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Since the fi rst reported outbreak in Wuhan, China, 
on December 31, 2019, severe acute respiratory 

syndrome coronavirus 2 has infected >210 million 
persons and resulted in nearly 4.4 million deaths 
worldwide as of August 2021 (1). Many countries have 
responded to the coronavirus disease (COVID-19)

pandemic with unprecedented large-scale anticonta-
gion policies, including closure of nonessential busi-
nesses and stay-at-home restrictions (2). Such policies 
have had measurable effects on slowing down the 
epidemic during the early months of the COVID-19 
pandemic (1–4).

In South Korea, the fi rst case of COVID-19 was 
reported on January 20, 2020, and an additional 27 
cases were confi rmed by February 10. All confi rmed 
case-patients either had international travel histories 
linked to the cities with confi rmed cases or were the 
contacts of index case-patients. Many of these early 
cases were likely linked to travel between Wuhan 
and South Korea during the Lunar New Year holi-
day on January 24–28, 2020. However, on February 
18, a woman in Daegu, the epicenter of the initial 
COVID-19 outbreak in South Korea, was the fi rst 
case-patient who had no international travel history 
or contact with another index case-patient. Epidemio-
logic surveillance showed that she attended a large 
Shincheonji Church meeting before her diagnosis. 
Subsequently, >2,500 cases (62% of all confi rmed cases 
in Daegu) were confi rmed positive and epidemiologi-
cally linked to this church. The rapid surge in cases 
quickly overwhelmed all available hospital beds and 
intensive care unit (ICU) capacity in Daegu (5,6).

In response to the rapid surge, the government 
of South Korea implemented intensive policies for 
testing, contact tracing, and quarantining of all close 
and potential contacts of index cases, and social dis-
tancing (7). We review the timeline of key policies 
and practices implemented for COVID-19 epidemic 
control during the early 2020 epidemic in South Ko-
rea. We then used a stochastic transmission model to 
retrospectively evaluate the probable impact of these 
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We reviewed the timeline of key policies for control of the 
coronavirus disease epidemic and determined their im-
pact on the epidemic and hospital burden in South Korea. 
Using a discrete stochastic transmission model, we esti-
mated that multilevel policies, including extensive testing, 
contact tracing, and quarantine, reduced contact rates by 
90% and rapidly decreased the epidemic in Daegu and 
nationwide during February‒March 2020. Absence of 
these prompt responses could have resulted in a >10-fold 
increase in infections, hospitalizations, and deaths by May 
15, 2020, relative to the status quo. The model suggests 
that reallocation of persons who have mild or asymptom-
atic cases to community treatment centers helped avoid 
overwhelming hospital capacity and enabled healthcare 
workers to provide care for more severely and critically ill 
patients in hospital beds and negative-pressure intensive 
care units. As small outbreaks continue to occur, contact 
tracing and maintenance of hospital capacity are needed.



SYNOPSIS

policies and practices on the epidemic control. Our 
findings offer lessons for future health system plan-
ning and epidemic control during an initial outbreak 
of a respiratory disease.

Methods

Review of Country-Level Responses to  
COVID-19 Outbreak
We reviewed and summarized the key policies for CO-
VID-19 epidemic control in South Korea during January 
1–May 15, 2020. Our review used the World Health Or-
ganization (WHO) operational guidelines for COVID-19 
strategic preparedness and response plan to categorize 
components of the response (8). The guidelines focus on 
9 major pillars: 1) country-level coordination, planning, 
and monitoring; 2) risk communication and commu-
nity engagement; 3) surveillance, rapid-response teams, 
and case investigation; 4) points of entry, international 
travel, and transport; 5) national laboratories; 6) infec-
tion prevention and control; 7) case management; 8) 
operational support and logistics; and 9) maintaining 
essential health services and systems. The details of the 
epidemic, policies, and health system use were collected 
from the official site of the Korea Center for Disease Con-
trol and Prevention (KCDC) and Daegu Disaster Man-
agement Headquarters (5,9), which were made public 
daily. We provide major policies at each governmen-
tal level, facility level, congregate setting, and house-
hold/personal level in chronological order (Table 1,  
https://wwwnc.cdc.gov/EID/article/27/11/20-
3779-T1.htm; Appendix Figure, https://wwwnc.cdc.
gov/EID/article/27/11/20-3779-App1.pdf).

Mathematical Model
We adapted an existing stochastic, discrete-time com-
partment model of community transmission of se-
vere acute respiratory syndrome coronavirus 2 (10) to 
simulate the COVID-19 epidemic in South Korea (Ap-
pendix) . The model represents persons who are sus-
ceptible (S), exposed (E), infectious (I), or removed/
recovered (R). We assumed that initial infections 
were imported through international travelers.

After the daily cases peaked at 813/day on March 
1, the daily cases decreased below 100/day, and 
>99% of all Shincheonji Church members in Daegu 
were successfully traced and tested by mid-March. By 
March 18, there were 8,413 confirmed cases, 270,888 
confirmed negative tests results, and 16,346 tests in 
progress, yielding a positive test rate of 3.0% and 
a case-fatality rate of 1.00%. Given that testing was 
widely conducted with intensive efforts for contact 
tracing during the initial outbreak, we assumed that 

the case-fatality rate is not far above the infection-fa-
tality rate (IFR). To be conservative, we assumed that 
the true IFR would be slightly lower by a factor of 5%, 
resulting in the overall IFR estimate of 0.95.

Model Assumptions and Calibration
As of May 15, there were 10,991 confirmed cases, 
695,854 confirmed negative test results, 19,875 in 
progress for test results, and 260 cumulative deaths. 
According to the data published by KCDC and Dae-
gu Disaster Management Headquarters, 69.1% of all 
case-patients were asymptomatic or mildly symp-
tomatic, 22.4% had mild symptoms, 10.0% had severe 
symptoms leading to hospitalization, and 3.6% had 
critical illness requiring ICU admission (5).

