-
dex patients and household contacts. During day 1-4
follow-up visits, nasopharyngeal swab specimens
were collected daily from non-index patient house-
hold 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, investi-
gation 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 posi-
tive for SARS-CoV-2 by rRT-PCR assay) or positive
result (both target gene regions positive) after an rRT-
PCR-negative test (i.e., first detection of viral shed-
ding), 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 rRT-
PCR that were collected on day 14 with C_ values

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27 No. 2, February 2021
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<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 coro-
navirus (2019-nCoV) real-time RT-PCR assay (12);
viral cultures were performed at CDC (13). Naso-
pharyngeal specimens were transported at 4°C in vi-
ral 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 house-
hold members completed a daily symptom diary.
Symptoms were grouped according to Council of
State and Territorial Epidemiologists (CSTE) catego-
ries of classic (cough, shortness of breath, or discom-
fort 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. C,
values were categorized as low (<20), medium (20-
30), and high (>30). Lower C, values indicated that
more viral RNA was detected in the specimen.

This protocol was reviewed by CDC human sub-
jects 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 adminis-
tration, 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 per-
sons). 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 on-
set 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 con-
tacts in the study. The 8 contacts from the remaining
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3 households did not become infected during the in-
vestigation (Figure 1). The median number of days
between symptom onset in index patients and symp-
tom onset in SARS-CoV-2-positive household con-
tacts 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 nega-
tive, median age was 45 years (range 14-67 years).
Forty percent (2/5) of index patients, 43% (3/7) of

354

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-Appl.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 15-

day study period are ordered by
individual households (HH-01-HH-
05). 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. C, cycle threshold; HH,
household; rRT-PCR, real-time
reverse transcription PCR; SARS-
CoV-2, severe acute respiratory
syndrome coronavirus 2.

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

Classict 4 (80.0) 5(71.4) 2 (25.0)

Nonclassict 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)

Constitutionaltt 4 (80.0) 7 (100.0) 5 (62.5)

Gastrointestinalif 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.

tCough, shortness of breath, or discomfort breathing.
1>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.
{ILoss 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.
TtChills, fever (measured or subjective), fatigue, or myalgia.
F1Abdominal 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, abdomi-
nal pain, and diarrhea were each reported by <33%.
Nonclassic and asyndromic symptoms were also re-
ported 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
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positive for SARS-CoV-2 were hospitalized or experi-
enced 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 03-
00) with day 14 specimens positive for SARS-CoV-2
by rRT-PCR, 3 with C, 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

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; C, cycle
threshold; rRT-PCR, real-time reverse transcription PCR; SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2

356

intimate contact (e.g., hugging or kissing) after symp-
tom 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

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



(03-00) between her symptom onset and the diagno-
sis; 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 disinfec-
tion of surfaces and handwashing after diagnosis in
the index patient. In HH-04, between symptom on-
set 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 con-
tact 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 dis-
infected surfaces regularly.

The 2 households (40%) where all contacts be-
came 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 posi-
tive also reported intimate contact with the index pa-
tient after symptom onset, compared with 2/8 (25%) of
household members who tested negative.

In HH-02, which consisted of a male index pa-
tient, 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 (02-
01 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-year-
old wife (02-01), who had ongoing exposure to the
index patient for the duration of his illness, had C,
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 C,
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 C, 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
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positive at day 14, with a high C, value and no vi-
able 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 C, value and
reported onset of a sore throat. On day 3, she tested
positive with a medium C, value, reported onset of
chills and fatigue, and had a positive viral culture, be-
fore 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-year-
old 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 asyn-
dromic 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 re-
ported 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 (05-
04) 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 C, values for her
first 2 team-administered tests (days 0-1), whereas
the 11-year-old girl had generally milder illness and
high C, 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 C, value and reported onset of a cough.
Her next 2 positive tests (days 3-4) had low C, values,
coinciding with onset of additional symptoms (chest
pain, myalgia, and loss of taste and smell) and posi-
tive 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 self-
isolate 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 con-
tacts of index COVID-19 patients starting <2 days
before and <3 days after the observed initiation of vi-
ral 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 house-
hold studies (10,11,15). Timely enrollment in our in-
vestigation (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 C value, and the second day of shedding
corresponded with a lower C, value, a positive viral
culture, and the onset of new symptoms. These obser-
vations suggest that although the initiation of shed-
ding marks the beginning of potential infectiousness,
higher likelihood of virus transmission (indicated by
positive viral culture) might coincide with lower C,
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
C, values and occurred for 1-2 days before symptom
onset. In 1 patient (02-01), the onset of symptoms co-
incided with a progression from high to medium C,
value, and new, additional symptoms coincided with
further progression from medium to low C, values.
These findings mirror previous observations of pre-
symptomatic 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 respira-
tory 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 symp-
toms. In HH-05, of the 3 contacts who had lower re-
spiratory 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
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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 isola-
tion practices could have been effective in prevent-
ing transmission. Findings from the 2003 SARS-
CoV-1 epidemic showed that isolation of a patient
before peak shedding was effective in reducing
household transmission (18), and our results sug-
gest that adopting precautionary measures can be
effective in preventing secondary household trans-
mission. 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 suf-
ficient 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 transmis-
sion to all contacts consisted of parents and their ad-
olescent or preadolescent children. In these house-
holds, childcare needs and difficulties maintaining
full isolation caused members to eschew precau-
tionary practices, particularly after other household
members were known to be infected.

Our study has some limitations. First, our house-
hold 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, al-
though all SARS-CoV-2-positive contacts had symp-
tom onset >2 days (the estimated minimum incuba-
tion period) after the corresponding index patient, we
cannot rule out the possibility of transmission from
1 presymptomatic household contact to another con-
tact. Finally, symptom data relied on self-reporting,
and symptoms might have been present before or af-
ter 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 con-
tribute to whether virus shedding or symptom onset
is observed first.

In conclusion, our findings indicate that shed-
ding 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
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who have had close contact with someone with con-
firmed COVID-19 should limit close contact with oth-
ers, including household members, for 14 days. Per-
sons 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 house-
hold 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 or-
ders 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 con-
firmed 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 de-
scriptive 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 des-
ignated 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 pregnan-
cy). A total of 91% had microcephaly (head circumfer-
ence >2 SDs below mean for age and sex), 64% severe
microcephaly (head circumference >3 SDs below mean
for age and sex), 95% neurodevelopmental abnormali-
ties, 82% brain anomalies, 41% eye abnormalities, and
9% hearing loss. Monitoring children for >1 year can in-
crease identification of ZIKV-associated abnormalities in
addition to microcephaly.

ika virus (ZIKV) is an RNA virus of the Flaviviri-

dae family and is transmitted primarily by mos-
quitos 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 de-
fects (ZBD) (9). The 5 key characteristics of that phe-
notype 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, congeni-
tal 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 stud-
ies 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, Cos-
ta Rica was among countries with the highest preva-
lence of microcephaly in Latin America; microcephaly
prevalence during 2011-2015 was 4.2 cases/10,000 live
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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 labora-
tory-based surveillance for ZIKV disease; in February
2016, the NBDSS, along with health authorities, initi-
ated ZBD surveillance (Figure 1). To characterize the
effects of the Zika virus outbreak on live-born infants,
we reviewed enhanced surveillance data for birth de-
fects and the clinical characteristics of infants with con-
firmed 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 Na-
tional Council of Health Investigation.

Methods

Birth Defects Surveillance System

We conducted a descriptive analysis based on retro-
spective 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 ex-
ternal 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 differen-
tial 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 mea-
surement >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/pre-
term-growth-chart/ preterm-growth-chart). Congeni-
tal 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 fol-
lowing 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) dur-
ing pregnancy

* Any live-born infant with >2 of the following
findings (or 1 + microcephaly), regardless of labo-
ratory findings in the mother or infant or mater-
nal ZIKV symptoms during pregnancy:

o CNS: intracerebral calcifications, cerebellar
hypoplasia, thinning of the cerebral cortex,
corpus callosum anomalies, ventriculomeg-
aly or increased extra-axial fluid, abnormal
pattern of cerebral gyri (e.g., polymicrogyria,
lissencephaly), and specific neurodevelop-
mental findings (e.g., psychomotor develop-
ment delay, spasticity, persistent irritability,
seizures, swallowing disorders, movement
abnormalities, or extrapyramidal changes)

© Sensorineural deafness

o Eye: structural abnormalities (e.g., microph-
thalmia, coloboma, cataracts or intraocular
calcifications; posterior pole anomalies such
as chorioretinal atrophy, optic nerve abnor-
malities, focal retinal pigment mottling)

© Arthrogryposis or multiple joint contrac-

tures 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-en-
demic area or has close contact with ZIKV-posi-
tive 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 be-
fore 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 re-
viewed, and the infant was referred to a pediatrician
and the congenital infection clinic (CIC). A multidisci-
plinary assessment of the child was conducted and in-
cluded evaluation by pediatricians and the CIC; labo-
ratory 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 comple-
mentary testing such as chromosomal or fluorescence in
situ hybridization analysis, cardiac or abdominal ultra-
sonography, computerized tomography, and special-
ized 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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* Confirmed case-patients were infants with ZBD (clin-
ical 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 epide-
miologic 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 (clini-
cal criteria) who had negative ZIKV results by rRT-
PCR 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 de-
fects notrelated 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 infec-
tion, or no clear exposure to ZIKV during pregnancy.
Excluded cases also included infants who had other
known etiologies for microcephaly or the birth de-
fect or had a presumed syndrome of undetermined
cause. This group also included infants with a
diagnosis of microcephaly at birth whose head

Zika Virus—Associated Birth Defects, Costa Rica

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 surveil-
lance and compared the prevalence ratio for micro-
cephaly 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 character-
ize infants with ZBD, we used the mother’s province
of origin; mother’s history of exposure to ZIKV dur-
ing 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 mi-
crocephaly 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 155 (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
Chromosome anomaly, n = 11
Ring chromosome 4. Possible Wolf-Hirschhorn
Mosaic 47,XYY/46,XY
Trisomy 13
Trisomy 18
Trisomy 21
STORCH, n =13
Congenital syphilis
Congenital toxoplasmosis
Rubella
Congenital cytomegalovirus
Congenital hepatitis B
Birth defects (isolated, multiple nonsyndromic), n = 38
Anencephaly and rachischisis
Congenital heart defect
Craniosynostosis
Gastroschisis
Hydranencephaly and hydrocephaly
Microcephaly, constitutional or familial
Multiple malformations of unknown cause
Partial agenesis of the corpus callosum
Cleft palate
Diseases, maternal conditions, or problems at delivery, n =
Maternal alcoholism or drug use
Hypoxic encephalopathy or acute fetal distress at
birth
Maternal ossifying myositis
Maternal hyperthyroidism
Pregnancy-induced hypertension with or without
pre-eclampsia
Maternal chronic arterial hypertension
Maternal tuberculosis
Maternal epilepsy
Other genetic diseases or other specific syndromes
of the infant, n = 16
Crouzon syndrome
Septo-optic dysplasia
Holoprosencephaly
Cystic fibrosis
Roberts syndrome (possible)
Meckel Gruber syndrome (possible)
Aicardi Goutieres syndrome (probable)
Russel Silver syndrome
Familial syndrome not specified
Newborn with microcephaly with subsequent normal
head circumference and no other findings, n = 99t
Term newbornst 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.
TNewborns that do not belong to any other category of causes.
FIncludes 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. Postnatal-
onset microcephaly developed in 5% (12/243), and
no microcephaly but other criteria that met the defi-
nition 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 labora-
tory 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 syphi-
lis (65%, 159/243), rubella (87%, 211/243), cytomega-
lovirus infection (69%, 168/243), and toxoplasmosis
(68%, 166/243).

Among infants with suspected ZBD, 68%
(165/243) underwent head ultrasonography or com-
puted 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 classi-
fied as probable. These infants had cerebral anoma-
lies, microcephaly, hypertonia, multiple joint contrac-
tures (n = 2), and optic nerve hypoplasia (n = 1), and
were born to immigrant mothers from highly ZIKV-
endemic areas.

Most infants with ZBD were full-term new-
borns (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 rRT-
PCR; Figure 2); among 11 infants classified as proba-
ble, 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 preva-
lence of ZBD were Limén (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 tri-
mester 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); on-
set was postnatal for 9% (2/22 cases). Two infants
who did not have microcephaly were born to moth-
ers who had confirmed ZIKV infection during the
second trimester of pregnancy. One of these infants
had cortical atrophy seen with head ultrasonog-
raphy, scarring of the macula, strabismus, central
hypotonia and peripheral hypertonia, swallowing
difficulties, epilepsy and global neurodevelopmen-
tal delay; the other infant had normal brain images
and neurodevelopment, but atrophic scarring in-
volved 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 reso-
nance imaging, or both), and the other underwent
head CT. Among these infants, 82% (18/22) had evi-
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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 au-
diologic 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 de-
lay. Other frequent manifestations included multiple
contractures, seizures, movement anomalies, swal-
lowing 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 Unit-
ed 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 con-
firmed 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 mi-
crocephaly, 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 mi-
crocephaly increased >4-fold (Colombia, French
Polynesia, United States) (7,24,25) and up to 9-fold

(Brazil) (30,31). Heightened awareness of the pos-
sible association between congenital ZIKV infec-
tion and microcephaly, as well as country-specific
protocols to improve identification of this tradi-
tionally underascertained birth defect, probably
contributed to increased prevalence estimates (32).
Additional efforts were necessary to differentiate
microcephaly as a component of ZBD from mi-
crocephaly 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 Limén) 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
maternal sample

Without laboratory evidence in

maternal sample

Trimester Trimester Asymptomatic
Cases | Il 111 Subtotal | Il 1] Subtotal  mothers, subtotal Total
Confirmedt 2 1 0 3 4 2 0 6 2 11
Probablet 0 2 0 2 0 3 0 3 6 11
Total, no. (%) 29 3014 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.
tDesignated 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).

fDesignated 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 moth-
ers 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 chorioreti-
nal scars or abnormal macular pigmentation and
papillary/optic nerve atrophy. Several case series
reported the same findings for 24%-55% of case-pa-
tients (9), mainly children of mothers infected with
ZIKV during the first trimester (35,36). ZIKV-associ-
ated eye defects were found without microcephaly
in 10/24 (42%) infants born to mothers with rRT-
PCR-confirmed ZIKV infection during pregnancy; 8
(33%) of these infants had no abnormal brain find-
ings (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 test-
ing. One study that specifically evaluated hearing
loss in children with birth defects found sensori-
neural deafness in 6% by using auditory brain re-
sponse testing (37); most cases also had neurode-
velopmental anomalies previously described in the
literature (9-12,26,38). The most frequent neuro-
developmental anomalies were tone abnormalities
(primarily hypertonia), movement anomalies, and
congenitaljointcontractures. Someneurologicand de-
velopmental alterations associated with microceph-
aly are secondary to CNS damage caused by ZIKV.
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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 limita-
tions. Findings are based on a passive surveillance
system enhanced with confirmation of the diagno-
sis; thus, information depends on the completeness
of reporting, case ascertainment, and workup of
suspected cases to verify microcephaly and deter-
mine which cases are probably ZIKV associated.
The NBDSS collects data on live births only; find-
ings are not generalizable to stillbirths and miscar-
riages. 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 re-
sult, all by ZIKV IgM ELISA and only 1 by rRT-
PCR. Nonspecific reactivity resulting in a false-pos-
itive IgM result might have led to misclassification
of cases as confirmed; however, false-positive I[gM
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 sensi-
tivity 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 neutraliza-
tion 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 de-
fects in infants classified as having probable cases.

The Pan American Health Organization recom-
mends 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). Popula-
tion-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 moni-
tor 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 re-
sult for ZIKV (Table 2); had the enhanced birth de-
fects surveillance system not been implemented, 77 %
of cases would not have been linked to ZIKV. In ad-
dition, 60%-80% of ZIKV infections are asymptom-
atic, 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 sur-
veillance of pregnant women with laboratory-con-
firmed 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 reportedt 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 reportedt 0 1(9) 1(5)

*ABR, auditory brain response test.

tThese 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.

fIncludes 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 strengthen-
ing of NBDSS is essential, as recommended by the
World Health Organization at its 63rd World Health
Assembly (Resolution WHAG63.17, https://apps.
who.int/gb/ebwha/pdf_files/WHA63-REC1/
WHAG63_REC1-en.pdf). Microcephaly is not the only
congenital anomaly that should be monitored after
ZIKV infection; other birth defects, such as con-
genital 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 addi-
tional associated abnormalities such as deafness, eye
or vision anomalies, postnatal onset of microcepha-
ly, and substantial neurodevelopmental abnormali-
ties. Other neurodevelopmental disabilities might
become apparent after 1 year of age; thus, following
children to 3 years of age is valuable and may en-
hance 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 dur-
ing January 2013—-December 2018. P. ovale wallikeri in-
fections 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 fre-
quently 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 re-
veals an insufficient polymorphism for relapse typing.

alaria is a vectorborne disease caused by Plas-

modium, a parasite transmitted by Amnopheles
mosquitoes. In 2018, malaria was responsible for ~228
million cases and 405,000 deaths worldwide (1). Plas-
modium 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 recommenda-
tions, 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 efficien-
cy of rapid diagnostic test (RDT) detection (5), P. ovale
infections are difficult to diagnose. Consequently, in-
fections 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 spe-
cies, 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 la-
tency 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 charac-
terization relies on microscopic diagnosis and medical
history. No consensus molecular method for P. ovale
spp. relapse typing is reported. However, P. ovale tryp-
tophan-rich antigen (potra) gene sequencing has previ-
ously been used for genotyping purpose (13,14).