The government of South Korea encouraged 
all case-patients, including mild symptomatic and 
asymptomatic case-patients, to be hospitalized to 
prevent community transmission, yielding a high 
case-hospitalization rate. Although 49.4% of all case-
patients were hospitalized before March 2, a total of 
82.6% of all infected case-patients were either hos-
pitalized or admitted to community treatment cen-
ters (CTCs) after these centers were established to 
provide care for asymptomatic or mildly ill patients 
after March 2, 2020. We assumed that the average 
time from infection to symptom onset was 5.1 days 
(11) and from symptom onset to hospitalization was 
4 (range 0–11) days (12–14) (Table 2). Our previous 
study used the claims made in the National Health 
Insurance System (NHIS) (15), a mandatory health 
insurance system covering 96.6% of the entire pop-
ulation of South Korea. On the basis of those data 
and data from the literature, we assumed that the 
average length of stay at hospitals among non–ICU-
admitted patients would be 21 (7.2–32.6) days and 
that for case-patients quarantined at CTCs would be 
16 (7–20) days (15–18).

Critically ill patients were assumed to be first 
admitted to non-ICU hospital beds for 3 days, then 
transferred to the ICUs for 30 (range 11.6–47.2) days 
before returning to non-ICU hospital beds for another 
5 days (5,15,16). On the basis of KCDC data, we as-
sumed that 60% of the critically ill patients would die 
and have an average length of time in the ICU of 10 
(range 0–13) days before death (5,15,16).

We calibrated the susceptible-exposed-infec-
tious-removed (SEIR) model to the data for confirmed 
COVID-19 case-patients, hospital census, CTC cen-
sus, ICU census, and deaths as reported by KCDC 
and Daegu Disaster Management Headquarters dur-
ing February 1–May 15, 2020 (5,9). We estimated the 
basic reproduction number (R0) at the beginning of 
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the epidemic in South Korea and the effective repro-
duction number (Re) after the first epidemic peak in 
early March 2020. We adjusted the estimated Re to 
minimize the sum of squared residuals between the 
data and the corresponding model outputs after the 
epidemic started decreasing in late February. To en-
able stochasticity in transmission, we applied a log-
normal stochastic process with an SD of 0.722, a value 
determined on the basis of fitting this model to the 
2018–19 influenza season for Seattle, Washington, 
USA (10). We implemented the model in Python 
version 3.7 (https://www.python.org) and ana-
lyzed and graphed outputs by using R version 3.6.1 
https://www.r-project.org). Ethics approval was not 
required because the study was based on a simulated 
cohort of patients and used publicly available epide-
miologic data.

Model Scenarios for Impact of Mitigation Measures
Rapid testing and effective contact tracing of index 
cases enable health authorities to test and quickly 
quarantine infectious persons and isolate the con-
tacts of index case-patients from the susceptible 
population, reducing the number of infectious per-
sons in the population and thus preventing onward 
transmissions. Several studies, including 2 meta-
analyses of respiratory diseases caused by corona-
viruses, showed that social distancing and mask-
wearing reduce viral transmission among contacts 
(19,20). In our SEIR model, we assumed that social 
distancing and mask-wearing would reduce trans-
missibility or contact rates for infectious persons. 

Given that all mitigation measures and interven-
tions, including contact tracing and testing, social 
distancing, and mask-wearing, had simultaneously 
occurred, we did not separately model and measure 
the effects of individual interventions but estimated 
the overall impact of combined interventions.

We measured outcomes of the epidemic (infec-
tions, cases, and deaths) and health system burden 
(hospital census, CTC census, and ICU census) by May 
15, 2020, in South Korea associated with the actual re-
sponse and compared them with hypothetical, less in-
tensive mitigation efforts. Specifically, we considered 
2 scenarios where Re was estimated to be reduced by 
50% of the initial R0 by February 28, then would re-
main at 50% (scenario 1) or 70% (scenario 2) of the ini-
tial R0 after February 28. We also conducted sensitivity 
analysis by varying the key parameter values affecting 
health system burden (Appendix Figure 2).

Results
We present a summary of key policies and practices 
for COVID-19 response and control in South Korea. 
This summary was conducted according to WHO 
guidelines (Table 1; Appendix Figure 1).

Key Policies and Practices

Country-Level Coordination, Planning, and Monitoring
A special COVID-19 task force was organized on Jan-
uary 3, 2020. As soon as the first COVID-19 case was 
confirmed, the government of South Korea promptly 
declared its political commitment on January 22 to 
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Table 2. Input parameters for COVID-19 transmission compartmental model, South Korea* 
Characteristic Baseline value Range† Reference 
Hospitalizations for all confirmed cases by disease severity before March 2, % 49.4  (5) 
 Asymptomatic or mild symptomatic cases 17.0  (5) 
 Mild symptomatic cases 22.4  (5) 
 Severely ill cases 6.4  (5) 
 Critically ill cases 3.6  (5) 
Hospitalizations for all confirmed cases by disease severity after March 2, % 82.6  (5,9) 
 Asymptomatic or mild symptomatic cases (admitted to CTCs) 38.2  (5,9) 
 Asymptomatic or mild symptomatic cases (admitted to hospitals) 12.0  (5,9) 
 Mild symptomatic cases 22.4  (5,9) 
 Severe symptomatic cases 6.4  (5,9) 
 Critically ill cases 3.6  (5,9) 
Proportion admitted to the ICU among hospitalized patients 8.1  (5,9) 
Time to outcome, d 

 
 

 

 Time to symptom onsets 5.1 4.5‒5.8 (11) 
 Time from symptom onset to hospitalization 4.0 0‒11 (12‒14) 
 Time from symptom onset to ICU hospitalization 7.0 6‒8 (12‒14) 
 Time from symptom onset to death 17.0 0‒27 (14) 
 Length of stay at CTC 16.0 7‒20 (9,18) 
 Length of stays at hospital without ICU admission 20.9 7.2‒34.6 (15‒17) 
 ICU length of stay among survivors 30.0 11.6‒47.2 (5,15,16) 
 ICU length of stay among nonsurvivors 10.0 0 ‒13 (5,15,16) 
Case-fatality rate for critically ill patients, % 60.0  (5,9) 
*COVID-19, coronavirus disease; CTC, community treatment center; ICU, intensive care unit. 
†Range was used for sensitivity analysis where available. For parameters that were calculated as proportions, baseline values were used as fixed values. 
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prepare a response to COVID-19 in advance of the 
Lunar New Year holidays (21).

Risk Communication and Community Engagement
The government raised the alarm level in the 4-level 
national crisis management system (blue, yellow, or-
ange, red) from yellow (stage 2) to orange (stage 3) on 
January 27 and to red (stage 4) on February 23, after 
the WHO Public Health Emergency of International 
Concern announcement on January 30. The KCDC 
held daily briefings to provide status updates and 
policy guidance to the public.

Surveillance, Rapid-Response Teams, and Case Investigations
We implemented intensive contact investigation 
and quarantine for all potential contacts of index 
case-patients (5,21,22). Epidemiologic Intelligence 
Service officers rapidly traced the contacts of every 
confirmed index case-patient by using cell phones 
and novel mobile applications (23). During Janu-
ary 20–March 27, 2020, the number of index case-
patients traced was 5,706, and the number of con-
tacts traced was 59,073, yielding a ratio of contacts 
traced/index case patient of 10.4 (24). The contacts 
who were successfully traced were monitored for 
an average of 9.9 days (24).

Points of Entry, International Travel, and Transport
After March 19, all in-bound passengers received 
health screenings at airport immigration checkpoints 
(9,25,26). These screenings were performed to iden-
tify new case-patients coming into South Korea.

National Laboratories
The Academy of Korean Laboratory Medicine de-
veloped reverse transcription PCR (RT-PCR)–based 
COVID-19 diagnostic kits, which were rapidly ap-
proved by the Korean Food and Drug Administra-
tion and distributed to 18 public laboratory centers 
on January 31. Rapid approval by the Korean Food 
and Drug Administration was possible because the 
government had established a system that enables 
emergency-use authorization in vitro diagnostics 
after the outbreak of Middle East respiratory syn-
drome (MERS) during 2015 (27).

Infection Prevention and Control at Hospitals
All hospitals and public health centers set up  
COVID-19 screening clinics after the first case was 
confirmed in South Korea. The transmission risk 
among healthcare workers was low; only 241 (2.4%) 
of all confirmed cases were healthcare workers as 
of April 5 (9).

Congregate Settings
On March 25, the government completed a full screen-
ing of high-risk congregate facilities, as well as nurs-
ing homes (28,29). This screening showed a positivity 
rate of 0.7% (224/32,990) in Daegu.

Social Distancing
The government announced a nationwide social 
distancing campaign for 2 weeks starting March 22, 
2020. This campaign included staying home except 
for essential travel, limiting social gatherings, work-
ing from home whenever possible, and keeping 6 feet 
of distancing from others outside the home (30). In 
addition, after the mass outbreak occurred in Daegu 
in February, persons voluntarily reduced mobility 
and increased social distancing (e.g., the total number 
of riders taking the Seoul subway decreased to half of 
its previous total) (31). The government later estab-
lished guidelines for implementing 3 levels of social 
distancing based on the number of confirmed cases in 
the local area (25).

Use of Face Masks
Since 2014, a yellow dust storm that originated in 
the deserts of Mongolia and northern China during 
the spring has been a public health issue in South 
Korea, and persons were advised to wear a face 
mask outdoors to avoid inhaling particulate matter. 
In addition, because of an outbreak of MERS dur-
ing 2015 that resulted in 186 cases and 38 deaths, 
public acceptance of wearing a mask was high in 
the event of respiratory disease outbreak. Wearing 
a face mask in public areas was regarded as a sign 
of thoughtfulness and modesty to prevent trans-
mission to others (32). The 2 surveys conducted 
in late February and mid-March 2020 showed that 
63% (33) and 94% (34) of persons in South Korea 
reported always wearing face masks when they  
were outside.

Case Management
Several CTCs were established on March 2 to quar-
antine and monitor asymptomatic and mild symp-
tomatic case-patients and to enable reallocation of 
hospital beds in Daegu, when the total number of 
isolated patients, including self-quarantined cases 
at home waiting for admission (4,159), exceeded 
the number of available hospital isolation beds. 
Shortly afterward, CTCs were implemented na-
tionwide (18). In addition, Daegu Dongsan Hospi-
tal and Daegu Medical Center were designated as  
COVID-19 central hospitals for effective COVID-19 
case management (35).
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Operational Support and Logistics in Hospitals
South Korea had the second-highest number of hospital 
beds per capita (12.3 beds/1,000 population) worldwide 
during 2019 (36). The number of negative-pressure beds 
increased to 1,077 by February 22 during the early part 
of the outbreak (9). In addition, to accommodate the 
rapid surge of COVID-19 patients, most tertiary hos-
pitals constructed and renovated their isolation rooms 
with airborne infection isolation using common outlet 
duct systems or mobile negative-air machines (37).

Human Resources
Public health and army doctors dispatched as a sub-
stitute for their obligatory military service. These doc-
tors were the main workforces, in addition to thou-
sands of medical volunteers.

Maintaining Essential Health Services and Systems
Some private and public hospitals were designated 
as COVID-19 central hospitals. This designation was 
conducted to care only for patients with confirmed 
COVID-19.