At the microscopic level, the only observable differ-
ence between the species is a lack of Schiiffner granula-
tions in P. ovale wallikeri infected erythrocytes (15). How-
ever, this feature is rare and difficult to see, which makes
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P. ovale species distinction almost impossible even for an
experienced microscopist. Molecular biology is a prom-
ising tool and is both sensitive and specific for the dif-
ferentiation 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 (qQPCR) was developed in 2013 (17).

In this study, we conducted a large retrospective
multicenter analysis of imported P. ovale cases. Epide-
miologic, clinical, and biologic characteristics of 309
P. ovale curtisi- and 368 P. ovale wallikeri-infected pa-
tients treated in France during January 2013-Decem-
ber 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 (FF-
NMRC) 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 cor-
respondents also reported demographic, epidemio-
logic, 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 pL of whole blood
samples by using Magnapure automaton (Roche Di-
agnostics, https:/ /diagnostics.roche.com) and eluted
in 100 pL of elution buffer, =according to the manu-
facturer’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 trophozoites was visualized after exam-
ination 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 pL) = patient leukocyte
count (per pL) X (no. parasites counted)/(no. leuco-
cytes counted), according to World Health Organiza-
tion (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-Tagman (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 Plasmol_F and
Plasmo2_R primers. The method development and val-
idation was described previously (21). In brief, gPCR-
HRM 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 Tm, and Tm,,
and the ATm between the 2 Tm was calculated.

For uncertain results (i.e., only 1 Tm on melting
plot analysis [21]), nested PCR was performed by us-
ing rPLU1 and rPLUS5 primers in the first PCR reaction
and rOVA1/rOVA2 for P. ovale curtisi amplification
or rOVA1lv/rOVA2v for P. ovale wallikeri amplifica-
tion 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 detect-
ing 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.coredi-
agnostics.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),epidemiologicdata (trippurpose, visitedcountry,
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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 symp-
tom onset, fever, headache, asthenia, and arthralgia
or myalgia, as well as free symptomatology descrip-
tion for other symptoms, antimalarial treatment
used, hospital or ambulatory regimen, and dura-
tion of hospitalization). Severe malaria biologic and
clinical signs, adapted from the severe P. falciparum
WHO recommendations (4,26), and relapsing P. ova-
le 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 infec-
tion by subtracting the date of return from travel to
the onset of the symptoms as defined by Rojo-Marcos
etal. (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 de-
termined. We looked for false or incomplete micro-
scopic diagnosis (Plasmodium spp.) to estimate the po-
tential effect on P. ovale microscopic diagnosis of the
described lack of Schiiffner 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 Na-
tional Reference Centers in France, in coordination
with the Santé Publique France organization for ma-
laria surveillance and care. The study of the biologic
samples obtained from routine medical care was con-
sidered 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 be-
fore analysis.

potra Sequencing and Analysis

We amplified potra fragments as previously de-
scribed (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. ova-
le 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 Kolmogorov-
Smirnov 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 Stu-
dent t-test was used; otherwise, a Mann-Whitney U-
test was performed to compare medians. Proportions
were compared by using the x> 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 Plasmo-
dium spp. infection cases were reported to FNMRC,
including 765 P. ovale infections. Seventeen cases were

P. ovale and Imported Malaria, France, 2013-2018

excluded from the analysis because blood sample were
unavailable. After exclusion of co-infections and inclu-
sion 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 qP-
CR-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 ATm of 1.62-2.69, and P. ovale curtisi had
a ATm of 2.84-4.22.

Patients’ Demographic and

Epidemiologic Characteristics

P. ovale wallikeri and P. ovale curtisi showed simi-
lar 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 wallik-
eri infections increased from 44% to 59% during Janu-
ary 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.
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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-Appl.pdf).

For well-followed chemoprophylaxis (n =77), the
main treatments used were doxycycline (48%), atova-
quone/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 wal-

likeri infections were similar (median 4,500 para-
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sites/pL [interquartile range (IQR) 1,094-10,197
parasites/puL] for P. ovale curtisi vs. median 3,970
parasites/pL [IQR 598-9,240 parasites/uL] for P.
ovale wallikeri). We noted 8.5% of species misiden-
tification for P. ovale curtisi and 9% for P. ovale wal-
likeri (Figure 1).

Aldolase and pLDH-RDT Efficiency

We compared the diagnostic performance of aldol-
ase-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
Immigrantt 23 (11.6) 21 (8.6)
Travelert 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.

1A person who was born and lived in Africa.
TA person who lived in a non—Plasmodium-endemic country.

strongly associated with parasite density. Percentage
of positive RDT results increased with parasite den-
sity 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 nega-
tive aldolase-RDT result for both species (median 6,612
parasites/uL [IQR 2,410-14,175 parasites/uL] for P.
ovale wallikeri vs. median 1,287 parasites/pL [IQR 450-
4,500 parasites/uL] for P. ovale curtisi; p<0.001) (Figure
4). Similarly, the parasite density of positive pLDH-
RDT P. ovale wallikeri samples were significantly high-
er than those of negative pLDH-RDT (median 11,000
parasites/uL [IQR 3,960-52,910 parasites/pL] vs. me-
dian 3,227 parasites/uL [IQR 551-7,118] parasites/
uL; p<0.001). Vikia (bioMérieux) aldolase-RDT had a
greater accuracy for detecting P. ovale infections com-
pared than did Binax Now (Abbott) (59.3% vs. 40.9%;
p<0.001) and a better sensitivity (median 4,230 para-
sites/uL [IQR 1,205-9,450 parasites/pL] for positive
Vikia vs. median 8350 parasites/pL [IQR 4,032-16,166
parasites/ uL] 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 cur-
tisi (Table 3), but reported symptomatology and dis-
ease 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). Com-
pared with patients who did not take prophylactic
treatment, patients who reported well-managed pro-
phylactic treatment had longer latency periods (me-
dian 90 days [IQR 47-177 days] vs. median 30 days
[IQR 8-125 days]; p<0.001). Uncompleted prophylac-
tic 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. me-
dian 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 symp-
tomatic patients returning from West Africa during
the malaria season than in low-transmission or no-
transmission 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 re-
ported 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 cri-
teria (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 in-
termediate 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*

RDT Parasite density, LDH Aldolase
result parasites/uL 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.
tProportions of positive and negative LDH or aldolase-RDT were compared for P. ovale wallikeri and P. ovale curtisi by using a % test.
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p<0.001), but no association was found between ACT
treatment and parasite density, between ACT treat-
ment and platelet count, or between ACT treatment
and positive and negative RDTs. Patients treated with
ACT did have shorter latency periods than other pa-
tients (median 33 days [IQR 11-111 days] vs. 54 days
[IQR 15-170 days]; p = 0.025) and patients with la-
tency 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 Dis-
eases Society in France (La Société de Pathologie In-
fectieuse de Langue Francaise) 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 oc-
curred (52.5% before the revisions and 47.2% after).

For the period analyzed, no statistically signifi-
cant 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. ova-
le 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), (AITPIN), for P. ovale wallikeri and
(TINPIN),(TITPIS), 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 wal-
likeri 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
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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 RDTSs; 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 hospital-
ized in intensive or intermediate care. Six of those
patients did not have WHO-defined severe malaria
criteria (26). Hospitalization in intensive or inter-
mediate care for non-WHO-defined severe malaria
was previously described in uncomplicated malaria
patients with P. falciparum (34) or P. vivax (35) infec-
tions. 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 Francaise updated malaria management
recommendations (4) and proposed the use of ACT
as first-line treatment for all Plasmodium spp. infec-
tions and placed atovaquone/proguanil as a second-
line treatment. Our data confirmed that physicians
followed the new guidelines with a clear change
between ACT and atovaquone/proguanil prescrip-
tion 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/uL, 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 treat-
ment 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 combina-
tion of low platelet count and short latency delay in
Plasmodium infections are suggestive of P. falciparum
infection (36). In the context of emergency care be-
fore species confirmation, those features might have
influenced the prescription of ACT. Because they
were seen more frequently in P. ovale wallikeri infec-
tions, 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 phe-
nomenon 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 origi-
nally diagnosed by microscopic analysis. Species mis-
identification occurred for 8.8% of the samples, and the
main misidentification was between P. malarige 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 diag-
nostic 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 diagno-
sis. To supplement this deficiency, we analyzed the abil-
ity of aldolase and pLDH-RDTs to detect P. ovale wallik-
eri and P. ovale curtisi infection (Table 2). Aldolase-RDTs
detection was definitively more accurate for P. ovale di-
agnosis 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 dis-
crepancy might be explained by lactate dehydrogenase
protein polymorphisms in P. ovale (37) affecting affin-
ity of RDT-antibodjies for P. ovale lactate dehydrogenase
(38). Tang et al. (39) compared the efficiency of several
pLDH-RDTs and confirmed variable diagnostic per-
formance 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 in-
creased 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 (hypnozoites) induces relapse episodes of fe-
ver and parasitemia (2,40). Relapsing malaria was ob-
served in only 3.5% of the included patients, a lower
prevalence than previously reported (14). This differ-
ence is probably linked to the recommendations in
France that advises systematic primaquine treatment
of all P. ovale-infected patients, even for the first epi-
sode (except for major contraindication such as G6PD
deficiency, pregnancy, and breastfeeding) (4). Cur-
rently, diagnosis of P. ovale infection relapse is mainly
based on clinical data. potra gene sequencing has been
used to distinguish reinfection from relapse by geno-
typing 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

P. ovale and Imported Malaria, France, 2013-2018

Figure 5. Effects of the new ACT treatment recommendations
for Plasmodium spp. infections from La Société de Pathologie
Infectieuse de Langue Francaise, 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 un-
completed online patient form filling (Appendix Table
2), we might lack statistical power to highlight differ-
ences in some rare infections features, such as hospital-
ization in intensive or intermediate care. In addition,
our study is retrospective and might suffer from miss-
ing 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 peri-
ods. 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);(AITPIN), 43 (88) HMG594180
263 (MANPIN);(AITPIN); 2 (4) MG588149
263 (MANPIN)(AITPIN), 1(2) MG588148
281 (MANPIN)(AITPIN); 3(6) MG588150

P. ovale curtisi 299 (TINPIN);(TITPIS), 26 (63) MG588152
317 (TINPIN);(TITPIS), 13 (32) HM594183
335 (TINPIN)4(TITPIS), 2 (5) MG588154
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care admission in P. ovale wallikeri-infected patients.
Because of missing data and lack of power, this obser-
vation was not statistically significant and needs to be
confirmed by a large, prospective study.
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Vincennes), Sébastien Larréché (Bégin Hospital,
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Nadia Guennouni (Kremlin-Bicétre), 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), Angele Li (Creil),
Bernadette Cuisenier (Dijon), Louise Basmacyan (Dijon),
Annie Motard-Picheloup (Fréjus St-Raphaél), Cécile
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(Lyon), Léo Vidoni (Lyon), Marie-Laure Bigel (Mantes-la-
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I'Ollivier (Marseille), Nicole Desbois-Nogard Nicole
(Martinique), Hélene Broutier (Meaux), Patrick Bastien
(Montpellier), Alain Gravet (Mulhouse), Caroline
Lohmann (Mulhouse), Anne Debourgogne (Nancy), Fakhri
Jeddi (Nantes), Rose-Anne Lavergne (Nantes), Marie-
Elisabeth Bougnoux (Necker Hospital, Paris), Emilie
Sitterle (Necker Hospital, Paris), Christelle Pomares Estran
(Nice), Pascal Delaunay (Nice), Milene Sasso (Nimes),
Victor Mercier (Nimes), Laurence Lachaud (Nimes)
Bernadette Buret (Niort), Didier Poisson (Orléans), Jérome
Guinard (Orléans), Aurélie Guigon (Orléans), Oussama
Mouri (Pitié-Salpétriere Hospital, Paris), Estelle Perraud-
Cateau (Poitiers), Gwénaél le Moal (Poitiers), Antoine
Huguenin (Reims), Sorya Belaz (Rennes), Anne Delaval

382

(Aulnay-sous-bois), Cécile Leprince (Aulnay-sous-bois),
Jean-Yves Siriez (Robert Debré Hospital, Paris), Lauren
Pull (Robert Debré Hospital, Paris), Odile Fenneteau
(Robert Debré Hospital, Paris), Loic Favennec (Rouen),
Gilles Gargala (Rouen), Ghania Belkadi (Saint-Antoine
Hospital, Paris), Cécile Tournus (Saint-Denis), Samia
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To improve recognition of coronavirus disease (CO-
VID-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 nonhospi-
talized 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 multi-
variable analysis, vomiting, dyspnea, altered mental sta-
tus, dehydration, and wheezing were significantly associ-
ated 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 dis-
ease, and anosmia, ageusia, lower respiratory symptoms,
and gastrointestinal symptoms occurred later. Symptoms
should be considered alongside other epidemiologic fac-
tors in clinical and public health decisions regarding po-
tential COVID-19 cases.

evere acute respiratory syndrome coronavirus
2 (SARS-CoV-2), the virus that causes coronavi-
rus 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 CO-
VID-19 outbreak a public health emergency of inter-
national 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 bur-
den on the nation’s healthcare system, necessitating
triage of patients and the prioritization of testing.

Initially, the most common symptoms of COV-
ID-19 were reported to be fever, cough, and dyspnea
(7-9). However, asymptomatic infections and addi-
tional 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 ex-
perience 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 pa-
tients. Literature regarding symptoms experienced
by nonhospitalized COVID-19 patients is growing,
but information summarizing symptom duration,
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2Members of the team are listed at the end of this article.
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progression, and statistical comparison to hospital-
ized patients remains limited. To improve COV-
ID-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 pa-
tients 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 iden-
tified from laboratory-confirmed COVID-19 cases re-
ported 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-re-
ported illness onset during March 9-31, 2020; and re-
sided in 1 of the 9 counties (Adams, Arapahoe, Boul-
der, Denver, Douglas, El Paso, Jefferson, Larimer, and
Weld) that account for ~80% of Colorado’s popula-
tion. 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 hav-
ing an epidemiologic link to a confirmed case, though
travel to an area with ongoing community transmis-
sion was required for testing early in this period. To
obtain interviews from at least 300 patients (200 non-
hospitalized 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 inclu-
sion criteria.

Data Collection

At least 3 attempts were made to contact each se-
lected patient on at least 2 separate days, at dif-
ferent 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 un-
able 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
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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 percent-
ages were calculated and stratified by hospitaliza-
tion status. We calculated odds ratios (ORs), 95%
Cls, and p values to identify COVID-19 symptoms
associated with hospitalization. Multivariable logis-
tic regression was conducted to construct a model
examining association of all symptoms with hospi-
talization status, while adjusting for demographic
variables associated with hospitalization for COV-
ID-19 (i.e., male sex, age >65 years, and Hispanic eth-
nicity) (Appendix Table, https://wwwnc.cdc.gov/
EID/article/27/2/20-3729-Appl.pdf). A reduced
multivariable model was constructed by using pur-
poseful 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 de-
gree of collinearity; no other significant collinearity
was identified.

Median and interquartile ranges (IQRs) were cal-
culated for duration and timing of individual symp-
toms in relation to overall onset of illness. To account
for patients who died and the large proportion of pa-
tients who were still symptomatic at the time of inter-
view, 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 truncat-
ed 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 Internation-
al 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 a = 0.05, and all test-
ing was 2-sided.

Ethics Considerations

This investigation received a nonresearch determina-
tion as a public health response from human subjects
advisors at the Centers for Disease Control and Pre-
vention. The investigation was considered a public
health response to a notifiable disease by the Colo-
rado 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 partici-
pate, 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 Hispan-
ic. Almost all patients (345 [95%]) reported having
health insurance; 128 (35%) patients were hospital-
ized, and 18 (5%) died. Compared with nonhospital-
ized 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, inves-
tigation 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 symp-
toms (13 [IQR 9-16]) than proxies reported (6 [IQR
4-10]). Proxies were interviewed more frequently for
hospitalized patients than for nonhospitalized pa-
tients (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 hospi-
talization 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 common-
ly reported among both hospitalized (122 [95%]) and
nonhospitalized (234 [99%]) patients (Table 2). Symp-
toms 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, an-
osmia, or ageusia) were reported by 87 (68%) hospi-
talized 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
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by hospitalized patients (60 [47%]). Gastrointestinal
symptoms (i.e,, nausea, vomiting, diarrhea, or ab-
dominal pain) were reported by 58% of participants,
regardless of hospitalization status.

The most frequently reported symptoms were
similar for hospitalized and nonhospitalized partici-
pants (Table 2). Among 128 hospitalized patients, the
most commonly reported symptoms were fever (108
[84%]), fatigue (106 [83%]), cough (93 [73%]), and dys-
pnea (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 pa-
tients, 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.

387



SYNOPSIS

patients reported fever, cough, or dyspnea. Of the 12
participants not reporting these symptoms, the most
commonly reported symptoms were fatigue (7 pa-
tients), anosmia (6 patients), ageusia (6 patients), an-
orexia (6 patients), and diarrhea (5 patients).
Participants who reported altered mental status
and vomiting had at least twice the odds of being hos-
pitalized (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 hos-
pitalization. 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 multi-
variable 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 wheez-
ing (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 symptomi 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 Gl symptom# 74 (58) NC 136 (58) NC NC NC

Individual symptoms
Fever** 108 (84) ** 196 (83) o 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 coughtt 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

*Gl, gastrointestinal; IQR, interquartile range; LRI, lower respiratory tract infection; NC, not calculated; OR, odds ratio; URI, upper respiratory tract

infection.

tGeneral 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.