Estimated Impacts of Policy and Interventions
The epidemic rapidly increased in the early phase, 
and the number of new daily cases peaked at 656 

on February 29 (Appendix Figure 1). However, new 
daily cases declined in March and reached fewer than 
100 daily confirmed cases after April 2. The reported 
hospital census peaked on March 14 at ≈3,600 cases 
and the CTC census on March 15 at 3,025 cases (Fig-
ure). The ICU census reached its peak in mid-March 
at ≈160. Given the limited capacity of ≈3,600 available 
hospital beds for isolation and 300 ICU beds with 
negative pressure in South Korea (6,16), a delay in 
governmental response for epidemic control is likely 
to have caused the epidemic to exceed the existing 
hospital capacity nationwide.

The SEIR model estimated that R0 was 3.24 at the 
beginning of the outbreak but decreased by 35% as 
of February 26, 50% as of February 28, and 90% as 
of March 2 (Figure 1). Such a reduction can be at-
tributed to the combination of different mitigation 
efforts and individual practices as described earlier 
in this report, including contact tracing of ≈99% con-
tacts in the Shincheonji Church outbreak in Daegu 
and isolation of contacts at hospitals or CTC, social 
distancing and voluntary reductions in population 
mobility, near-universal mask wearing in public, 
and widespread testing.

The SEIR model estimated that the number of 
new daily cases would have exceeded 750 by April 
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Figure. Estimated and confirmed numbers for coronavirus disease, South Korea, 2020. A) New daily cases; B) hospital census; C) CTC 
census; D) ICU census; E) cumulative deaths. Gray lines indicate observed data (5,6,9,16). Blue lines indicate estimated numbers with 
35%, 50%, and 90% reductions in the basic reproduction number by February 26, February 28, and March 2, respectively, as the status 
quo. Additional scenarios are shown where R0 was assumed to be reduced by 70% (scenario 1, green line) or stayed the same at 50% 
(scenario 2, red line) after February 28. CTC, community treatment center; ICU, intensive care unit; R0, basic reproduction number.
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1 and resulted in ≈27,000 cumulative infections if R0 
had been reduced only by 70%, which showed ≈25% 
lower composite effects of mitigation measures on 
reducing contact rates and transmissibility compared 
with the status quo (scenario 1) (Figure). R0 would 
have remained at ≈1, sustaining the continued epi-
demic growth and outbreak clusters. By May 15, the 
cumulative infections would have reached 82,000 and 
the hospital census would have reached 9,900, which 
is ≈3 times higher than the total hospital beds avail-
able for isolation in South Korea. Cumulative deaths 
would have exceeded 1,200, which is >5-fold increase 
over the number of cumulative deaths observed as 
of May 15. This result would have prompted nation-
wide stage 2.5 social distancing measures and restric-
tions in which persons are advised to stay at home, 
and private or public gatherings of >50 persons in-
doors are prohibited (31).

If R0 had been reduced by only 50% after Febru-
ary 28, the epidemic would have reached 4,000 new 
daily cases and 83,900 cumulative infections by April 
1 and 31,800 new daily cases and >1.7 million cumu-
lative infections by May 15 (scenario 2) (Figure). R0 
would have reached ≈1.6, exponentially increasing 
and doubling the cases by 7.9 days nationwide. This 
result would have prompted nationwide stage 3 so-
cial distancing measures and restrictions, the highest 
level of restriction, in which persons are advised to 
strictly stay at home, all nonessential businesses and 
in-person schooling are closed, and private or public 
gatherings of >10 persons indoors are prohibited (31).

Discussion
Our SEIR model showed that swift and comprehen-
sive coordination and preparation of the government 
in response to the spring 2020 COVID-19 outbreak 
achieved rapid epidemic control in Daegu and na-
tionwide by reducing R0 by 90% through various 
interventions, including widespread testing, contact 
tracing, and quarantine without strict lockdown of 
the city or stay-at-home orders. Without these prompt 
multilevel responses, the epidemic could have led 
to a >10-fold increase in cumulative infections and 
deaths by May 15. The model also estimated that a 
delay in the government’s response or an absence of 
rapid triage of mild symptomatic case-patients from 
hospitals to CTCs would have exceeded the hospital 
system capacity for hospital beds and negative- pres-
sure rooms and potentially resulted in more deaths 
by overburdening the health system.

Several key factors contributed to slowing down 
the epidemic without a citywide or nationwide lock-
down. The government intensively used an active 

tracing system that consisted of location tracking, 
card transactions, closed-circuit television record-
ing, and a digital tracing mobile application to trace 
not only close contacts but also all potential contacts 
and offer testing to them. This system was possible 
because of the rapid set-up of RT-PCR capacity to 
perform 15,000–20,000 tests/day by early February 
and publicly disclosing the trajectories of confirmed 
COVID-19 case-patients so that anyone who might 
have contacted confirmed case-patients could self-
identify and receive testing. Many of these lessons 
were learned from the MERS outbreak in South Korea 
during 2015.

A delayed response would have resulted in a 
surge of case-patients that would have overwhelmed 
the available hospital capacity nationwide. In Daegu, 
where 75% of the confirmed cases were located, the 
ICU census already exceeded the available ICU bed 
capacity (≈60) in public hospitals by late February, 
and an additional 50–60 critically ill patients were 
transferred to hospitals outside Daegu (5). In addi-
tion, establishing CTCs to isolate and manage asymp-
tomatic case-patients was critical to effectively con-
trol further community transmission and to reduce 
burden on the hospital system (38).

Since mid-May 2020, South Korea has experi-
enced several clustered outbreaks, including 1 at the 
Itaewon night club and others at multiple logistics 
centers (39). These outbreaks suggest that community 
transmission can quickly escalate and could lead to 
a large surge in cases after relaxing social distancing 
polices. In preparation for potential community out-
breaks and surges in cases, the government arranged 
an additional 1,077 hospital beds, negative-pressure 
areas, and 300 ICU beds nationwide. It also eased the 
hospital discharge criteria for a shorter turnover time 
of hospital beds so that symptomatic patients could 
be discharged if their clinical symptoms improved 
without fever for 10 days after symptom onset, or if 
RT-PCR results were negative for >24 hours after the 
confirmed diagnosis (9). Monitoring and contact trac-
ing continued to be central to the COVID-19 response 
in South Korea, especially for high-risk groups (40), 
and hospital bed capacity was maintained at desig-
nated COVID-19 management facilities in the event 
of further outbreaks.