TURI 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).

tTAny 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% CI1 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 hospital-
ized and nonhospitalized patients were cough (25%
for hospitalized and 21% for nonhospitalized pa-
tients) 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 hospital-
ization status.

Little variation was observed between hospital-
ized and nonhospitalized patients in terms of symp-
tom progression (Figure 2). Upper respiratory symp-
toms 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 low-
er respiratory tract (except cough) were generally re-
ported to occur 2-4 days after illness onset. Gastroin-
testinal 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 hos-
pitalized patients (36 days; p<0.01) than in patients
who were not hospitalized (18 days; p<0.01) (Appen-
dix Figure). The median duration of most individual

Symptom Progression in Patients with COVID-19

symptoms was <10 days; notable exceptions were fa-
tigue for both hospitalized (14 days [IQR 9-27 days])
and nonhospitalized (12 days [IQR 7-15 days]) par-
ticipants 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 hospi-
talized patients were >2 times those of nonhospital-
ized 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 symp-
toms than previously reported (18-21). This dis-
crepancy is likely in part a result of our approach of
collecting symptom data through standardized inter-
views compared with other reports that are based on
data extracted from medical records. Data taken from
medical records generally capture the most promi-
nent 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.
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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 throatt 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.
TIndicates 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 CO-
VID-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 re-
gardless of hospitalization status, which was similar
to findings from previous reports examining symp-
toms through interviews with hospitalized and non-
hospitalized patients (17,26). The rates of gastroin-
testinal 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 an-
other study in which 19% of hospitalized COVID-19
patients had chart-documented diarrhea or abdomi-
nal 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 prospec-
tive investigation of nonhospitalized COVID-19 pa-
tients, in which only 23% of patients reported gastro-
intestinal 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 ill-
ness (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 nonhospital-
ized patients, we found that patients reporting cer-
tain lower respiratory symptoms (wheezing and
dyspnea), altered mental status, vomiting, and de-
hydration had higher odds of hospitalization. This
finding is not surprising, because many of these
symptoms would likely prompt a clinician to rec-
ommend 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 com-
monly reported by nonhospitalized patients (17).
Among all symptoms we associated with hospital-
ization, only dyspnea has been statistically associ-
ated with more serious disease, as measured by
intensive-care unit admission (29).

A notable finding from our analysis was that up-
per respiratory tract symptoms were more common-
ly reported by nonhospitalized patients. This find-
ing could aid in clinicians’ recognition of less severe
disease and therefore help mitigate the spread of in-
fection. 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 nonhos-
pitalized 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 dif-
ferences in route of infection (i.e., contact with re-
spiratory droplets vs. inhalation of aerosolized viral
particles) could be related to the pathogenesis and
severity of COVID-19, although other factors also

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



Symptom Progression in Patients with COVID-19

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 >1.5x 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 sup-
port the concept that COVID-19 manifests in 1 of
3 general patterns of illness: mild illness primarily
consisting of upper respiratory symptoms, non-life-
threatening 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 fe-
ver. 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, gen-
eral 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 pre-
vious 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 anti-
microbial 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 dis-
tress syndrome (42).

In our investigation, the median duration of most
symptoms was <10 days. However, estimated dura-
tion of illness was >1 month in hospitalized patients,
twice as long as in nonhospitalized patients; this pat-
tern was also observed for many individual symp-
toms. 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 anal-
yses (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 ill-
ness 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 re-
call bias, which could affect the accuracy of reported
symptoms and their timing, particularly among hos-
pitalized patients, who might be more likely to re-
member more severe symptoms (46). Future prospec-
tive 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 multivari-
able 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 distri-
bution, disease severity, testing practices, and socio-
economic 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 associa-
tions with hospitalization status.

Overall, in this study, patients with COVID-19
commonly reported fever, cough, or dyspnea. How-
ever, 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 nonhos-
pitalized 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 clini-
cal decision-making, such as testing and differentia

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



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 dis-
tancing, use of masks, and good hand hygiene for
everyone and self-isolation for anyone with poten-
tial COVID-19 symptoms.
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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 dis-
ease (COVID-19). In one effort, the World Health Or-
ganization (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 ex-
posure 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 mispercep-
tions 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 pre-
emptively or in response to misinformation. Health orga-
nizations can and should create and promote shareable
graphics to improve public knowledge.

he uncertainty around the emergence of severe

acute respiratory syndrome coronavirus 2, a nov-
el coronavirus that causes coronavirus disease (COV-
ID-19), has led to the rapid and widespread diffusion
of misinformation about the virus, its origins, and ef-
fective prevention and treatment strategies (1,2). Mis-
information is not a new problem, but it poses par-
ticular challenges for infectious disease management
when public acceptance is required for prevention be-
haviors 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 info-
graphics (“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 mispercep-
tions and also reduced the accuracy of related beliefs
about Zika virus (5). These examples reinforce con-
cern 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 pre-
vious 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 consid-
ered exposure to someone sharing a specific correc-
tion 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 effective-
ness of social media sharing of a graphic that debunks
2 related coronavirus myths.

Methods

Study Design

In this study we considered the effectiveness of shar-
ing a WHO graphic (on social media) that debunks 2
related coronavirus myths: that taking a hot bath both
raises body temperature and prevents coronavirus in-
fection (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 deacti-
vate coronavirus are typically >56°C (13-15), which
exceed safe bath temperatures; scalding is likely with-
in 10 minutes at 48°C (16). In other words, this graph-
ic explains the science for why hot baths do not pre-
vent COVID-19 and directly disputes the prevention
efficacy of baths. The graphic follows many best prac-
tices 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). Address-
ing 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 pre-
emptively, a user shares the graphic as a social media
post without addressing the misinformation directly.

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

In this case, it might function like a fact check, ad-
dressing 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 misinforma-
tion. These responsive corrections are a relatively
common behavior (21) and reduce belief in misinfor-
mation among other social media users who witness
the correction (8,9,22). Given the relative dearth of re-
search 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 em-
phasized 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 pos-
sibilities 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 ex-
posure 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 re-
peated (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 correc-
tion was in response to misinformation or indepen-
dent 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 partici-
pants 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 fol-
low-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 Face-
book 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-Appl.pdf). The
experiment consisted of 6 experimental condi-
tions (Appendix 2, https://wwwnc.cdc.gov/EID/
article/27/2/20-3139-App2.pdf): a pure control con-
dition, a misinformation-only condition, and 4 cor-
rection conditions manipulated in a crossed factorial
design with the 2 factors we described earlier: place-
ment (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
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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 your-
self healthy and protect you from coronavirus!” on a
bright pink background.

For all correction conditions, participants viewed
the same WHO infographic, which prominently la-
bels 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 ei-
ther 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 misinfor-
mation 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 Face-
book 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 Face-
book users on their official feeds.

After exposure to the simulated Facebook feed
in wave 1, participants answered questions regard-
ing 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/27/2/20-
3139-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% consid-
ered themselves Hispanic or Latino) and income (me-
dian $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 con-
sistent 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 prereg-
istration (26). First, we compared each of the experi-
mental 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 place-
ment 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 misper-
ceptions 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 mispercep-
tions 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 COV-
ID-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 tempera-
ture 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 par-
ticipants who completed the follow-up survey and
passed the attention check for wave 2 (12 partici-
pants failed the attention check in wave 2), control-
ling for the amount of time between taking the 2
waves of the survey. We found that exposure to the

Addressing COVID-19 Misinformation on Social Media

WHO preemptive, WHO responsive, or user respon-
sive corrections all produced lower misperceptions
than the control condition at wave 2 for body tem-
perature misperceptions (Table 3). We also found
that those exposed to the WHO responsive correc-
tion had significantly lower COVID-19 prevention
misperceptions 1 week later than those in the con-
trol 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 of-
fered 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 CO-
VID-19 requires sustained public action, so misinfor-
mation 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 re-
sults suggest that although these graphics do not af-
fect 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 main-
tained for at least 1 week for 3 of the 4 correction con-
ditions. 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 -0.261 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 R? 0.028% 0.000
*Adjusted R? indicates the variance explained by the overall model. COVID-19, coronavirus disease; WHO, World Health Organization.

<0.01.
Ig<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 R? 0.002 0.000

*Adjusted R? 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 CO-
VID-19 prevention does not deteriorate rapidly.

Although these effects on reducing science-re-
lated 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 pre-
vent 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 resis-
tant 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 op-
erant 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 in-
fection. A supplemental analysis (Appendix 5 Table
1, https://wwwnc.cdc.gov/EID/article/27/2/20-
3139-Appb5.pdf) provides some evidence for this ex-
planation. In the pure control condition, the correla-
tion between misperceptions that a hot bath raises
body temperature and a hot bath can prevent CO-
VID-19 is not significant (Pearson’s correlation coef-
ficient 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 explana-
tion for why hot baths do not prevent COVID-19 is
not the only factor in persons” beliefs about preven-
tion efficacy.

These effects were consistent whether the graph-
ic 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 -0.29t 0.11 -0.13 0.11
User preemptive -0.08 0.11 -0.09 0.10
WHO responsive -0.35t 0.11 -0.22% 0.10
User responsive -0.21% 0.11 -0.10 0.11
Adjusted R? 0.010f 0.001
*Adjusted R? indicates the variance explained by the overall model. COVID-19, coronavirus disease; WHO, World Health Organization.

<0.01.
;g<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

CQVID-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 R? 0.006 0.000

*Adjusted R? indicates the variance explained by the overall model. COVID-19, coronavirus disease; WHO, World Health Organization.

mobilizing users to share WHO’s graphics may pro-
duce similar effects in reducing misperceptions.

We found limited evidence that preemptive cor-
rections differ in their effectiveness from reactive cor-
rections. 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 pre-
vent COVID-19 infection immediately after exposure
to the correction. If preemptive corrections are effec-
tive in reducing misperceptions for (some) myths,
persons need not wait until seeing someone share
misinformation but can share the posts created by of-
ficial 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 mis-
information post. If the misinformation had also of-
fered an explanation for why a hot bath supposedly
reduces COVID-19 risk through raising body temper-
ature, 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 misinfor-
mation claims and therefore chose to have the mis-
information post include only the COVID-19 preven-
tion 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 mispercep-
tions on that related myth, serving as an alternative
form of preemptive correction (29).

We did find 1 case in which a responsive correc-
tion from WHO may be more effective than the other
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corrections: exposure to the WHO responsive condi-
tion reduces misperceptions that a hot bath can pre-
vent COVID-19 infection as compared with the con-
trol condition 1 week later, although this result must
be interpreted with caution given the insignificance
of the model overall and the limited amount of vari-
ance 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 misper-
ceptions, 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 in-
cluded the WHO graphic and explained the myth,
functioned as a correction itself (as intended to re-
duce potential misperceptions). Therefore, it is note-
worthy that some correction conditions reduced hot
bath misperceptions even further in wave 2 com-
pared with the control, which reinforces the value of
multiple corrections (7,22).

This study’s limitations suggest caution in in-
terpreting 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, includ-
ing 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 mispercep-
tions, low levels of initial belief that hot baths can pre-
vent COVID-19 limited our ability to perceive poten-
tial effects on prevention efficacy. Similarly, the post
promoting misinformation about hot baths prevent-
ing COVID-19 was largely not persuasive in generat-
ing misperceptions. Future research should consider
efforts to debunk more prominent or plausible CO-
VID-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 sev-
eral 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 in-
creasing 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 preemp-
tively sharing these graphics can be effective. Users
and organizations can debunk misinformation circu-
lating in society by sharing high-quality information
on social media emphasizing the facts without wait-
ing to see it shared directly in their feeds, which ex-
pands the opportunities for observational correction
to occur. Third, we found that a WHO bot that di-
rectly responds to misinformation may be a particu-
larly 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 Riegg, 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 re-
spiratory syndrome coronavirus 2 (SARS-CoV-2). We as-
sessed 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 (COV-
ID-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, re-
gardless of clinical suspicion, can identify most SARS-
CoV-2—positive persons in a low-prevalence setting.

In 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 coronavi-
rus 2 (SARS-CoV-2). The World Health Organization
declared a pandemic on March 11, 2020 (1-3), in re-
sponse 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 air-
way symptoms to acute respiratory distress syn-
drome. Common signs and symptoms of COVID-19
include fever, cough, sputum production, and fa-
tigue (11,12). A high proportion of hospitalized CO-
VID-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 per-
sons can transmit SARS-CoV-2 infection has contin-
ued to increase (19,20). In many healthcare settings,
the number of persons with asymptomatic SARS-
CoV-2 infection is unknown. Asymptomatic persons
and healthcare workers can contract and spread the
infection among hospitalized patients. Many hospi-
talized patients, who frequently are >65 years of age,
have concurrent conditions, or both, are at risk for se-
vere COVID-19.

In consideration of these circumstances, hospi-
tals 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 ad-
mission 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 uni-
versal screening strategy compared to a symptom-
driven approach.
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Methods and Materials

Study Population Characteristics

The canton of Zurich is a region in northeast Swit-
zerland that has a population of ~1.5 million inhabit-
ants. 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 (Ta-
ble 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 require-
ment 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 in-
formed 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 SARS-
CoV-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-Appl.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,

Universal Admission Screening for SARS-CoV-2

temperature >38.0°C or feeling feverish, sore throat,
and myalgia as possible signs and symptoms of
COVID-19 (24). The assessment focused on symp-
toms 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 prospec-
tively 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 admis-
sion, 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 Foun-
dation, https:/ /www.r-project.org). We analyzed the
medians and interquartile ranges of continuous vari-
ables and frequencies of categorical variables.

Results

Incidence of COVID-19

In the canton of Zurich, which has ~1.5 million in-
habitants, the first case of COVID-19 was document-
ed 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 inci-
dence 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

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 27, No.2 February, 2021
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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 SARS-
CoV-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 in-
fection 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%) pa-
tients at KSW, 1 (12.5%) patient at STZ, and 3 (37.5%)
patients at USZ.

Of the 164 patients admitted primarily for sus-
pected 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 CO-
VID-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%) (Fig-
ure 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 test-
ed 2,807 patients, of whom 2,278 (81.2%) did not have
signs or symptoms of COVID-19. In total, 68 (2.4%) pa-
tients tested positive for SARS-CoV-2 infection by PCR.
Of SARS-CoV-2-positive patients, 8 (11.8%) were as-
ymptomatic, 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.

406

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



Universal Admission Screening for SARS-CoV-2

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 COV-
ID-19 incidence prompted the government of Swit-
zerland to implement and enforce preventive mea-
sures including social distancing and the closure of
restaurants, bars, entertainment businesses (e.g., cin-
emas, libraries, museums), and all shops that could
not guarantee a minimum distance of 2 meters be-
tween 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 popula-
tion had signs or symptoms of COVID-19. Among
all persons with SARS-CoV-2 infection, the most

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

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 SARS-
CoV-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 in-
fection at time of hospitalization for delivery. Only
4 of those women had COVID-19 symptoms at ad-
mission; 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) dur-
ing the period of our study (29,30). Similarly, Kimball

407



RESEARCH

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 develop-
ment of symptoms probably indicates that the cases
were diagnosed during a presymptomatic period.
Another recent study tested for SARS-CoV-2 infec-
tion among different subsets of the population in Ice-
land (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 infec-
tion; 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 popula-
tions had a 0.3% proportion of persons with asymp-
tomatic 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 propor-
tions in our findings (8/2,807 persons; 0.3%). The dif-
ference 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 symptomat-
ic persons in our study because COVID-19-compat-
ible symptoms are probably more common among
admitted hospital patients.

Identifying and isolating persons with SARS-
CoV-2 infection is critical to containing COVID-19.
Because of limited testing capacity, healthcare pro-
viders must use resources strategically (33). Our find-
ings indicate that screening on the basis of COVID-19
symptoms, regardless of clinical suspicion, can iden-
tify nearly all SARS-CoV-2-infected persons in the
studied epidemiologic setting. Because COVID-19 has
a broad spectrum of clinical manifestations, health-
care providers should screen patients for symptoms
at admission. By only testing symptomatic patients,
healthcare providers can use >80% fewer tests; how-
ever, this strategy would not identify 0.4% of SARS-
CoV-2 infections. For every ~285 persons without
symptoms whom we tested, we identified 1 asymp-
tomatic SARS-CoV-2 infection. Whether asymptom-
atic persons are as infectious as symptomatic persons
is unknown. At the time of this study, no quantita-
tive SARS-CoV-2 reporting existed; this lack of data
hindered a comparison of viral replication between
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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 ad-
mission; 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 ill-
ness. 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 con-
sidered in the epidemiologic context; they do not ap-
ply 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 pres-
ymptomatic or recovering from COVID-19 at admis-
sion. Sixth, we did not collect information on ageusia
and anosmia, which were later described as charac-
teristic 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 multi-
center 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 as-
ymptomatic SARS-CoV-2-infected persons as trans-
mitters in the current pandemic.
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Some might think the plague is a relic of the
Middle Ages. But Yersinia pestis still lingers, and
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doctors diagnosed this unusual infection.
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Excess Deaths during Influenza
and Coronavirus Disease and
Infection-Fatality Rate for Severe
Acute Respiratory Syndrome
Coronavirus 2, the Netherlands

Liselotte van Asten, Carel N. Harmsen, Lenny Stoeldraijer, Don Klinkenberg,
Anne C. Teirlinck, Marit M.A. de Lange, Adam Meijer, Jan van de Kassteele,
Arianne B. van Gageldonk-Lafeber, Susan van den Hof, Wim van der Hoek

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 dis-
ease (COVID-19) epidemic and 10 previous influenza
epidemics. Excess deaths per influenza epidemic aver-
aged 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 infec-
tion-fatality rate to be 1%. Monitoring of excess deaths
is crucial for timely estimates of disease burden for influ-
enza and COVID-19. Our data complement laboratory-
confirmed COVID-19 death reports and enable compari-
sons between epidemics.