The first limitation of our study is that we have 
not explicitly modeled quarantine or contact tracing 
and did not estimate the effects of individual interven-
tions. Instead, we assumed that the combination of all 
interventions and policies reduced overall transmis-
sion rates in the population. Second, our SEIR com-
partment model did not capture any spatial networks 
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among different cities in South Korea. Third, data that 
informed input parameters for modeling are subject 
to uncertainties and should be validated with further 
clinical data.

In summary, our model estimates that South Ko-
rea reduced contact rates by 90% through various 
interventions without strict lockdown of the city or 
stay-at-home restrictions. At the same time, allocation 
and management of mild and moderate symptom-
atic case-patients helped to avoid overburdening the 
hospital system. However, continuous monitoring, 
contact tracing, securing hospital and isolating beds, 
and social distancing will remain critical as long as  
COVID-19 outbreaks remain a public health threat.
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Rapid antigen tests, such as Abbott BinaxNOW 
(https://www.abbott.com) test kits, offer a 

less expensive and faster alternative to nucleic acid 

amplifi cation tests, such as real-time reverse tran-
scription PCR (rRT-PCR), in the diagnosis of coro-
navirus disease (COVID-19) (1,2). Previous studies 
of BinaxNOW compared with rRT-PCR have dem-
onstrated a high negative percent agreement (NPA) 
(99.4%–100%) but variable positive percent agree-
ment (PPA) (52.5%–89.0%). Performance was better 
among symptomatic persons, specimens with cycle 
threshold (Ct) <30 (suggestive of higher viral loads), 
and specimens with positive viral cultures (3–8). 
These reports have focused on community testing 
sites and outbreaks in healthcare facilities.

Throughout the pandemic, certain nonhealthcare 
occupational groups (e.g., meat and poultry process-
ing workers) have experienced higher risk of contract-
ing COVID-19; this higher risk is attributable to work-
place hazards, such as lack of appropriate personal 
protective equipment, densely populated work areas, 
poorly ventilated workspaces, and prolonged close 
contact (9,10). These workplaces might benefi t from 
effective rapid antigen tests that enable employers to 
quickly identify persons infected with severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) 
for isolation and to guide contact tracing, thereby 
reducing workplace transmission. Despite the need 
for research on this topic, information on the perfor-
mance of BinaxNOW in the setting of nonhealthcare 
workplace outbreaks is lacking.

During October 20, 2020–January 15, 2021, a 
horse racetrack (the facility) in California, USA, ex-
perienced a COVID-19 outbreak among its 563 em-
ployees and independent contractor workers (here-
after collectively called facility staff). Nearly half 
(n = 278; 49.4%) of the staff lived onsite in facility-
provided housing, and many performed essential 
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The Abbott BinaxNOW rapid antigen test is cheaper and 
faster than real-time reverse transcription PCR (rRT-
PCR) for detecting severe acute respiratory syndrome 
coronavirus 2. We compared BinaxNOW with rRT-PCR 
in 769 paired specimens from 342 persons during a 
coronavirus disease outbreak among horse racetrack 
workers in California, USA. We found positive percent 
agreement was 43.3% (95% CI 34.6%–52.4%), negative 
percent agreement 100% (95% CI 99.4%–100%), posi-
tive predictive value 100% (95% CI 93.5%–100%), and 
negative predictive value 89.9% (95% CI 87.5%–92.0%). 
Among 127 rRT-PCR–positive specimens, the 55 with 
paired BinaxNOW-positive results had a lower mean 
cycle threshold than the 72 with paired BinaxNOW-neg-
ative results (17.8 vs. 28.5; p<0.001). Of 100 specimens 
with cycle threshold <30, a total of 51 resulted in posi-
tive virus isolation; 45 (88.2%) of those were BinaxNOW-
positive. Our comparison supports immediate isolation 
for BinaxNOW-positive persons and confi rmatory testing 
for negative persons.
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duties (e.g., grooming, feeding) related to the basic 
care of the >1,100 horses stabled there.

The outbreak was discovered by the contact trac-
ing efforts of the local health department (LHD), the 
City of Berkeley Public Health Officer Unit. In re-
sponse, the LHD ordered that all nonessential work 
activities (e.g., horse racing) be stopped until mass 
testing of all staff demonstrated no further transmis-
sion. The initial round of rRT-PCR testing (round 0) 
occurred on November 14–15, 2020, and identified 169 
SARS-CoV-2–positive staff who were subsequently 
isolated. At this time, all staff were assumed to have 
been exposed. Those living onsite were moved to ho-
tel rooms to quarantine, and those living offsite quar-
antined in their homes. No staff were permitted to re-
turn to onsite residence until the outbreak had ended. 
However, some quarantined employees were permit-
ted to return to work if they were needed to perform 
duties related to essential care of the horses. Addi-
tional rounds of testing were needed to monitor on-
going transmission and determine when the outbreak 
had ended. The LHD decided to use BinaxNOW as 
a supplement to rRT-PCR to more quickly identify 
SARS-CoV-2–positive employees for isolation. This 
use provided an opportunity to assess the effective-
ness of the BinaxNOW rapid antigen test in detecting 
SARS-CoV-2 infection in a nonhealthcare workplace 
outbreak. The purpose of this analysis is to compare 
BinaxNOW with rRT-PCR in paired specimens from 
persons during a COVID-19 outbreak among horse 
racetrack workers. These findings could inform test-
ing protocols used to contain future outbreaks of  
COVID-19 in nonhealthcare workplaces.

Methods
The facility, in collaboration with the LHD and the 
California Department of Public Health (CDPH) labo-
ratory, conducted 6 rounds of serial testing of its staff 
with paired BinaxNOW rapid antigen and rRT-PCR 
tests during November 25–December 22 (rounds 1–6). 
Testing frequency was determined by the LHD and 
changed as the outbreak progressed. Each round was 
intended to test all staff who had not yet tested posi-
tive by BinaxNOW or rRT-PCR to continue identify-
ing potentially infectious persons. Staff who tested 
positive by either BinaxNOW or rRT-PCR were iso-
lated and excluded from further testing.

All specimen collection and antigen testing oc-
curred outdoors in the parking lot of the facility. On 
the day of testing, a facility administrative employee 
conducted registration and collected demographic 
data, including self-reported race and ethnicity. 
Symptom information was elicited by asking staff if 

they were experiencing any COVID symptoms, such 
as fever, headache, or loss of taste. Bilateral anterior 
nasal swab specimens were collected by either the 
racetrack physician or one of the racetrack veterinar-
ians trained in collection procedures. A first swab 
specimen was used for onsite BinaxNOW testing; a 
second swab specimen was placed in viral transport 
medium and chilled on ice packs before transport 
to the CDPH laboratory for rRT-PCR testing 24–72 
hours after collection. All specimens in viral trans-
port medium were frozen at –70°C within 12 hours 
of delivery to the laboratory. BinaxNOW test results 
were interpreted immediately at the 15-minute read 
time by the racetrack physician in accordance with 
the test kit instructions, along with the updated scor-
ing criteria described by Pilarowski et al. (5), which 
indicates that bands are scored as positive only 
if they extend across the full width of the strip, ir-
respective of the intensity of the band. Because Bi-
naxNOW testing was not performed for round 0, 
those 169 rRT-PCR–positive specimens were not in-
cluded in this analysis.

For rRT-PCR, we isolated and purified viral 
nucleic acid (NA) from the swab specimens by us-
ing the KingFisher Flex Purification System and the 
MagMAX Viral/Pathogen Nucleic Acid Isolation 
Kit (ThermoFisher Scientific, https://www.ther-
mofisher.com). We performed rRT-PCR by using 
the ThermoFisher TaqPath COVID-19 Combo Kit, 
which targets 3 SARS-CoV-2 viral regions (nucleo-
capsid protein gene, spike protein gene, and open 
reading frame 1ab), and the Applied Biosystems 
7500 Fast Dx Real-Time PCR Instrument (Thermo-
Fisher Scientific), according to the manufacturer’s 
instructions. Real-time RT-PCR–positive specimens 
with Ct <30 were also cultured for SARS-CoV-2 at 
CDPH in a Biosafety Level 3 laboratory. For cul-
tures, 200 µL of patient specimen was diluted 1:1 
with diluent containing 0.75% bovine serum albu-
min, and 50 µL was added to 8 replicate wells in 
a 96-well plate containing confluent Vero-81 cells 
at 37°C with 5% CO2. After 1 h, the inoculum was 
removed and 200 µL of minimum essential medi-
um containing 5% fetal bovine serum and antibiot-
ics was added to each well. Cells were monitored 
for cytopathic effect. Cells with positive cytopathic 
effect were tested by rRT-PCR to confirm presence 
of SARS-CoV-2. Cells with no cytopathic effect or 
negative rRT-PCR results were passaged after 7 d 
onto fresh confluent Vero-81 and monitored for an 
additional 7 d before performing rRT-PCR again. 
Viral replication in these specimens was defined as 
a decrease in Ct over the culture period.
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We used the paired BinaxNOW and rRT-PCR 
results to calculate the BinaxNOW PPA, NPA, nega-
tive predictive value (NPV), and positive predictive 
value (PPV), using Ct <37 to define rRT-PCR–positive 
specimens. As described in Pilarowski et al. (5), we 
also calculated performance by using Ct <30 to de-
fine rRT-PCR–positive specimens. The exact binomial 
method was used to calculate 95% CIs. Comparison 
of mean Ct was performed using the Welch t-test. We 
performed statistical analyses using R version 4.0.1 
(R Foundation for Statistical Computing, https://
www.r-project.org).

This activity was reviewed by the Centers for 
Disease Control and Prevention (CDC) and was con-
ducted consistent with applicable federal law and 
CDC policy (45 C.F.R. part 46, 21 C.F.R. part 56; 42 
U.S.C. §241(d); 5 U.S.C. §552a; 44 U.S.C. §3501 et seq.). 
In addition, this activity was conducted as part of a 
COVID-19 project determined to be nonresearch by 
the California Health and Human Services Agency’s 
Committee for the Protection of Human Subjects.

Results
Including testing performed in round 0 and results 
reported by outside laboratories from staff seeking 
testing on their own, the cumulative incidence over 
the course of the outbreak in the entire staff was 
62.3% (351/563). A total of 342 different staff partici-
pated in testing rounds 1 through 6. These persons 
ranged in age from 18 to 92 years (median 52 years). 
Self-reported race and ethnicity produced cell sizes 
that are too small to report, so only Hispanic ethnic-
ity is presented in this study. Most staff identified as 
Hispanic (62.0%) (Table 1). Symptoms were reported 
by 11 different persons at the time of testing, which 
accounted for 11/769 (1.4%) of collected paired spec-
imens. A total of 6 persons were hospitalized, and 1 
of those patients died. The number of staff tested in 

each round, which varied because of attrition and 
exclusion of SARS-CoV-2–positive staff from fur-
ther testing, ranged from 333 persons (round 1) to 57 
persons (round 4). The number of rRT-PCR–positive 
results in each round ranged from 98 (round 1) to 0 
(round 4) (Table 2).