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
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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 previ-
ous 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 estimat-
ed, this information is pivotal for real-time monitor-
ing 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 es-
timates because only a fraction of patients with in-
fluenza-like illness (ILI) or severe acute respiratory
infections are tested for influenza virus infection (7).
Thus, the number of laboratory-confirmed influen-
za deaths is not a useful indicator and it is also de-
layed. 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 ob-
served during the COVID-19 epidemic in the Neth-
erlands in March-May 2020, in comparison with
excess deaths observed during the previous 10 influ-
enza 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

To estimate excess deaths during influenza and
COVID-19 epidemics and their relationship with
reported COVID-19 deaths, we used the follow-
ing 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 monitor-
ing 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). Ag-
gregated weekly numbers (running from Thursday
through Wednesday for the most up-to-date report-
ing) were used (Monday-Sunday definitive num-
bers 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 Data-
base based on its sentinel general practitioner prac-
tices (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, entero-
virus, and, since February 2020, severe acute respi-
ratory 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 vi-
rus is detected in samples from patients who have ILI,
an influenza epidemic is declared and reported.

Third, patients with laboratory confirmed CO-
VID-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/novel-
coronavirus-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 comple-
tion requires follow-up of patients. For our study,
reports by date of death were aggregated weekly
from Thursday through Wednesday to enable com-
parison with death monitoring.

412

Defining Periods of Influenza, COVID-19, and

Mixed Epidemics

The 2020 seasonal influenza epidemic was short and
mild, running from week 5 through week 7. On Thurs-
day, 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 aggrega-
tions: February 27-March 4 (Table 1). The seasonal
influenza epidemic appeared to resurface briefly in
weeks 10 and 11 (February 27-March 11) and over-
lapped with the first 2 full weeks for reported COV-
ID-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 surveil-
lance data. However, a true resurfacing of influenza
could not be ruled out; although not common, resur-
facing 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 epi-
demic 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.rivim.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 web-
site (https:/ /www.rivm.nl/ monitoring-sterftecijfers-
nederland). Any known concurrent and possibly re-
lated 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
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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 all- No. No. reported  Ratio (excess vs.
Week start Week end all-cause cause deaths excess % Above COVID-19 reported COVID-
Weekt (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 a4 837 15
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.

TWeek as defined in the death surveillance (running Thursday through Wednesday).

considered excess deaths and significantly increased
when above the upper 95% prediction limit. In addi-
tion, a range of excess deaths was provided by calcu-
lating excess deaths as observed deaths minus the up-
per 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-Appl.pdf).

Results

The average weekly number of deaths was 2,797 dur-
ing 2010-2020. Death numbers were generally higher
in winter than in summer months and showed an up-
ward trend over time, related to an aging population.

Excess Deaths
Using our death algorithm, we found that excess
deaths were found during all previous influenza epi-
demics 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
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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 con-
current 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. Report-
ed COVID-19 deaths peaked at 1,144 in week 15 (April
2-8), coinciding with peak excess deaths.

Ratio of Excess Deaths to COVID-19 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 de-
creased 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

413



RESEARCH

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) dur-
ing 2017-2018. During the 2017-18 epidemic, the ac-
cumulated all-cause deaths were 60,790, or 18% high-
er 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
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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 epidem-
ics (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 esti-
mate 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 an-
tibodies: 3% of adult blood donors (20) and 4% of
a random population sample (21). A second blood
donor survey reported a subsequent preliminary es-
timate 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 Neth-
erlands, 2019), 5.5% corresponds to an estimated
951,500 coronavirus-infected persons (0.055 x 17.3
million = 951,500), thus placing the preliminary esti-
mated overall infection-fatality rate at 1% (9,554 ex-
cess deaths /951,500 infected persons).

Estimated Potential COVID-19 Deaths without

Control Measures

A series of hygiene, social-distancing and partial lock-
down measures have been implemented since March
9,2020 (week 11; March 5-11 for our data). These mea-
sures and dates include cease handshaking, March 9;
work from home, March 12; closure of schools and
bars/restaurants, March 15; and stay-at-home ad-
vised and contact professions banned, March 23.
During the COVID-19 epidemic, the RIVM provided
weekly analyses and forecasts of the epidemic in the
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form of estimates of the virus reproduction number
and projections of intensive care admissions by us-
ing a dynamic transmission model fitted to intensive
care data (23). On the basis of the estimated repro-
duction 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 infection-
fatality rate, this rate would have resulted in 9,554 x
14, or 134,000, excess deaths if no control measures
had been in place. This value is 0.78% of the popula-
tion 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
CQOVID-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 in-
fections (24) and deaths. Thus, the effect of COVID-19
on deaths is potentially much higher than that of sea-
sonal influenza. The joint effect of influenza and CO-
VID-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 statisti-
cal method.

The case-fatality rate (CFR), calculated as the pro-
portion of laboratory-confirmed COVID-19 cases that
are fatal, is a commonly used measure of the sever-
ity 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 stud-
ies, 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 re-
sults will help to further improve the infection-fatal-
ity rate estimate. Cross-reactivity of laboratory tests
might have caused an underestimation of the infec-
tion-fatality rate, whereas delayed antibody pro-
duction after infection might have caused an over-
estimation. Additional study is required to better

Table 2. Excess deaths during influenza epidemics and the COVID-19 epidemic, the Netherlands*

Influenza Vaccinated, Epidemic Excess deaths
vaccine % of target  duration, % Above
Season Influenza strainst matchi group§ weeks No. (range)f 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 i 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 8tt 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.

TCOVID-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).
TNumber 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).

TtWeeks with high excess deaths in the first wave of the COVID-19 epidemic.
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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 ab-
sence 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 behav-
ior, 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 regres-
sion model with linear and harmonic terms assumes
anormal error distribution with constant variance, an
approximation we deemed applicable to high num-
bers of weekly deaths.

There is no standard for determining actual ex-
pected levels of deaths and various calculations ex-
ist, even within the same country (27). Our method
is similar to the regression method used by the Eu-
roMOMO network (28,29) and similar to Serfling-
type 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 esti-
mate the baseline warrants additional future sensi-
tivity 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 up-
per (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 approxi-
mation of the 95% prediction intervals.

Weekly excess deaths from COVID-19 were usu-
ally 1.5-2-fold higher than those reported, indicating
the extent of potential underreporting or underdetec-
tion of COVID-19 deaths. This discrepancy was great-
er at the beginning of excess deaths (at the peak of
the COVID-19 epidemic), most likely because many
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regional public health services were unable to fol-
low all the reported patients for disease outcome, in-
cluding 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 dis-
tancing, and hygiene instructions.

We currently do not know the distribution of di-
rect versus indirect effects of the COVID-19 epidemic
on deaths. A major indirect factor to be explored is
the postponement of regular medical care, especial-
ly 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 ad-
ditional pressure on the healthcare system. Other in-
direct 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 anal-
yses 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 Neth-
erlands, 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). Sec-
ond, our analyses provide estimates specific to the
Netherlands. Data for the Netherlands are also in-
cluded 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, influ-
enza epidemics often coincide with other respi-
ratory 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 infec-
tions 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 report-
ed 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 de-
creased because of social distancing and lockdowns,
measures are still in place to reduce virus transmis-
sion. 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 dur-
ing those weeks, this exclusion underestimates COV-
ID-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 Neth-
erlands for risk groups (persons >60 years of age or
those with underlying conditions) to reduce severe
sequelae of influenza infections, but coverage is rath-
er low (51% in 2019) (33-36). Vaccination is only par-
tially effective, and the effectiveness varies by season
because of virus strain variability and varying vac-
cine 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 ob-
served 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 SARS-
CoV-2 and influenza virus infections might interact
and affect deaths, should epidemics occur simul-
taneously. In our study, the short mixed-epidemic
period of 2 weeks did not involve full combined vi-
rus circulation because the influenza epidemic was
decreasing and the COVID-19 epidemic was just
getting started.

In conclusion, estimation of excess deaths com-
plements the reporting of laboratory-confirmed CO-
VID-19 deaths, indicating the potential magnitude
of underreporting and underdetection of COVID-19
deaths. These estimates also provide a timely indi-
cation of the combined direct and indirect effects of
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the COVID-19 epidemic on population deaths. In the
coming weeks and months, monitoring of deaths re-
mains 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 re-
mains to be seen whether the effect of COVID-19 on
deaths remains greater than that of influenza. Moni-
toring 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 un-
expected 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,* Allison E. James,! 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 syn-
drome coronavirus 2 (SARS-CoV-2) in a detention facility
experiencing a coronavirus disease outbreak and evalu-
ate 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 quaran-
tined 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 posi-
tive. 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 transmis-
sion 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.

( ':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 chal-
lenges 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 difficul-
ties 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) re-
leased 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 asymp-
tomatic and presymptomatic transmission limits the
effectiveness of symptom screening to identify cases
and halt transmission (8-10). In other congregate set-
tings, 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 deten-
tion center in Louisiana, USA (facility X) and used a
serial testing strategy to identify infections and inter-
rupt transmission in affected dormitories. All resi-
dents 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).

These authors contributed equally to this article.
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By March 17, 2020, in response to emergence of
COVID-19 in Louisiana, facility X ceased travel of de-
tained 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 iden-
tified 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 investi-
gation 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 dor-
mitories were affected.

Methods

Population

Facility X is a medium-security local jail that houses
up to 800 detained persons. Before the COVID-19 pan-
demic, 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 en-
rolled in this prospective cohort investigation. Five
dormitories (A-E) had detained persons with labora-
tory-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 CO-
VID-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 consent-
ing 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 des-
ignated SARS-CoV-2-positive dormitories upon facil-
ity receipt of results (<24 hours after specimen collec-
tion). 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 nega-
tive 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 dor-
mitory survey among facility staff to assess physical
layout, capacity, activities, and practices. During day
0 testing, detained persons completed a self-admin-
istered, paper-based questionnaire of demographics,
symptoms in the preceding 2 months and 2 weeks, facil-
ity exposures, and preventive measures. On the day of
each subsequent test, detained persons received an ab-
breviated 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 dei-
dentified and entered into a secure database (Research
Electronic Data Capture, version 8.8.0; Vanderbilt Uni-
versity, https:/ /redcap.vanderbilt.edu).

Laboratory Testing
Nasopharyngeal swab specimens collected for the in-
vestigation 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 (C,) values for 2 viral nucleocapsid
protein genes (N1 and N2) were obtained for each
specimen; C, 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 repli-
cation-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 Ox-
ford Nanopore MinlON Sequencing (https://nano-
poretech.com) according to published protocols
(16); consensus sequences were generated by using
Minimap version 217 (https://github.com/1h3/
minimap?2) and Samtools version 1.9 (http://www.

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



Transmission of SARS-CoV-2 in Detention Facility

Figure 1. Rapid transmission of SARS-CoV-2 in detention facility, Louisiana, USA, May—June 2020. Enroliment 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. 110 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 rela-
tions were inferred by using maximum-likelihood
analyses implemented in TreeTime (http://evol.bio.
Imu.de/_statgen/software/treetime) and the Next-
strain 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, hy-
pertension, other cardiovascular disease, other condi-
tion), obesity (body mass index >30 kg/m?), tobacco
use, and dormitory characteristics (capacity at start of

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

the investigation, toilets/sinks, showers per person).
Overall cumulative incidence and dormitory cumula-
tive incidence for each test day were calculated.

We calculated descriptive statistics for C, values
and culture results, stratified by symptom status. The
rRT-PCR analyses used the C, value reported for the
N1 genetic target because N1 and N2 approximate
each another (18). Persons were categorized as pres-
ymptomatic, symptomatic, postsymptomatic, or as-
ymptomatic on the basis of symptoms at sample col-
lection. 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). Per-
sons were classified as symptomatic if they report-
ed >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. Postsymp-
tomatic 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 sur-
veys were missing current symptom status were con-
sidered symptomatic if the onset date was <10 days
the start of the investigation. Presymptomatic persons
reported >1 symptom with onset after their first posi-
tive test result and had no previously reported symp-
toms. Asymptomatic persons reported no symptoms
throughout the investigation. Persons were classified
as having an unknown symptom status if any symp-
tom data were missing and no symptoms were report-
ed. C value and culture results were graphed by days
from symptom onset and original dormitory.

To compare individual symptoms, facility expo-
sures (bunk sleeping location, travel out of dormi-
tory, exposure to someone visibly ill), and preventive
measures (handwashing, mask use) by SARS-CoV-2
test result, we performed bivariate analyses by us-
ing 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 require-
ments of public health surveillance as defined in 45
CFR 46.102(1) (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 condi-
tion. Dormitory E was the only female dormitory.
Dormitory C had the highest median age (45 years;
interquartile range 35-52 years) and the highest pro-
portion (7/11; 64%) of persons with underlying medi-
cal conditions. Dormitory E had the lowest percent oc-
cupancy (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=237 n=7 n=45 N =143
Median age, y (IQR) 37 (29-47) 31 (29-36) 45 (35-52) 31 (29-39) 37 (2947) 32 (2441) 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) 0 0 1(1)

Hispanic/Latino 0 0 0 1) 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) 14) 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 14) 0 2(5) 0 1(2) 4 (3)

Othert 4 (15) 2(8) 1(9) 2(5) 0 1(2) 10 (7)
Obesity, BMI >30 kg/m? 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) 7122 (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.
tIncludes liver disease, immunosuppressive disorder, and neurologic disease.
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Serial Testing

In dormitories A-E, 53 (54%) persons tested posi-
tive on day 0 (Table 2). Among persons with nega-
tive test results from day O 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 per-
sons tested positive for SARS-CoV-2 on day 18. No
detained persons testing positive for SARS-CoV-2
from any dormitory required hospitalization dur-
ing 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 cu-
mulative 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-posi-
tive 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%) re-
ported symptoms that had resolved before their first
positive test result (Table 3). The most commonly re-
ported symptoms among persons with SARS-CoV-2
infection were headache (32%), loss of taste or smell
(31%), and nasal congestion (26%); measured fever

Transmission of SARS-CoV-2 in Detention Facility

(5%) and dyspnea (8%) were less commonly reported
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/2/20-4158-Appl.pdf). Forty-nine (44%)
detained persons who tested positive for SARS-CoV-2
were asymptomatic and 3 (3%) were presymptomat-
ic. 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 per-
sons 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).

C,Values and Viral Culture

Median C, values were lowest among presymptomat-
ic 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 C, values were similar
for symptomatic (19.7-36.3) and asymptomatic per-
sons (19.8-36.9). Among the 51 symptomatic SARS-
CoV-2-positive persons, positive rRT-PCR results oc-
curred 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 sub-
mitted for viral culture and 25 (23%) had replication-
competent virus isolated (Table 3). Replication-com-
petent virus isolates were obtained from 25% (12/48)
of nasopharyngeal swab specimens from asymp-
tomatic 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 repli-
cation-competent virus were collected during 6 days
before to 4 days after symptom onset. Two postsymp-
tomatic 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
positive test result

SARS-CoV-2 positive, no. (%)

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 27137 (73)

E,n=7 14 4]7 (57) 0/3 (0) 0/3 (0) NA 4/7 (57)

F,n=45 Unknownt 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.
TIntroduction 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 C; values Culture positive, SARS-CoV-2

Symptom statust no. (%) (range)t no. (%)8 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)1 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 C: values reported for nucleocapsid protein gene 1 target are shown. Ci, cycle threshold; NA, not applicable; SARS-CoV-2, severe

acute respiratory syndrome coronavirus 2.

TSymptom 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
FTukey’s test for significance, p = 0.03.
§Viral culture positive for replication-competent virus.

fOne person missing a C: value on the initial day this person tested positive.

#0One specimen from an asymptomatic person who was positive by real-time reverse transcription PCR was not submitted for culture.

The C, values at the first positive test result and
the proportion of specimens with positive viral cul-
ture for SARS-CoV-2 varied by dormitory (Figure 2,
panel B). The median C, value for 53 specimens col-
lected 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 C, 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 test-
ing positive. Virus isolation was attempted but was
not successful for any of the specimens from repeat-
positive persons.

Phylogenetic Analysis

We compared sequencing results for 41 speci-
mens collected from persons in dormitories A (n
=2),D(n=5),EMn=2),and F (n = 32) at facil-
ity X during May 7-29 with each other and repre-
sentative sequences from GISAID. All sequences
clustered together within clade 20C and among
other sequences reported from Louisiana (Ap-
pendix Figure). A phylogenetic tree illustrated
3 groups: 1 with sequences from persons in dor-
mitories 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 iden-
tical 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 quar-
antined dormitories at a Louisiana detention facility,
we identified rapid and widespread SARS-CoV-2
transmission, a large number of asymptomatic infec-
tions, and shedding of replication-competent virus in
persons with asymptomatic and presymptomatic in-
fections. 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 posi-
tive viral culture results with replication-competent
virus, indicating infectiousness. In this relatively
young population, C, values were similar regardless
of symptom status; the lowest C, values were among
persons with presymptomatic infection, indicating
high viral load (20). These findings add to the evi-
dence that presymptomatic and asymptomatic per-
sons 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. Seri-
al testing identified 52% (58/111) of the COVID-19
cases identified during the investigation. In dormi-
tories A-E, 2 of 53 positive samples from day 0 test-
ing had replication-competent virus, suggesting
many persons in these dormitories were convales-
cent. In dormitory F, 89% (40/45) of residents test-
ed 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) C, values and viral culture results by days from symptom onset of any symptom in SARS-CoV-2—positive detained
persons. Nucleocapsid protein 1 target C, values and viral culture results of 66 specimens from 51 persons who were positive for SARS-
CoV-2 by days from reported symptom onset. C 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 C, values were not reported.