In total, 769 valid, paired rRT-PCR and Bi-
naxNOW antigen test results were reported and 
analyzed. Among all paired testing rounds with 
rRT-PCR, BinaxNOW produced these results when 
rRT-PCR tests with Ct <37 were considered posi-
tive: PPA, 43.3% (95% CI 34.6%–52.4%); NPA, 100% 
(95% CI 99.4%–100.0%); PPV, 100.0% (95% CI 93.5%–
100.0%); and NPV, 89.9% (95% CI 87.5%–92.0%). 
When only rRT-PCR tests with Ct <30 were consid-
ered positive, BinaxNOW produced these results: 
PPA, 55.6% (95% CI 45.2%–65.6%); NPA, 100% (95% 
CI 99.5%–100%), PPV, 100.0% (95% CI 93.5%–100%); 
and NPV, 93.8% (95% CI 91.8%–95.5%) (Table 3).

Of 127 rRT-PCR–positive specimens, BinaxNOW 
detected 55, did not detect 72 (44 specimens with Ct 
<30, 5 specimens with Ct <20, and 6 specimens with 
positive viral cultures), and produced no false-posi-
tive results (Table 3). Among rRT-PCR–positive spec-
imens, those with paired BinaxNOW-positive results 
had a lower mean Ct (17.8) than those with paired Bi-
naxNOW-negative results (28.5) (p < 0.001). No rRT-
PCR–positive results with a Ct >29.4 were detected by 
BinaxNOW (Figure 1).

In dual-positive pairs, the median time between 
rRT-PCR specimen collection date and results report-
ed date was 4 days (range 1–6 days). For BinaxNOW 
false-negative pairs, the median time between rRT-
PCR specimen collection date and results reported 
date was 5 days (range 1–7 days). In contrast, the 
15-minute read time of the BinaxNOW antigen test 
kit provided results to the facility and LHD the same 
day as testing.
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Table 1. Characteristics of horse racetrack staff providing paired anterior nasal swab specimens for the BinaxNOW rapid antigen test 
and real-time reverse transcription PCR for coronavirus disease, California, USA, November–December 2020* 

Characteristic 
rRT-PCR result 

Overall Detected Not detected 
Total 127 (100) 215 (100) 342 (100) 
Sex 
 F 26 (20.5) 62 (28.8) 88 (25.7) 
 M 101 (79.5) 153 (71.2) 254 (74.3) 
Median age (range), y 46 (18–82) 54 (18–92) 52 (18–92) 
Age groups, y 
 18–44 57 (44.9) 75 (34.9) 132 (38.6) 
 45–64 56 (44.1) 103 (47.9) 159 (46.5) 
 >65 14 (11.0) 37 (17.2) 51 (14.9) 
Ethnicity 
 Hispanic 99 (78.0) 113 (52.6) 212 (62.0) 
 Non-Hispanic 28 (22.0) 102 (47.4) 130 (38.0) 
*Values are no. (%) except as indicated. rRT-PCR, real-time reverse transcription PCR. 
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Of the 127 rRT-PCR–positive specimens, we at-
tempted virus isolation and culture for all 100 spec-
imens with Ct <30. Of those specimens, 51 resulted 
in positive virus isolation. Of those culture-positive 
specimens, 45 (88.2%) were BinaxNOW-positive 
(Table 4; Figure 2). The mean Ct of culture-positive 
specimens (17.4) was significantly lower than culture-
negative specimens (25.5) (p<0.001).

Discussion
In the setting of a nonhealthcare workplace out-
break of COVID-19 with high attack rate (62.3%), 
we found that BinaxNOW was a useful adjunct 
to rRT-PCR testing. BinaxNOW showed NPA and 
PPV of 100%. A total of 55 participants were con-
cordantly identified as positive by BinaxNOW and 
rRT-PCR, and no false-positive BinaxNOW results 
were noted. This low false-positive rate is consis-
tent with results from Pilarowski et al. (5) that es-
tablished the updated BinaxNOW card-reading 
technique used by the racetrack physician in this 
outbreak. Results of BinaxNOW testing were avail-
able the same day, which enabled more rapid iden-
tification of infected workers for isolation than reli-
ance on rRT-PCR alone.

Negative BinaxNOW results were less concor-
dant with rRT-PCR results. The PPA of BinaxNOW 
was 43.0% and the NPV was 89.9%. Real-time RT-
PCR confirmation of BinaxNOW negative results 
identified 72 additional positive specimens. The me-
dian time between rRT-PCR specimen collection date 
and results reported date for these BinaxNOW false-
negative specimens was 5 days (range 1–7 days).

Although Ct cannot be used to define viral load 
or infectivity of a given person, Ct is inversely related 
to the amount of target genetic material present in 
the specimen (11). Therefore, the significantly lower 
mean Ct for true-positive BinaxNOW specimens (17.8) 
compared with false-negative BinaxNOW specimens 
(28.5) indicates that more viral genetic material was 
present in those specimens. BinaxNOW demonstrated 
better concordance with positive viral culture results 
(88.2%) than with positive rRT-PCR results (43.3%). 
Positive viral culture is further evidence of the pres-
ence of infectious virus, so these findings might indi-
cate that some BinaxNOW false-negative participants 
were not infectious at the time of specimen collection 
(i.e., they had low viral RNA load at the beginning or 
end of their infection trajectory) (12). Numerous fac-
tors can affect the outcome of a viral culture; there-
fore, negative culture results do not necessarily mean 
that no viable virus was present in those specimens, 
nor that the participants from whom those specimens 
were collected were not infectious at the time of speci-
men collection.