B) C, 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 C, values and viral culture results of the first SARS-
CoV-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 C, values for first positive samples from residents in each dormitory. One positive test result from a dormitory F
resident is not included because C, value was not reported. C,, 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 intro-
duction into a correctional or detention facility is
suspected or confirmed, widespread testing of de-
tained 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 as-
sociated with fewer cases within the facility (21).
Facilities with resource constraints for which wide-
spread testing is not feasible should work with the
local health department to determine the most ef-
fective 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 in-
tervals (e.g., 3-4 days) to identify newly acquired
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infections, infections missed in previous rounds of
testing, and new introductions (8,12,20). Increased
dormitory density might also be a risk factor for vi-
ral transmission; the lowest cumulative incidence
occurred in dormitory E, which had lowest occu-
pancy. Some facilities have reduced occupancy as
a mitigation strategy (6). Novel testing approaches
(e.g., pooled testing), point-of-care rapid antigen as-
says, 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 miti-
gation measures.

During follow-up, 22 persons tested positive 214
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
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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 cri-
teria for release after 10 days of isolation, with reso-
lution of fever and improvement of other symptoms,
instead of test-based criteria (24).

Phylogenetic analysis identified 3 distinct clus-
ters of SARS-CoV-2 infection from 41 specimens col-
lected within the same month from detained persons
in dormitories A, D, E, and F. Given the genetic dis-
tance between the groups within a short time period
and the overall diversity of sequences from the CO-
VID-19 outbreak, there was likely >1 introduction of
SARS-CoV-2 into the facility before May 29. In addi-
tion to mitigation measures to prevent SARS-CoV-2
spread within a facility, measures should be taken to
limit introductions into the facility, including rou-
tine 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 inves-
tigation. 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 nega-
tive 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 per-
formed; thus, the extent of prior infection cannot be
estimated. Second, detained persons might have lim-
ited 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, fol-
low-up symptom assessments were not conducted
among persons with positive test results from dor-
mitory 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, preven-
tion and mitigation of SARS-CoV-2 transmission
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requires a combination of measures (5). Testing is
necessary to identify asymptomatic and presymp-
tomatic persons who can silently transmit the infec-
tion. 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 sensi-
tivity of symptom screening, screenings should use
an expanded COVID-19 symptom list based on the
latest evidence and guidance, and barriers to symp-
tom reporting, such as medical care costs or con-
cerns 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, particu-
larly 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 trans-
mission among detained persons. SARS-CoV-2 test-
ing in these congregate settings will likely be most
effective when timed soon after viral introduction,
inclusive of all potentially exposed staff and de-
tained persons, and combined with infection con-
trol 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 Plasmo-
dium 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 promis-
ing biomarker for the prognosis of SM. We applied next-
generation sequencing to evaluate the differential expres-
sion 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 bio-
mass. Relative expression of hsa-miR-4497 quantified
by TagMan-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 physio-
pathological 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 progno-
sis 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-threat-
ening 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 express-
ing clinical malarial disease (2).

Sequestration of P. falciparum-infected eryth-
rocytes (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 sequestra-
tion of parasitized erythrocytes in the microvascula-
ture, together with the production of inflammatory
mediators, leads to the dysfunction of one or more pe-
ripheral 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 mol-
ecule-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 dys-
function have been associated with different malaria-
derived 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 para-
site biomass (circulating and sequestered parasites)
(15,16) and therefore as a prognostic marker of the to-
tal parasite biomass and as a better proxy marker for
SM than peripheral parasitemia (16). Organ damage
and pathological disease states have also been associ-
ated 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 functional-
ity and tissue pathophysiological status. The content
of miRNAs in the host is influenced by host-pathogen
interactions (19). Sequestration of erythrocytes in-
fected with P. berghei in mice brains has been dem-
onstrated to modify the miRNA expression in cells

MicroRNA of P. falciparum Severe Malaria

(20). Similarly, sequestration of P. vivax gametocytes
in bone marrow has been associated with transcrip-
tional changes of miRNAs involved in erythropoiesis
(21). The evidence suggests that Plasmodium parasites,
although unable to produce miRNAs (22), could af-
fect the production of organ-specific host miRNAs,
pointing toward the potential of these small mol-
ecules 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 post-
mortem 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 sequenc-
ing study to select miRNAs that were differentially
expressed by human brain endothelial (HBE) cells ex-
posed to P. falciparum iEs selected for cytoadhesion to
ePCR, the main host receptor associated with SM (9),
compared with HBE cells exposed to noncytoadher-
ent 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. falci-
parum biomass-associated miRNAs (correlation coef-
ficient >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 TagMan quantitative reverse tran-
scription PCR (qRT-PCR).

Materials and Methods

Study Population

Plasma samples used to assess miRNA levels were
collected in 2 case-control studies conducted in Man-
hica District in southern Mozambique during 2006
(n =113) and 2014 (n = 91). In brief, the cases were
children <5 years of age admitted to Manhica District
Hospital for SM and controls were outpatient chil-
dren with UM (Appendix, https://wwwnc.cdc.gov/
EID/27/2/19-1795-Appl.pdf). The National Mo-
zambican Ethical Review Committee (Mozambique)
and Hospital Clinic (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 60pL dried blood drop on Whatman-903
filter paper to extract parasite DNA and performed
real-time quantitative PCR (qPCR) targeting the P.
falciparum 185 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-E, 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 recep-
tor). 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 (QIA-
GEN, https://www.qiagen.com) and from plasma
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samples (1 mL) by using the miRNeasy plasma/se-
rum kit, with the use of 5ug UltraPure glycogen/sam-
ple. Given that the plasma samples were conserved in
heparin, RNA was precipitated with lithium chloride
as described previously (27). Purified RNA was sub-
jected to library preparation, pooling, and sequenc-
ing 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 qual-
ity, 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 pL of plasma with
no hemolysis for RNA extraction as described, then
conducted qRT-PCR (Appendix). We calculated
miRNA relative expression levels (RELs) by the 274,
method, where AC, = cycle threshold (C) (miRNA)
- mean C, (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 packagesin 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; ePCR-
iE) 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) (Appen-
dix Figure 1). We sequenced 3 replicates of the media
collected from each cytoadhesion assay after 1 h (1)
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-E 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 readst
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 3.12 157 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 2.07 211 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.

TReads 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

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 be-
tween niE and 3D7-iE cell-condition media. At t24,

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 ePCR-
iE 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-

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

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 signifi-
cantly different miRNAs between niE and 3D7-iE cell-
condition 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 hemo-
lysis (OD,,,>0.2) (33) and 6 because no peak was ob-
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served 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 sam-
ples (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 in-
cluded in the analysis (Table 2).

The sequencing of the 83 plasma samples yield-
ed 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
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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 sam-
ples 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 chil-
dren with SM (Table 3). In the subanalysis by signs of
severity, 5 miRNAs were associated with severe ane-
mia (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 (3D7-
iE) 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 log,-fold change
indicates overexpression in ePCR-
iE 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.
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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)t 23(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) <0.001 241 (4.9) 78.7 (12.2) 0.038
gPCR, parasites/uL, 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, °C, 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, 10%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)t 6.2 (1.5) 5.9(1.8) 0.391 6.6 (1.3) 0(2.6) 0.165
WBC, 10°L, mean (SD) 9.9 (4.1) 10.2 (3.9) 0.774 9.7 (3.8) 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)T 39.4 (17.9) 36.3 (12.6) 0.374 26.1 (17.1) 6 (12.2) 0.995
Lactate, mM, mean (SD) 3.0(1.7) 4.7 (3.6) 0.009 2.8 (2.2) 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.

TNo 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.

{INo data for 3 samples (SM = 3) in 2014 study.

with PM-agglutination and cytoadhesion to g1CqR
(Table 3). We observed no associations between miR-
NA counts and other cytoadhesion data such as roset-
ting 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
HRP?2 levels determined by qSA Spearman analysis
(Figure 3). We observed similar correlations when
HRP?2 levels were determined by ELISA (Appendix
Table 5). miRNAs were neither associated with hepa-
tomegaly 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-
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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 hsa-
miR-3158-3p), along with hsa-miR-4497 miRNA,
which had a correlation coefficient with HRP2 >0.5
(Figure 3), were selected for TagMan qRT-PCR vali-
dation in an independent cohort of children with SM
and UM recruited in 2014. Among the 91 plasma sam-
ples collected from these children, 21 were discarded
because of hemolysis (OD,,,>0.2) (33). Of the 70 re-

414
maining samples, 40 were collected from children

with SM and 30 from children with UM (Table 2).

All samples tested by qRT-PCR amplified the ex-
ogenous control (ath-miR-159a) with a C, 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%, base-
Mean = 3953.3, log,-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 hsa-
miR-30d-5p and hsa-miR-191-5p, and thus we select-
ed those 2 ECs. No statistically significant differences
were found when we compared C, values of the ex-
ogenous controls and 2 endogenous controls between
SM and UM samples (Appendix Figure 2). We per-
formed standard curves for all miRNAs (ECs and se-
lected miRNAs), giving efficiencies of 91.1%-103.8%
(Appendix Table 6), which were assumed as 100% to
calculate the relative expression values using the 274,
method (31).

The relative expression levels of hsa-miR-3158-3p
and hsa-miR-4497 were significantly higher in chil-
dren 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 associ-
ated 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 hsa-
miR-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), microR-
NAs can reflect disease states and organ damage.
Consequently, they have the potential to provide a
new screening method for early detection of patho-
logical P. falciparum sequestration and could be-
come 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 logp-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 -2.26 <0.001
hsa-miR-320a 22,005.69 -1.48 0.001
hsa-miR-4492 18.33 2.78 0.002
hsa-miR-1290 1,011.34 -1.38 0.014
hsa-miR-320b 1,191.44 -1.23 0.014
hsa-miR-320c 408.32 -1.29 0.014
hsa-miR-1246 3,907.45 -1.32 0.019
hsa-miR-6741-5p 48.11 -1.81 0.023
hsa-miR-1228-5p 82.73 -1.88 0.023
hsa-miR-3195 16.35 2.21 0.023
hsa-miR-7706 334.86 -1.00 0.023
gC1gR, n=35vs. 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 miIRNAs 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, histidine-

rich protein 2; miRNA, microRNA; REL, relative expression levels.

Moreover, the detection of miRNAs associated with
organ damage in host biofluids may provide an al-
ternative to postmortem autopsies for determining
the presence of parasites in host vital organs. This ap-
proach creates new opportunities to develop malaria
diagnostic tools that can guide treatment decisions,
and to understand the role of human miRNAs in sev-
eral 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 chil-
dren 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 noncytoadher-
ent parasites. In the validation phase, we confirmed
the higher abundance of hsa-miR-3158-3p and hsa-
miR-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. hsa-
miR-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 physio-
pathological processes in SM and UM lead to differ-
ential 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. Af-
ter 24 hours, the system stabilized; 1 miRNA (hsa-miR-
451a) was found at higher levels in cell-conditioned
media of HBE cells incubated with an ePCR binding
strain than in cells stimulated with nonadherent (3D7-
iE) or noninfected erythrocytes. miR-451 has been im-
plicated in translocation to form a chimera with Plas-
modium 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

438

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 (prostra-
tion, SA, and ARD) than in children with UM. P. fal-
ciparum 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-378a-
3p, 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-miR-
3158-3p and hsa-miR-4497 was significantly higher in
children with SM than in those with UM, hsa-miR-
3158-3p levels were higher in children with prostra-
tion, 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 re-
quired for hsa-miR-3158-3p because the levels of this
miRNA were found to be downregulated in the plas-
ma from children recruited in 2006 with positive PM-
agglutination 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 lev-
els, which was consistently observed in the cohorts of
children from 2006 and 2014, suggested that increas-
ing parasite biomass associated with parasite seques-
tration 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 associ-
ated 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). There-
fore, 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.
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Few of the most expressed miRNAs found in
our study, which represent 70% of the total miRNA
counts in plasma samples, have been previously re-
ported 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 cell-
conditioned media of HBE cells, miRNA data from
other cell types, such as primary tissue explants, pri-
mary 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 miR-
NAs 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 TaqgMan-
qRT-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 num-
ber of miRNAs identified in replicates of in vitro ex-
periments 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 bac-
teremia cannot be neglected in the studied plasma
samples. Finally, the association of each miRNA with
specific symptoms that are part of the SM case defini-
tion may need further validation using a larger sam-
ple 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 iden-
tify 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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INncreasing Incidence of Invasive
Group A Streptococcus Disease
INn 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 in-
creasing, we investigated iGAS cases among First Na-
tions persons in Alberta during 2003-2017. We identified
cases by isolating GAS from a sterile site and perform-
ing emm typing. We collected demographic, social, be-
havioral, 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 affect-
ing the First Nations population in Alberta, Canada.

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, cere-
brospinal fluid, brain, and deep tissues. GAS affects
persons worldwide and causes a wide array of dis-
eases including pharyngitis, skin infections (e.g., im-
petigo 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
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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 coun-
tries (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. World-
wide, there are >240 emm types (5,6). Prevalence of
emm types varies according to population and ge-
ography (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 Na-
tive Americans in Arizona and Alaska and indig-
enous communities in parts of Australia and north-
western 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 increas-
ing 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 Na-
tions population of Alberta during the same period.

Methods

Case and Population Data

All iGAS cases were identified by diagnostic microbi-
ology 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.al-
berta.ca/publications/ streptococcal-disease-group-
a-invasive). After initially identifying iGAS isolates,
diagnostic microbiology laboratories in Alberta in-
formed provincial public health officials, and trained
public health nurses collected clinical and risk factor
data according to routine notifiable disease require-
ments by using a notifiable disease reporting form
(https:/ /open.alberta.ca/publications/ndr-manu-
al-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 Alber-
ta 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 over-
indulgence in alcohol, leading to effects that are det-
rimental 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 peo-
ples: 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 in-
cludes 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_Re-
trieval). An ethical framework for information and
knowledge-sharing for this project was provided by
the principles of OCAP (Ownership, Control, Ac-
cess and Possession) within Alberta First Nations
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(http:/ /afnigc.ca/main/index.php?id=resourcesé&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 as-
say (17). From October 2006 through 2017, emm typ-
ing was conducted by DNA sequencing of the M se-
rotype 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 esti-
mates in Alberta were extracted from the online In-
teractive Health Data Application database (http://
www.ahw.gov.ab.ca/IHDA_Retrieval). We calcu-
lated 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 Cor-
poration, 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 per-
sons. 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) (Fig-
ure 1). By First Nations age group, incidence was high-
est 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 inci-
dence 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 num-
ber 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 me-
dian 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 Na-
tions 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 Na-
tions 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.
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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 popula-
tion 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, non-
surgical 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 differ-
ence in the distribution of emm types between First
Nations and non-First Nations populations in Al-
berta. 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 valuet
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).

1By 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 (Ta-
ble 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 Na-
tions population than the non-First Nations popula-
tion 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 pub-
lished rates for children in the 0 to 1-year age group of
the general Alberta population (9.7 cases/100,000 per-
sons [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 popu-
lation in Australia during 2011-2013 were as high as

iGAS Disease, First Nations, Alberta, Canada

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=2315
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 inci-
dence rate for Alaska Natives was 13.7 cases/100,000
persons, compared with a rate of 3.9 cases /100,000 per-
sons 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 spe-
cific 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 sub-
sets), 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
7 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 pro-
gram in the United States showed that skin infections
and skin breakdown were common among iGAS pa-
tients 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 clus-
ters (A-C) (26). This finding may suggest that in this
population, skin-to-skin transmission occurs more
frequently than respiratory route transmission. Op-
portunities 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 inci-
dence) (29,30). Overcrowding and inadequate hous-
ing have also been documented among First Nations
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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 house-
holds 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 be-
tween 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 syn-
drome occurred more frequently in the non-First Na-
tions 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 Na-
tions population (<6%). emm1 is a major contribu-
tor 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
El 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 emml in
the First Nations population despite it being the dom-
inant 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 tis-
sue 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 emmb59 was
first reported, emm59 has become an established emm
type causing diseases such as skin and soft tissue infec-
tions throughout western Canada and the United States,
whereas previously it was relatively rare (33,35-37). The
emmb59 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 percent-
age of emm?28 cases between First Nations (=1%) ver-
sus non-First Nations (=10%) populations. Our pre-
vious survey of the overall population indicated that
emm?28 was the second most common emm type after
emm1 (16). emm?28 falls within the E4 cluster categoriz-
ing this emm type as a generalist (20). The reason for
the large difference in emm?28 prevalence between the
2 populations is not clear.

The high iGAS incidence rate in the Alberta First
Nations population illustrates the need for an effec-
tive GAS vaccine. One vaccine that has undergone
phase 1 clinical trials is a polypeptide vaccine com-
posed of 30 emm types (38). An assessment of the emm

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

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 in-
crease to 62.3% (38). In comparison, the 30-valent M-
protein-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 cross-
protection through coverage of emm clusters. These
emm type differences would have to be taken into ac-
count 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 popu-
lation. Of note, substantial emm differences between
the 2 populations could have potential implications
for future vaccines.
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EID Podcast
Telework during
Epidemic
Respiratory lliness

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 back-
grounds. Many employees cannot help but
wonder if these changes will become a
new normal.

During outbreaks of influenza, corona-
viruses, and other respiratory diseases,
telework is a tool to promote social dis-
tancing and prevent the spread of disease.
As more people telework than ever before,
employers are considering the ramifica-
tions 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
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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,* Angelos Hatzakis*

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

Coronavirus disease (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), emerged in China in December 2019 (1) and
by September 14, 2020, had spread worldwide, caus-
ing >28.6 million cases and >917,000 deaths (2). To
suppress the epidemic curve, public health authori-
ties needed to use the strongest possible mitigation
strategies until effective therapies and vaccines are
available. Central mitigation strategies include non-
pharmaceutical interventions, such as travel-related
restrictions, case-based, and social distancing inter-
ventions. Social distancing aims to decrease social
contacts and reduce transmission (3).

Author affiliations: National and Kapodistrian University of Athens,
Athens, Greece (V. Sypsa, S. Roussos, D. Paraskevis, S. Tsiodras,
A. Hatzakis); National Public Health Organization, Athens (T. Lytras);
European University Cyprus, Nicosia, Cyprus (T. Lytras)
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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 interven-
tions 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 ex-
ample of a country with successful response against
COVID-19 (5). However, given the resurgence of
cases in Greece and other countries, careful consid-
eration and close monitoring are needed to inform
strategies for resuming and maintaining social and
economic activities.

We describe a survey implemented during lock-
down in Greece and assess the effects of physical
distancing measures on contact behavior. We used
these data and mathematical modeling to obtain es-
timates 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 rela-
tive contribution of each measure towards the con-
trol 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 (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/

1These senior authors contributed equally to this article.
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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 pro-
vided 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 loca-
tion of the contact, such as home, school, work-
place, 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

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

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 esti-
mated the basic reproduction number (R)), the aver-
age 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 R . Finally, we simulated the course of
the epidemic using a susceptible-exposed-infectious-
recovered (SEIR) model.
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Estimating R,

We estimated R 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 max-
imum-likelihood method to obtain the R and 95%
Cl, 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 assum-
ing 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 R assuming a shorter serial interval of
4.7 days (Appendix) (12).

Assessing Effects of Social Distancing on R

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; sus-
pending 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; Ap-
pendix Table 1).

We assessed the effects of these measures on R
through the social contact matrices obtained before
and during lockdown, as used in other studies (13,14).
For respiratory-spread infectious agents, R is a func-
tion of the age-specific number of daily contacts, the
probability that a single contact leads to transmission,
and the total duration of infectiousness; thus, R 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, §, in R is equivalent to the re-
duction in the dominant eigenvalue of the contact ma-
trices obtained for the 2 periods (Appendix) (14,16). To
account for a lower susceptibility for children than for
adults, we introduced an age-dependent proportion-
ality factor, s, 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 s, 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 R in 2
periods: the period of initial measures until the day
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before lockdown (March 11-22), which included
closure of schools, entertainment venues, and shops
(reduction &,); and the period of lockdown (March
23-April 26) (reduction §,). 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) (Ap-
pendix). To assess uncertainty, we performed a non-
parametric bootstrap on contact data by participant
to estimate the mean and 95% credible interval (95%
Crl) of 8, and 5, (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) be-
come infected at a rate § and move to the exposed
state (E) as infected but not infectious. Exposed per-
sons become infectious at a rate o, 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 (I ). 1 cases be-
come symptomatic infectious (I, ) cases at a rate of
c_. 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
(L) We assumed that the infectiousness of sub-
clinical cases relative to symptomatic cases was g =
50% (24). Symptomatic cases recover (R) at a rate of y,,
and asymptomatic cases recover (R) at a rate of y
(Table 1; Figure 2; Appendix).

We derived the transmission rate  from R and
parameters related to the duration of infectiousness
(Appendix). We incorporated uncertainty in R, by
drawing values uniformly from the estimated 95%
CI (2.01-2.80). We modeled the effect of measures by
multiplying B by the parameters 5, and 3,;in which 5,
corresponds to the reduction of R in the period of ini-
tial social distancing measures, where 8, was drawn
from a normal distribution with a mean of 42.7% (SD
1.7%); and 6, corresponds to the reduction of R dur-
ing lockdown, for which 8, was drawn from a normal
distribution of 81.0% (SD 1.6%) estimated from the
bootstrap on the contact data. To account for the un-
certainty in R, 8,, and §,, we performed 1,000 simu-
lations of the model and obtained median estimates
and 95% Crls.

We obtained the infection fatality ratio (IFR) and
the cumulative proportion of critically ill patients
by dividing the reported number of deaths and of

asymp
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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

Ro(95% Cl)

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 (1/0) 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 (1/0s) 15 (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/ys)
True asymptomatic cases

Infectiousness (q) of asymptomatic vs. 50 (24)

symptomatic persons, %

Duration of infectious period until recovery (1/Yasymp) 6 days The same duration of infectiousness as for

symptomatic cases = 1/0s + 1/ys

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 R, 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: |

before developing symptoms, I for clinically ill, or |

asymp

pre’

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. 3 is the rate at which persons
become infected and move to E; exposed individuals become infectious at a rate o and presymptomatic infectious cases develop

symptoms at a rate o ; Yasymp

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

is the rate of recovery for asymptomatic persons; v, is the rate of recovery for symptomatic persons.
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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 as-
sessed scenarios with less disruptive social distanc-
ing measures (Appendix). In addition, we evaluated
the increase in effective reproduction number (R)) 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 re-
ported 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 prepan-
demic period, the diagonal of the contact matrix de-
picts 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 mem-
bers (Figure 3, panels B-D).

R, and Effects of Social Distancing Measures

Before lockdown, the estimated R 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, R was estimated to decrease
by 42.7% (95% CrI 34.9%-51.3%); under lockdown, R
decreased by 81.0% (95% Crl 71.7%-86.1%). Thus, the

cumulative measures implemented during lockdown
would have reduced R to <1.0 even if the initial R
had been as high as 5.3 (95% Crl 3.5-7.2). Estimated
R, was 1.13 (95% Crl 1.38-1.61) during the period of
the initial measures but was 0.46 (95% Crl 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 R attributed to each mea-
sure was 10.3% (95% Crl 5.2%-20.3%) for the decline
in work contacts, 18.5% (95% Crl 10.7%-26.3%) for
school closures, and 24.1% (95% Crl 14.8%-34.3%)
for the decline in leisure activity contacts. Thus, each
measure separately would have reduced R to <1.0 if
the initial R 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 combi-
nation of measures could be effective if the initial R
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 dis-
ruptive 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 R to
<1.0 for initial levels as high as 1.32 (95% Crl 1.27-
1.38). An even larger decline in leisure activities (50%)
could successfully reduce an initial R as high as 1.48
(95% Crl 1.35-1.62).

Finally, we assessed the increase in R, when mea-
sures 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 re-
duced 50% when schools reopened in May. Under
this scenario, R, would remain <1.0 assuming >20%
reduction in susceptibility as a result of infection con-
trol measures, including hand hygiene, use of face
masks, and maintaining physical distances >1.5 me-
ters (Figure 6). Under milder social distancing mea-
sures, infection control policies would need to be
much more effective (Appendix Figure 2).

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

Model Predictions on the Epidemic during

February 15-April 26

By April 26, 2020, Greece had 2,517 diagnosed CO-
VID-19 cases, 23.0% of which were imported, and
134 deaths (Figure 1) (25). The corresponding na-
ive 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%
Crl 6,206-27,700) (Figure 4, panel B), which cor-
responds to an attack rate (AR) of 0.12% (95% Crl

Figure 4. The first wave of the
coronavirus disease epidemic

in Greece (February 15-April
26, 2020), estimated from

1,000 susceptible-exposed-
infectious-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 R, 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.

R, 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 R, 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. R, basic reproduction number.

0.06%-0.26%). The estimated case ascertainment
rate was 19.1% (95% Crl 9.1%-40.6%). By the end of
April, 25 (95% Crl 6-97) new infections per day and
329 (95% Crl 97-1,027) total infectious cases were es-
timated (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%
Crl 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 estimat-
ed IFR to the number of infections predicted by the
model (Appendix Table 3). The predicted number of
deaths was 137 (95% Crl 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 mea-
sures taken had major economic costs and restricted
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individual freedom. In addition, several countries,
including Greece, began seeing COVID-19 cases in-
crease 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 com-
mon 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 assortativ-
ity by age (i.e., contacts between people of the same
age group) disappeared during lockdown and con-
tacts 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 so-
cial mixing in different contexts (18,20,27).

We estimated that R declined by 81% and reached
0.46 during lockdown. This finding agrees with find-
ings from a study pooling information from 11 coun-
tries in Europe, which also reported an 81 % reduction
in R (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
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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, includ-
ing Greece, instituted large-scale or national school
closures (34). We estimated that each measure alone
could reduce an R of #1.1-1.3 to <1.0. Only multiple
social distancing measures would be effective for
reducing an R at the initial level (2.38) observed in
Greece. The finding concerning an 18.5% reduction in
R, related to school closures agrees with recent stud-
ies suggesting that this measure likely is much less
effective for COVID-19 than for influenza-like infec-
tions (17,28). Concerning the course of the epidemic
after lockdown, moderately relaxing social distanc-
ing could be safe if ongoing infection control strate-
gies are adopted; milder social distancing measures
would demand stricter infection control policies.

By May 18, 2020, Greece had one of the lowest re-
ported 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 esti-
mate adjusting for demography (26). In addition, the
estimated AR of 0.12% (95% Crl 0.06%-0.26%) was
one of the lowest in Europe (28,36). Other researchers
have applied back calculation of infections from re-
ported 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%) seroprev-
alence in Greece in April 2020 (37). The number of in-
fectious cases subsided considerably towards the end
of April; however, even during this period with low

Figure 6. Estimated R 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. R, 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

Effects of Social Distancing Measures, Greece

transmission levels, 2 local outbreaks were identified,
1in 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. Re-
call bias might be observed, although to what direc-
tion 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 underreport-
ed (42). Thus, recall bias could be different among
children and adults and in various settings. In addi-
tion, underreporting might have occurred before and
during lockdown because of many social contacts be-
fore 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 ad-
dition, 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 R depends on the
serial interval. Because no data from a local study of

activities will return to 60% lower than pre-epidemic levels. Dotted line indicates the threshold of R = 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. R, 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 R 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 ex-
ample, 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 con-
tacts 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 con-
sider case-based interventions that might have af-
fected 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 im-
pact on contact patterns and reduced R 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 R 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.

This article was preprinted at https://doi.org/10.1101/
2020.05.27.20114017.

Acknowledgments

We thank the personnel of the National Public Health
Organization for performing the epidemiological
surveillance of SARS-CoV-2 in Greece.

The social contacts survey was funded by the Hellenic
Scientific Society for the Study of AIDS and Sexually
Transmitted Diseases, Athens.

460

About the Author

Dr. Sypsa is an associate professor of epidemiology and
medical statistics in the Medical School of the National and
Kapodistrian University of Athens in Greece. Her research
interests include the epidemiology and mathematical
modeling of hepatitis C, HIV, influenza, and other
infectious diseases, as well as infectious diseases among
prisoners and persons who inject drugs.

References
1. WuF, ZhaoS, Yu B, Chen YM, Wang W, Song ZG, et al. A
new coronavirus associated with human respiratory disease
in China. Nature. 2020;579:265-9. https:/ /doi.org/10.1038/
541586-020-2008-3
2. World Health Organization. Weekly epidemiological update:
coronavirus disease 2019 (COVID-19), 14 September 2020
[cited 2020 Sep 18]. https:/ /www.who.int/docs/ default-
source/coronaviruse/situation-reports/20200914-weekly-
epi-update-5.pdf
3. Leung K, Wu]JT, Liu D, Leung GM. First-wave COVID-19
transmissibility and severity in China outside Hubei after
control measures, and second-wave scenario planning: a
modelling impact assessment. Lancet. 2020;395:1382-93.
https://doi.org/10.1016/S0140-6736(20)30746-7
4. National Public Health Organisation. Epidemiological
surveillance of COVID-19 —daily report 26 March 2020 [in
Greek] [cited 2020 Jul 10]. https:/ /eody.gov.gr/wp-content/
uploads/2020/03/ covid-gr-daily-report-20200320.pdf
5. Perrigo B, Hincks J. Greece has an elderly population and a
fragile economy. How has it escaped the worst of the
coronavirus so far? Time. 2020 Apr 21 [cited 2020 Jul 10].
https:/ /time.com/ 5824836/ greece-coronavirus
6. Mossong J, Hens N, Jit M, Beutels P, Auranen K,
Mikolajczyk R, et al. Social contacts and mixing patterns
relevant to the spread of infectious diseases. PLoS Med.
2008;5:e74. https:/ /doi.org/10.1371/journal.pmed.0050074
7 White LF, Wallinga J, Finelli L, Reed C, Riley S, Lipsitch M,
et al. Estimation of the reproductive number and the serial
interval in early phase of the 2009 influenza A/H1N1 pandemic
in the USA. Influenza Other Respir Viruses. 2009;3:267-76.
https:/ /doi.org/10.1111/}.1750-2659.2009.00106.x
8. LiQ, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al.
Early transmission dynamics in Wuhan, China, of novel
coronavirus-infected pneumonia. N Engl ] Med.
2020;382:1199-207. https:/ /doi.org/10.1056/ NEJM0a2001316
9. Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q,
Meredith HR, et al. The incubation period of coronavirus
disease 2019 (COVID-19) from publicly reported
confirmed cases: estimation and application. Ann Intern
Med. 2020;172:577-82. https:/ / doi.org/10.7326 / M20-0504
10. BiQ,WuY, MeiS, Ye C, Zou X, Zhang Z, et al.
Epidemiology and transmission of COVID-19 in 391 cases
and 1286 of their close contacts in Shenzhen, China: a
retrospective cohort study. Lancet Infect Dis. 2020;20:911-9.
https://doi.org/10.1016/S51473-3099(20)30287-5
11. Lavezzo E, Franchin E, Ciavarella C, Cuomo-Dannenburg G,
Barzon L, Del Vecchio C, et al.; Imperial College COVID-19
Response Team. Suppression of a SARS-CoV-2 outbreak
in the Italian municipality of Vo’. Nature. 2020;584:425-9.
https:/ /doi.org/10.1038 /s41586-020-2488-1
12. Nishiura H, Linton NM, Akhmetzhanov AR. Serial interval
of novel coronavirus (COVID-19) infections. Int ] Infect Dis.
2020;93:284-6. https:/ /doi.org/10.1016/].ijid.2020.02.060

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



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Zhang ], Litvinova M, Liang Y, Wang Y, Wang W, Zhao S,
et al. Changes in contact patterns shape the dynamics of

the COVID-19 outbreak in China. Science. 2020;368:1481-6.
https:/ /doi.org/10.1126/ science.abb8001

Jarvis CI, Van Zandvoort K, Gimma A, Prem K, Klepac P,
Rubin GJ, et al.; CMMID COVID-19 working group.
Quantifying the impact of physical distance measures on the
transmission of COVID-19 in the UK. BMC Med. 2020;18:124.
https:/ /doi.org/10.1186/s12916-020-01597-8

Wallinga J, Teunis P, Kretzschmar M. Using data on social
contacts to estimate age-specific transmission parameters
for respiratory-spread infectious agents. Am J Epidemiol.
2006,164:936-44. https:/ /doi.org/10.1093/ aje/ kw;j317

Hens N, Ayele GM, Goeyvaerts N, Aerts M, Mossong J,
Edmunds JW, et al. Estimating the impact of school closure
on social mixing behaviour and the transmission of close
contact infections in eight European countries. BMC Infect
Dis. 2009;9:187. https:/ / doi.org/10.1186/1471-2334-9-187
Davies NG, Klepac P, Liu Y, Prem K, Jit M, Eggo RM;
CMMID COVID-19 working group. Age-dependent effects
in the transmission and control of COVID-19 epidemics.
Nat Med. 2020;26:1205-11. https:/ /doi.org/10.1038/
$41591-020-0962-9

Davies NG, Kucharski AJ, Eggo RM, Gimma A,

Edmunds WJ, Jombart T, et al.; Centre for the Mathematical
Modelling of Infectious Diseases COVID-19 working group.
Effects of non-pharmaceutical interventions on COVID-19
cases, deaths, and demand for hospital services in the UK:

a modelling study. Lancet Public Health. 2020;5:e375-85.
https:/ /doi.org/10.1016/S2468-2667(20)30133-X

Willem L, Van Hoang T, Funk S, Coletti P, Beutels P,

Hens N. SOCRATES: an online tool leveraging a social
contact data sharing initiative to assess mitigation strategies
for COVID-19. BMC Res Notes. 2020;13:293. https:/ /doi.org/
10.1186/s13104-020-05136-9

Prem K, Liu Y, Russell TW, Kucharski AJ, Eggo RM,

Davies N, et al.; Centre for the Mathematical Modelling of
Infectious Diseases COVID-19 Working Group. The effect of
control strategies to reduce social mixing on outcomes of the
COVID-19 epidemic in Wuhan, China: a modelling study.
Lancet Public Health. 2020;5:e261-70. https:/ /doi.org/
10.1016/5S2468-2667(20)30073-6

Mizumoto K, Kagaya K, Zarebski A, Chowell G. Estimating
the asymptomatic proportion of coronavirus disease 2019
(COVID-19) cases on board the Diamond Princess cruise
ship, Yokohama, Japan, 2020. Euro Surveill. 2020,25:2000180.
https:/ /doi.org/10.2807/1560-7917.ES.2020.25.10.2000180
He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, et al.
Temporal dynamics in viral shedding and transmissibility of
COVID-19. Nat Med. 2020;26:672-5. https:/ /doi.org/
10.1038/s41591-020-0869-5

Ganyani T, Kremer C, Chen D, Torneri A, Faes C,

Wallinga J, et al. Estimating the generation interval for
coronavirus disease (COVID-19) based on symptom onset
data, March 2020. Euro Surveill. 2020;25:2000257.

https:/ /doi.org/10.2807/1560-7917.ES.2020.25.17.2000257
LiR, Pei S, Chen B, Song Y, Zhang T, Yang W, et al.
Substantial undocumented infection facilitates the rapid
dissemination of novel coronavirus (SARS-CoV2). Science.
2020;368:489-93. https:/ /doi.org/10.1126/science.abb3221
National Public Health Organisation. Epidemiological
surveillance of COVID-19 —daily report 26 [in Greek]. April
2020 [cited 2020 Jul 10]. https:/ /eody.gov.gr/wp-content/
uploads/2020/04/ covid-gr-daily-report-20200426.pdf
Verity R, Okell LC, Dorigatti I, Winskill P, Whittaker C,
Imai N, et al. Estimates of the severity of coronavirus disease

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

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Effects of Social Distancing Measures, Greece

2019: a model-based analysis. Lancet Infect Dis. 2020;20:669-
77. https:/ /doi.org/10.1016/S1473-3099(20)30243-7

Di Domenico L, Pullano G, Sabbatini CE, Boélle PY,
Colizza V. Impact of lockdown on COVID-19 epidemic

in fle-de-France and possible exit strategies. BMC Med.
2020;18:240. https:/ /doi.org/10.1186/s12916-020-01698-4
Flaxman S, Mishra S, Gandy A, Unwin HJT, Mellan TA,
Coupland H, et al.; Imperial College COVID-19 Response
Team. Estimating the effects of non-pharmaceutical
interventions on COVID-19 in Europe. Nature. 2020;584:257-
61. https:/ /doi.org/10.1038/s41586-020-2405-7

Pan A, Liu L, Wang C, Guo H, Hao X, Wang Q, et al.
Association of public health interventions with the
epidemiology of the COVID-19 outbreak in Wuhan,

China. JAMA. 2020;323:1915-23. https:/ /doi.org/10.1001/
jama.2020.6130

Salje H, Tran Kiem C, Lefrancq N, Courtejoie N, Bosetti P,
Paireau J, et al. Estimating the burden of SARS-CoV-2 in
France. Science. 2020;369:208-11. https:/ /doi.org/10.1126/
science.abc3517

Jing QL, Liu MJ, Zhang ZB, Fang LQ, Yuan ], Zhang AR,

et al. Household secondary attack rate of COVID-19 and
associated determinants in Guangzhou, China: a
retrospective cohort study. Lancet Infect Dis. 2020;20:1141-
50. https:/ /doi.org/10.1016 /S1473-3099(20)30471-0

Li W, Zhang B, Lu ], Liu S, Chang Z, Peng C, et al. The
characteristics of household transmission of COVID-19.
Clin Infect Dis. 2020;71:1943-6. https:/ / doi.org/10.1093/
cid/ciaa450

Danis K, Epaulard O, Bénet T, Gaymard A, Campoy S,
Botelho-Nevers E, et al.; Investigation Team. Cluster of
coronavirus disease 2019 (Covid-19) in the French Alps,
February 2020. Clin Infect Dis. 2020;71:825-32.

https:/ /doi.org/10.1093/cid/ ciaa424

Viner RM, Russell SJ, Croker H, Packer ], Ward ],

Stansfield C, et al. School closure and management practices
during coronavirus outbreaks including COVID-19: a rapid
systematic review. Lancet Child Adolesc Health. 2020;4:397-
404. https:/ /doi.org/10.1016/S2352-4642(20)30095-X
European Centre for Disease Prevention and Control. Daily
number of new reported cases of COVID-19 by country
worldwide. 2020 May 20 [cited 2020 May 20]. https:/ /www.
ecdc.europa.eu/en/publications-data/download-todays-
data-geographic-distribution-covid-19-cases-worldwide
Imperial College London. COVID-19 model, estimates

as of 4th of May 2020; Greece [cited 2020 Apr 25].

https:/ /mrc-ide.github.io/covid19estimates/ #/ details/
Greece

Bogogiannidou Z, Vontas A, Dadouli K, Kyritsi MA, Sote-
riades S, Nikoulis DJ, et al. Repeated leftover serosurvey of
SARS-CoV-2 IgG antibodies, Greece, March and April 2020.
Euro Surveill. 2020;25. https:/ /doi.org/10.2807/1560-7917.
ES.2020.25.31.2001369

Arons MM, Hatfield KM, Reddy SC, Kimball A, James A,
Jacobs JR, et al.; Public Health-Seattle and King County
and CDC COVID-19 Investigation Team. Presymptomatic
SARS-CoV-2 infections and transmission in a skilled
nursing facility. N Engl ] Med. 2020;382:2081-90.

https:/ /doi.org/10.1056/ NEJMo0a2008457

Kimball A, Hatfield KM, Arons M, James A, Taylor ],
Spicer K, et al.; Public Health-Seattle & King County; CDC
COVID-19 Investigation Team. Asymptomatic and
presymptomatic SARS-CoV-2 infections in residents of

a long-term care skilled nursing facility — King County,
Washington, March 2020. MMWR Morb Mortal Wkly Rep.
2020;69:377-81. https:/ / doi.org/10.15585/ mmwr.mm6913el

461



RESEARCH

40.

41.

42.

43.

462

Park SY, Kim Y-M, YiS, Lee S, Na B-J, Kim CB, et al.
Coronavirus disease outbreak in call center, South Korea.
Emerg Infect Dis. 2020;26:1666-70. https:/ / doi.org/10.3201/
e1d2608.201274

McMichael TM, Currie DW, Clark S, Pogosjans S, Kay M,
Schwartz NG, et al.; Public Health-Seattle and King
County, EvergreenHealth, and CDC COVID-19
Investigation Team. Epidemiology of Covid-19 in a
long-term care facility in King County, Washington. N Engl
J Med. 2020;382:2005-11. https:/ / doi.org/10.1056 / NEJ-
Moa2005412

Read JM, Edmunds W], Riley S, Lessler ], Cummings DA.
Close encounters of the infectious kind: methods to measure
social mixing behaviour. Epidemiol Infect. 2012;140:2117-30.
https://doi.org/10.1017/S0950268812000842

Hoang T, Coletti P, Melegaro A, Wallinga J, Grijalva CG,
Edmunds JW, et al. A systematic review of social contact
surveys to inform transmission models of close-contact

44.

45.

infections. Epidemiology. 2019;30:723-36. https:/ / doi.org/
10.1097/EDE.0000000000001047

Kucharski AJ, Russell TW, Diamond C, Liu Y, Edmunds J,
Funk S, et al.; Centre for Mathematical Modelling of Infec-
tious Diseases COVID-19 working group. Early dynamics
of transmission and control of COVID-19: a mathematical
modelling study. Lancet Infect Dis. 2020;20:553-8.
https://doi.org/10.1016/S51473-3099(20)30144-4

Giordano G, Blanchini F, Bruno R, Colaneri P, Di Filippo A,
Di Matteo A, et al. Modelling the COVID-19 epidemic and
implementation of population-wide interventions in Italy. Nat
Med. 2020;26:855-60. https:/ / doi.org/10.1038 /s41591-020-0883-7

Address for correspondence: Vana Sypsa, Medical School,

Department of Hygiene, Epidemiology and Medical Statistics,
Building No. 12, M. Asias 75, Athens 11527, Greece; email:

vsipsa@med.uoa.gr

July 2020

Emerging Viruses

Case Manifestations and Public
Health Response for Outbreak
of Meningococcal W Disease,
Central Australia, 2017

Transmission of Chikungunya Virus in
an Urban Slum, Brazil

Public Health Role of Academic Medical
Center in Community Outbreak

of Hepatitis A, San Diego County,
California, USA, 2016—-2018

Macrolide-Resistant Mycoplasma
pneumoniae Infections in Pediatric
Community-Acquired Pneumonia

Efficient Surveillance of Plasmodium
knowlesi Genetic Subpopulations,
Malaysian Borneo, 2000—2018

Bat and Lyssavirus Exposure among
Humans in Area that Celebrates Bat
Festival, Nigeria, 2010 and 2013

Rickettsioses as Major Etiologies of
Unrecognized Acute Febrile Iliness,
Sabah, East Malaysia

Meningococcal W135 Disease
Vaccination Intent, the Netherlands,
2018-2019

= High Contagiousness and Rapid Spread

= Severe Acute Respiratory
Syndrome Coronavirus 2—Specific
Antibody Responses in Coronavirus
Disease Patients

Burden and Cost of Hospitalization for
Respiratory Syncytial Virus in Young
Children, Singapore

Policy Decisions and Use of
Information Technology to Fight
COVID-19, Taiwan

Sub-Saharan Africa and Eurasia
Ancestry of Reassortant Highly
Pathogenic Avian Influenza A(H5N8)
Virus, Europe, December 2019

Serologic Evidence of Severe Fever
with Thrombocytopenia Syndrome
Virus and Related Viruses in Pakistan

Survey of Parental Use of Antimicrobial
Drugs for Common Childhood
Infections, China

= Paradoxal Trends in Azole-Resistant
Aspergillus fumigatus in a National
Multicenter Surveillance Program, the
Netherlands, 2013-2018

Shuni Virus in Wildlife and Nonequine
Domestic Animals, South Africa

Transmission of Legionnaires’ Disease
through Toilet Flushing

of Severe Acute Respiratory Syndrome < Carbapenem Resistance Conferred

Coronavirus 2

Risk for Coccidioidomycosis among
Hispanic Farm Workers, California,
USA, 2018

Atypical Manifestations of Cat-Scratch
Disease, United States, 2005-2014

= ldentifying Locations with Possible
Undetected Imported Severe Acute
Respiratory Syndrome Coronavirus 2
Cases by Using Importation Predictions

Large Nationwide Outbreak of Invasive
Listeriosis Associated with Blood
Sausage, Germany, 2018-2019

= Human Adenovirus Type 55
Distribution, Regional Persistence, and
Genetic Variability

by OXA-48 in K2-ST86 Hypervirulent
Klebsiella pneumoniae, France

Laboratory-Acquired Dengue Virus
Infection, United States, 2018

Linking Epidemiology and
Whole-Genome Sequencing to
Investigate Salmonella Outbreak,
Massachusetts, USA, 2018

EMERGING
INFECTIOUS DISEASES

To revisit the July 2020 issue, go to:
https://wwwnc.cdc.gov/eid/articles/issue/

26/7/table-of-contents

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



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 pseudomal-
lei. An effective vaccine is needed, but data on protective
immune responses in human melioidosis are lacking. We
used ELISA and an antibody-dependent cellular phago-
cytosis 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. Se-
rum from melioidosis survivors enhanced bacteria uptake
into human monocytes expressing FcyRlla-H/R131, an
intermediate-affinity 19G2-receptor, compared with se-
rum from nonsurvivors. We did not find this enhancement
when using monocytes carrying the low IgG2—affinity
FcyRIla-R131 allele. The findings indicate the importance
of IgG2 in protection against death in human melioidosis,
a crucial finding for antibody-based therapeutics and vac-
cine development.

Melioidosis is a major cause of fatal community-
acquired 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 meli-
oidosis, 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 Pre-
vention (https://www.cdc.gov/selectagent/index.
html). B. pseudomallei intrinsically is resistant to first-
line commonly available antimicrobial drugs, making
a prophylactic vaccine the most desirable approach
for disease control.

Growing evidence supports the effects of cel-
lular adaptive immunity in human defense against
B. pseudomallei infection (4-6), but additional evi-
dence also points to the role of protective antibodies
against fatal melioidosis. For instance, animal stud-
ies have demonstrated that passive transfer of an-
tibodies specific to the bacterial lipopolysaccharide
(LPS) or capsular polysaccharide (CPS) can protect
mice (7-9) or a diabetic rat model (10) from intrana-
sal or intraperitoneal challenge of B. pseudomallei at
lethal doses. Intraperitoneal or subcutaneous immu-
nization of mice with B. pseudomallei LPS, CPS (11),
or CPS covalently linked to recombinant CRM197
diphtheria toxin mutant (CPS-CRM197) plus hemo-
lysin coregulated protein 1 (Hcpl) (12) provided an
optimal protective antibody response. In addition,
results from studies of human melioidosis patients
demonstrated that elevated levels of anti-oligo poly-
saccharide (OPS) II (13) and anti-LPSII IgG (14) were
correlated with survival. Previous studies dem-
onstrated that IgG1 and IgG2 are the predominant
antibodies in response to the culture filtrate anti-
gen (15,16). A recent study in a population from the
same region showed differences in IgG subclass ef-
fects in response to 2 key antigens in B. pseudomal-
lei, Hepl and OPS (17), and IgG3 responses to Hepl
correlated with melioidosis survival. However, little
data on the mechanistic effects of IgG subclasses in
human melioidosis are available.

Clarifying the mechanistic role of immunoglob-
ulin-mediated protection against melioidosis would
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provide crucial information for developing an effec-
tive vaccine and therapeutic monoclonal antibodies.
We report on the role of B. pseudomallei-specific IgG2
subclass and its high binding activating Fc gamma
receptor (FcyR) Ila polymorphism H131 in protec-
tion 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 Uni-
versity (submission no. TMEC 12-014) and Sunpa-
sithiprasong Hospital, Ubon Ratchathani (reference
no. 018/2555), and by the Oxford Tropical Research
Ethics Committee (reference no. 64-11). We conduct-
ed the study according to the principles of the Dec-
laration 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 melioi-
dosis 218 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 endo-
tracheal swabs, or bronchoalveolar lavage. Among
200 enrolled patients, 6 patients were lost to follow-
up, with survival status unknown, so they were ex-
cluded 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 previ-
ous 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 whole-
cell heat-inactivated (HIA) B. pseudomallei at 2,000 X 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
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antigens in the supernatant by using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, https://
www.thermofisher.com) according to the manufac-
turer’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 Scien-
tific) 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 uL. of wash-
ing 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 (Sigma-
Aldrich) 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; Ther-
mo 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 pre-
coated ELISA plate with 1% bovine serum albumin
(BSA) in PBS for 2 h. We then diluted the serum 1:100
for detecting IgG1, 1gG3, and IgG4 or 1:2,000 for de-
tecting IgG2, and then added the serum to the ELISA
plate. After 1-h incubation, we diluted the biotin-con-
jugated 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 QIlAamp DNA Blood Midi kit (QIA-
GEN, https://www.qgiagen.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 Tag-
Man 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 incu-
bated FITC-labeled B. pseudomallei with HIA serum
samples (10% vol/vol) or Roswell Park Memorial Insti-
tute (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
(FcyRIIa-R-H131 genotype) or U937 (FcyRlIla-R131 gen-
otype), at a multiplicity of infection (MOI) of 5 CFUs/
cell. After incubation at 37°C for 30 min, we immedi-
ately 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 in-
cubated 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 Cy-
tofix 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 pres-
ence of serum by those in the absence of serum samples
in the RPMI-1640 control.

Statistics

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 measure-
ment multiplied by 100. The cutoff was 10% intra-
assay CV and 15% for inter-assay CV. We performed
univariable and multivariable logistic regression ad-
justing 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).
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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 differ-
ent 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. pseu-
domallei IgG levels were not different between survi-
vors (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 1gG
subclasses in serum samples from melioidosis pa-
tients to determine whether IgG subclasses are as-
sociated with survival. We found statistically signifi-
cantly 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 (me-
dian 0.59, IQR 0.26-1.51; p = 0.047) (Figure 1, panel
D). Levels of 1gG1, IgG3, and IgG4 subclasses were
comparable between groups (Figure 1, panels C, E, F).

IgG2 Level Associated with Protection against Death

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 neu-
trophil 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)
19G3; 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 Mann-
Whitney U to compare 2 groups.
Antibody levels in healthy
endemic controls (n = 30) are
shown for comparison for total
IgM and IgG only. OD,_, optical
density at 450 nm.

450?

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 subclass-
es due to low affinity binding between its Fc region
and activating FcyRs expressed on effector innate im-
mune 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% Cl)  p value
Serum IgG2 level 0.50 (0.30-0.83) 0.007
Age >45y 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/uL

>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 al-
lele, and THP-1 cells, containing heterozygous inter-
mediate-affinity H/R131 alleles of FcyRlla.

The ADCP activities of antibodies were not sta-
tistically significantly different between serum from
survivors (median 37.63, IQR 19.88-82.62) and non-
survivors (median 45.34, IQR 21.51-93.67) in U937
containing the low-affinity FcyRIIa-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
FcyRIIA-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 statisti-
cally significant difference in ADCP activity be-
tween 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. Heat-
inactivated serum samples
were incubated with live
fluorescein isothiocyanate—
labeling Burkholderia
pseudomallei before transfer to
the cells, and the percentage of

Adults with Acute Melioidosis, Thailand

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).

FcyRlla Genotype Distribution among Cohort Patients

The genotype distribution was 63.4% FcyRlIla-
H131/H131, 29.3% FcyRIla-H131/R131, and 7.3%
FcyRIla-R131/R131 and exhibited a 9:4:1 ratio
in our melioidosis cohort. The frequency of the
FcyRIIa-H131 allele overall in our cohort was 78%.
However, we did not find a substantial association
between this FcyRIla polymorphism and death, bac-
teremia, 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. pseudomal-
lei lysate in melioidosis patients who survived the
disease compared with fatal cases. We confirmed the
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association between elevated IgG2 level and survival
in a multivariable logistic regression analysis adjust-
ing for age, diabetes, preexisting renal disease, and
neutrophil count. Some studies provide evidence for
a role of IgG2 in protection against various microor-
ganismal infections, including Plasmodium falciparum
malaria (24), and encapsulated bacteria, including
Streptococcus pneumoniae (25,26), Haemophilus influ-
enza (26,27), and Neisseria meningitidis (28). The 1gG2
in those studies mainly recognized CPS epitopes that
are highly repeated T-independent antigens. Previ-
ous work did not show a correlation between IgG2
responses to Hcpl 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 pro-
tective 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 FcyRs
when compared with other IgG subclasses (21,29).
Nevertheless, IgG2 has been shown to possess opsono-
phagocytosis 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
FeyRlIla. The product of FcyRIla-H131, which has been
reported in 67 % of persons with Chinese ethnicity (31),
45% of White populations, and 41% of Black popula-
tions (32), were found to bind IgG2-immune complex
more efficiently than those of R131 (33,34), hence en-
hancing 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 bacte-
ria to effector innate immune cells via FcyRIIA, which
78% of our cohort possessed.

We used 2 types of human monocytic cells ex-
pressing different FcyRIla phenotypes to compare
ADCP activity between patients who survived the
disease and those who did not. U937 cells are homo-
zygous for low-affinity FcyRIla-H/R131 phenotype,
whereas THP-1 cells are heterozygous for intermedi-
ate-affinity FcyRIla-H/R131 phenotype. We demon-
strated that serum from survivors with much higher
levels of IgG2 subclass could enhance B. pseudom-
allei 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 IgGlor IgG3 that can ef-
fectively interact with FcyRIla-R131. The phagocytic
activities of IgG1 and IgG3 imply that higher IgG2
levels can enhance ADCP activity in effector innate
immune cells carrying the FcyRIla-H131 allele and
that this ADCP activity was associated with protec-
tion against death in acute melioidosis patients.

Elevated ADCP activity of serum samples from
patients without bacteremia almost reached statisti-
cal 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 circulat-
ing blood can be removed more effectively in persons
with the FcyRIla-H131 phenotype.

One limitation of this study is that we used differ-
ent cell types, which might have different genetic and
phenotypic backgrounds resulting in different out-
comes of ADCP activity in serum from survivors and
nonsurvivors. This finding should be confirmed in
U937 cells transfected with the FcyRIla-H131 recep-
tor. In addition, IgG2 serum samples from patients
also contain the other 3 IgG subclasses, 1gG1, IgG3,
and IgG4, and IgM and IgA that might influence out-
comes. In addition, the antibody-dependent phagocy-
tosis activity of serum in this study was tested solely
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in human monocytic cells, U937 and THP-1, whereas
FcyRlla 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 associa-
tion between FcyRIla-H131 phenotype and ADCP ac-
tivity 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 FcyRIla-R131 phenotype (7.3%) in our co-
hort; 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 in-
fectious diseases. The relationship between elevated
IgG2 levels and protection against death in melioi-
dosis is comparable with those in other encapsulated
bacterial infections. The relationship between elevat-
ed IgG2 levels and protection against death in meli-
oidosis constitutes critical information for selecting
the appropriate antibody subclasses for therapeutic
antibody and vaccine development, in particular for
patients with the FcyRIla-H131 phenotype.
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etymologia

Falciparum [fal-"s1-pa-rem]

Aparna Tiwari, Abhinav Sinha

From the Latin falx or falci (sickle or scythe-
shaped) and parum (like or equal to another)
or parere (to bring forth or bear). The species fal-
ciparum 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 falci-
forme by Thayer and Hewetson in 1895, because
of its sickle-shaped gametocytes, the sexual stage
of falciparum parasites. However, the term falci-
parum, suggested by William Henry Welch in
1897, was eventually accepted. In 1954, Plasmo-

dium falciparum (prev1ous¥y Laverania -mf.zlarzae) Figure. Giemsa-stained thin blood smear of Plasmodium falciparum (original
was approved by International Commission on magnification x1,000). Red arrows indicate gametocytes, and green arrows

Zoological Nomenclature. 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 Plas-
modium falciparum causes infections to go undetected
by HRP2-based malaria rapid diagnostic tests. We ana-
lyzed 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 gene-
deleted parasites, indicating independent emergences.
The gene deletion proportions signify a risk of false-
negative HRP2-RDT results. This study’s findings war-
rant surveillance to determine whether the prevalence of
gene-deleted parasites justifies switching malaria rapid
diagnostic tests in Nigeria, Sudan, and South Sudan.

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
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located (2). Gains in malaria control have been attrib-
uted primarily to the implementation of key interven-
tion 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 lim-
ited access to these interventions (3).

Rapid diagnostic tests (RDTs) are recommended,
and have become essential, for malaria case manage-
ment in many regions because they meet the chal-
lenges 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 mi-
croscopy (4). These RDTs are used, along with Giem-
sa-stained blood films, for diagnosis of imported ma-
laria in pathology laboratories in Australia (including
those of the Australian Defence Force) (5). A prelimi-
nary diagnosis using RDTs is made and the diagnosis
confirmed by stained thick and thin films. False-nega-
tive 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-stabil-
ity profile over Plasmodium lactate dehydrogenase
(pLDH) or aldolase (6). HRP2-based tests detect the
HRP2 antigen (and, to a lesser extent, HRP3, be-
cause 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/pL) (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 propor-
tion 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 pfhrp2-
deleted 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). Sin-
gle 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 dele-
tion 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 emer-
gency 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 expres-
sion 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 rec-
ommended for that location (21). Therefore, surveil-
lance is critical to estimate whether the prevalence of
parasites with gene deletions has reached the thresh-
old for switching RDTs and is recommended to focus
primarily on locations or nearby locations where gene
deletions have been detected. Imported cases of ma-
laria are a resource to detect gene deletions in coun-
tries of origin and the outcomes can prompt large-
scale surveillance.

When case management policies for imported
malaria are developed, regional pfhrp2/pfhrp3 dele-
tion levels should also be considered. The lack of clar-
ity 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 dele-
tion. Consequently, we investigated the pfhrp2 / pfhrp3
status of malaria cases imported from travelers, im-
migrants, and refugees entering Australia to identify
evidence for pfhrp2 and pfhrp3 deletions in P. falci-

parum 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 confir-
mation 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 Parasi-
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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 ge-
nomic DNA from whole blood using QIAamp mini
DNA kits (QIAGEN, https://www.qiagen.com) ac-
cording to the manufacturer’s directions. We assessed
DNA quality by subjecting DNA to agarose gel elec-
trophoresis. We measured DNA concentrations by
spectrophotometric analysis using a Nanodrop Spec-
trophotometer 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 (pfrp2 +/pfhrp3 -),

3BDS (pfhrp2 —/pfhrp3 =), DA2 (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 pf-
hrp2 (PlasmoDB gene ID Pf3D7_0831800) and pfhrp3
(PlasmoDB gene ID Pf3D7_1372200) genes by ampli-
fying across exon 1-exon 2 and exon 2, as previously
described (10; Appendix Table, https:/ /wwwnc.cdc.
gov/EID/article/27/2/19-1410-App1l.pdf). Samples
were considered to contain the pfhrp2- or pfhrp3-de-
leted 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 (pfimsp1), merozoite
surface protein 2 (pfinsp2), and glutamate-rich protein
(pfglurp). The use of the comparable single copy refer-
ence gene assays as a DNA quality control has been
observed in several studies reporting P. falciparum
with and without deletions to show a concordant lim-
it 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 dele-
tions (when whole blood was available). We per-
formed 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.globalpoin-
tofcare.abbott) and Carestart (AccessBio, https:/ /ac-
cessbiodiagnostics.net) HRP2-based malaria RDTs.
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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 Ana-
lyzer (Applied Biosystems, https://www.thermo-
fisher.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 sam-
ple based on the sizes of the 7 microsatellite markers.
We used PHYLOViZ software (25) using a minimum
spanning tree approach to compare the genetic di-
versity and genetic relatedness of the Sudan, South
Sudan, and Nigeria cohorts within this study and to
compare with parasites from Eritrea and Peru (hap-
lotypes 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 fre-
quencies 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 ori-
gin, n<20. The clinical state, when known, was pre-
dominantly symptomatic travelers who came to the
hospital; however, the cohort included >15 poten-
tially asymptomatic samples collected during refu-
gee 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/pL) to 30.1% (1,505,000
parasites/pL), with a mean of 1.34 + 3.00%, 67,000
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parasites/pL; 24.8% had a parasitemia <0.01%. Only
48% of patients (when reported) had used chemopro-
phylaxis (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 pfmspl, 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-delet-
ed 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 ob-
served a single sample with pfhirp2-deletion in speci-
mens 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 dele-
tion per origin in parasites from Sudan (1/39, 2.56%),
South Sudan (1/17, 5.88%), Tanzania (1/4, 25%), Su-
matra (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 HRP2-
based SD BioLine malaria RDTs (14 pfhrp2 deleted, 2
pfhrp3 deleted). Of the 16 gene deletion parasites de-
tected by HRP2 RDT, 10 samples had a parasitemia
>1000/pL. Four of 18 pfhrp2-deleted parasites failed
to be detected by HRP2 RDTs; 3 of these 4 cases had
a parasitemia level <500/pL (Table 2). Only 9 of 20
samples gave a positive pan band; 8 of the 9 had a
parasitemia level >2,000/pL.

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 (micro-
satellite markers TA109 and 2490) to 16 (microsatel-
lite 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 pfhirp3-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 de-
letion status) did not exceed the observed heterozy-
gosity for any cohort.

Discussion

Increasing availability and use of HRP2-based malar-
ia 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 Af-
rica found that protocols often varied among health-
care 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 ma-
laria RDTs lack molecular data on parasite pfhrp2
and pfhrp3 deletion. Sudan and South Sudan had no
previously reported data regarding pfhrp2 and pf-
hrp3 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 neighbor-
ing 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). Math-
ematical 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 +— I+ /- % 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
Unknownt 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) NA NA
HB3 1 0 1 (100) 0 NA NA

*NA, not applicable.

TCases 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 Su-
dan’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-delet-
ed parasite from Nigeria); however, the proportion
of pfhrp2-deleted parasites observed (13.3%) is simi-
lar to the 17% observed in a 2019 study of contem-
porary parasites from Nigeria (likewise finding no
double deletion) (14). Countries in western Africa,
such as Nigeria, often make use of exclusively HRP2-
based RDTs (no pan-Plasmodium spp. antigen target);
because reliance on P. falciparum-only RDTs would
further exacerbate the public health consequences of

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

pfhrp2/ pfhrp3-deleted parasites, ongoing monitoring
in these locations is warranted (31).

No gene-deleted parasites were observed with-
in the cohorts from several countries (Cameroon,
Gambia, Cote 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: Gha-
na, Kenya, Mali, Togo, and Zambia; pfhrp3: Tanza-
nia). 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 pfhirp2 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 Bi-
naxXNOW, which was less sensitive (Table 2). Subject-
ing the selected samples to testing with HRP2-based
SD BioLine malaria RDTs corroborated the hypoth-
esis that infections by pfhrp2-deleted parasites may
occasionally fail to be detected, particularly in cases
of low parasite density (<1,000/pL) and less-sensi-
tive RDT varieties. Indeed, most pfhrp2-negative/
pfhrp3-positive samples tested positive with HRP2-
based SD BioLine malaria RDTs when parasitemia
was >1000 parasites/pL, which suggests that HRP3
cross-reaction with HRP2-based tests acts as a fail-
safe, in cases of adequate parasite density (generally
observed to be >1,000 parasites/pL [14]). pfhrp2-de-
leted 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 low-
resource settings.

P. falciparum and pan-Plasmodium spp. RDTs fail-
ing to detect pfhrp2/3-deleted P. falciparum through
pan-Plasmodium spp. pLDH likely reflects the freez-
ing/thawing of whole blood samples, which is re-
ported to degrade the antigen and to cause hemolysis
of the blood, leading to sample inhibition (35). Freeze-
thawing 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 para-
sites with gene deletions were of de novo emergence.
For this purpose, we used the same set of microsat-
ellite 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 dif-
ferent laboratories to calibrate outcomes. Microsat-
ellite analyses found high heterogeneity of P. falci-
parum 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*

Collection Parasitemia, Parasites/uL Genotype, BioLine RDTYt
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 +/— 1t 3
South Sudan BDC98 2018 0.5 25,000 —/+ 1 1
South Sudan BDB94 2017 0.5 25,000 I+ 1 1
South Sudan BDB99 2017 <0.01 NA —/+ 0 1t
Nigeria BDA24 2015 1.1 55,000 —/+ 0 1
Nigeria BDA92 2012 4 200,000 —/+ 1 1
Nigeria BDA91 2012 25 125,000 —/+ 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 BDAS 2016 <0.01 NA I+ 1F 1%
Tanzania BDA28 2015 <0.01 NA —/+ 0 1
Zambia BDA31 2015 0.2 10,000 —/+ 0 1
Togo BDAS50 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 +/+ 1f 2
Papua New Guinea BDB5 2012 <0.01 NA ++ 1F 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.
T0—-4 result scored by World Health Organization guidelines.

FSample results matched outcomes using CareStart Malaria RDT, whereas parasites were not detected by BinaxNOW RDT (Appendix Figures 2, 3,

https://wwwnc.cdc.gov/ElD/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 ge-
netic diversity may reflect the broad geographic and
temporal sampling range, as well as the heterogenic-
ity, of natural P. falciparum populations in areas with
moderate or high transmission intensities.

We analyzed microsatellite peaks for the pres-
ence of multiple peaks (indicating multiple unique
haplotypes within an individual infection). Three

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

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, demonstrat-
ing the quality of the analysis. The low level of multi-
ple 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; howev-
er, the Nigerian cohort was composed of travelers or
immigrants to Australia who returned home for fam-
ily events, usually traveling for <2 weeks.

A notable consideration when interpreting re-
sults 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 sam-
pling timeframe does not capture the true prevalence
of pfhrp2 and pfhrp3 deletion in contemporary parasite
populations or allow us to consider the effects of sea-
sonal profiles (38). As a result, the cohort is not rep-
resentative of cases within endemic regions, which
is noteworthy because pfhirp2/3 deletion needs to be
interpreted considering clinical relevance. Deletion
proportions between symptomatic and asymptomat-
ic patients within groups were too small and too often
status unknown for meaningful analysis. This limita-
tion 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 knowl-
edge, 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 Su-
dan 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 originat-
ed from bordering endemic regions.

Malaria control is complicated in regions border-
ing other endemic nations by human-vector migra-
tion. Border regions are often rural, which may lead
to high transmission coupled with inadequate health
services (36). Similarly, the remoteness, limited re-
sources, 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 Su-
dan, where pfhrp2-based malaria RDT failure would
constitute a major public health threat. These nations
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require urgent prevalence surveys and ongoing mon-
itoring for early detection of emergent double dele-
tion parasites.
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Hepatitis C Virus Transmission
Clusters in Public Health
and Correctional Settings,

Wisconsin, USA, 2016—20171

Karli R. Hochstatter,? Damien C. Tully,? Karen A. Power, Ruth Koepke, Wajiha Z. Akhtar, Audrey F. Prieve,
Thomas Whyte, David J. Bean, David W. Seal, Todd M. Allen,® Ryan P. Westergaard?®

Ending the hepatitis C virus (HCV) epidemic requires
stopping transmission among networks of persons who
inject drugs. ldentifying transmission networks by using
genomic epidemiology may inform community responses
that can quickly interrupt transmission. We retrospective-
ly identified HCV RNA-positive specimens correspond-
ing to 459 persons in settings that use the state labora-
tory, 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 Cen-
ters for Disease Control and Prevention Global Hepati-
tis 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 transmis-
sion could be reduced by expanding molecular-based
surveillance strategies to rural communities affected by
the opioid crisis.

Hepatitis C virus (HCV) infections have sharply
increased in the United States, where an estimat-
ed 2.4 million persons are living with chronic infec-
tion (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 epi-
demic and associated increases in the sharing of con-
taminated injection drug use equipment (3). Because
the intersecting epidemics of opioid injection and
infectious diseases are complex and dynamic, imple-
menting community-specific comprehensive preven-
tion services remains challenging.

Public health experts are increasingly using mo-
lecular-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 surveil-
lance and outbreak investigation, CDC developed a
public health tool, Global Hepatitis Outbreak and Sur-
veillance Technology (GHOST), which uses next-gen-
eration sequencing methods (9). GHOST integrates a
suite of computational tools to accurately detect pos-
sible 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 in-
crease 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.

2These first authors contributed equally to this article.

3These senior authors contributed equally to this article.
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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 surveil-
lance and molecular analyses with GHOST to identify
putative HCV transmission clusters among persons
most likely infected through injection drug use dur-
ing 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 rou-
tinely reported to the Wisconsin Electronic Disease
Surveillance System (WEDSS), a secure, Internet-
based health information system used for the report-
ing, 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, lo-
cal health departments, community-based organiza-
tions, and public health clinics) are processed at the
Wisconsin State Laboratory of Hygiene and stored for
5 years. Approximately 15% of all HCV cases report-
ed to WEDSS represent persons who underwent fee-
exempt HCV RNA confirmatory testing through the
state laboratory. The cohort of persons tested com-
prised primarily younger persons with a history of
injection drug use, resulting from the types of organi-
zations that submit test results to the state laboratory.
We identified persons confirmed to have an HCV
RNA-positive sample analyzed at the state labora-
tory and reported to WEDSS for the first time dur-
ing 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 participa-
tion 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 co-
horts: 54 persons residing in nonrural catchment ar-
eas and 164 residing in correctional facilities. Because
resource limitations prevented data collection from
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all HCV-infected persons in nonrural catchment ar-
eas and correctional facilities, we included tho