With serial BinaxNOW testing, some of the per-
sons with discordant paired results could have tested 
positive with subsequent BinaxNOW testing. Further 
studies are needed to determine whether serial rapid 
antigen testing alone can identify infectious persons 
as efficiently as rRT-PCR alone or a combination of 
rRT-PCR and rapid antigen testing (13).
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Table 2. BinaxNOW rapid antigen test compared with real-time 
reverse transcription PCR for coronavirus disease among all 
horse racetrack staff undergoing paired testing, California, USA, 
November–December 2020* 

BinaxNOW result 
rRT-PCR result 

Total Detected Not detected 
Round 1, n = 333, November 25, 27, 28†  
 Detected 40 0 40 
 Not detected 58 235 293 
 Total 98 235 333 
Round 2, n = 197, December 4 
 Detected 12 0 12 
 Not detected 10 175 185 
 Total 22 175 197 
Round 3, n = 65, December 13 
 Detected 2 0 2 
 Not detected 3 60 63 
 Total 5 60 65 
Round 4, n = 57, December 16 
 Detected 0 0 0 
 Not detected 0 57 57 
 Total 0 57 57 
Round 5, n = 58, December 20 
 Detected 0 0 0 
 Not detected 1 57 58 
 Total 1 57 58 
Round 6, n = 59, December 22 
 Detected 1 0 1 
 Not detected 0 58 58 
 Total 1 58 59 
Overall, N = 769, November 25–December 22 
 Detected 55 0 55 
 Not detected 72 642 714 
 Total 127 642 769 
*Inconclusive (n = 4) and invalid (n = 3) rRT-PCR test results excluded 
from table. rRT-PCR, real-time reverse transcription PCR. 
†All employees who had not yet tested positive were meant to return for 
subsequent testing rounds. However, participant attrition occurred, likely 
because of employees leaving their jobs or logistical obstacles to being 
on-site for testing during mass testing days. 

 

 
Table 3. BinaxNOW rapid antigen test performance compared 
with real-time reverse transcription PCR for coronavirus disease 
in using 2 different cycle threshold values to define positive 
results, California, USA, November–December 2020* 
BinaxNOW 
performance 

% (95% CI) 
Ct <37† Ct <30‡ 

PPA 43.3 (34.6–52.4) 55.6 (45.2–65.6) 
NPA 100.0 (99.4–100.0) 100.0 (99.5–100) 
PPV 100.0 (93.5–100.0) 100.0 (93.5–100) 
NPV 89.9 (87.5–92.0) 93.8 (91.8–95.5) 
*Results for 769 paired specimens from 342 horse racetrack staff. Ct, cycle 
threshold; NPA, negative percent agreement; NPV, negative predictive 
value; PPA, positive percent agreement; PPV, positive predictive value; 
rRT-PCR, real-time reverse transcription PCR. 
†127 rRT-PCR–positive specimens. 
‡100 rRT-PCR–positive specimens.  
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The first limitation of our study is that, al-
though other studies have demonstrated differen-
tial BinaxNOW test performance in symptomatic 
and asymptomatic persons (3,6–8), we were unable 
to examine test performance by symptom status, 
because symptom reporting might not have been 
reliable. At the time of specimen collection, only 
11 persons reported symptoms to the facility ad-
ministrative employee registering them for testing. 
This number conflicts with data previously collect-
ed from the racetrack physician as part of a pro-
spective cohort drug trial on this same population 
which, out of an enrolled cohort of 113 BinaxNOW-
positive staff, identified 60 (53%) persons who were 
symptomatic at the time of testing (14). This dis-
crepancy might have resulted from staff feeling less 
comfortable discussing symptoms with the admin-
istrative employee versus the racetrack physician 
or it could be associated with the incomplete list 
of COVID-19 symptoms in the administrative em-
ployee’s question. It might also reflect a language 
barrier, because the question about symptoms was 
asked only in English by the administrative em-
ployee. According to onsite interactions with staff 
and reports from racetrack leadership, many staff 
were native Spanish speakers, although this lan-
guage difference was not quantified.

Second, the BinaxNOW tests may have been per-
formed in ambient temperatures below the manufac-
turer’s recommended range. The BinaxNOW test kit 
instructions recommend that all test components be at 
room temperature (15°C–30°C) before use; the mean 
daily minimum and maximum air temperature re-
cordings from a nearby National Oceanic and Atmo-
spheric Administration weather station in Richmond, 
CA, on testing days were 7.9°C and 15.1°C (15). Per-
forming BinaxNOW tests in the recommended tem-
perature range might have improved performance.

Third, some missing data limit this analysis from 
encompassing the entire outbreak. The first mass test-
ing dates (round 0) only used rRT-PCR testing, so no 
comparison with BinaxNOW was possible. Further-
more, each round of testing was intended to capture 
all staff who had not yet tested positive; however, 
participant attrition occurred between testing rounds. 
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Figure 1. Concordance of 
BinaxNOW rapid antigen test 
results with positive  
rRT-PCR results over 6 testing 
rounds among staff at a horse 
racetrack, California, USA, 
November–December 2020. 
All rRT-PCR–negative results 
(n = 642) were concordant with 
BinaxNOW results, so only  
rRT-PCR–positive results  
(n = 127) are shown. Crossbars 
represent mean Ct for the 
concordant and discordant pair 
groups in each testing period. 
The dashed line represents 
Ct = 30. Ct, cycle threshold; 
rRT-PCR, real-time reverse 
transcription PCR.

 
Table 4. BinaxNOW rapid antigen test performance compared 
with viral culture among 100 real-time reverse transcription PCR–
positive specimens with cycle threshold <30 from horse racetrack 
staff, California, USA, November–December 2020 

BinaxNOW results 
Viral culture results 

Total Positive Negative 
Detected 45 10 55 
Not detected 6 39 45 
Total 51 49 100 
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We attribute this attrition to the logistical obstacles of 
staff getting to the testing site or to staff leaving their 
jobs during the outbreak. More complete paired-test-
ing data could have provided better insight as to the 
usefulness of rapid antigen testing when used for the 
entire duration of an outbreak.

Our results support considering BinaxNOW-
positive employees as infectious without waiting for 
rRT-PCR confirmation. The rapid turnaround time 
and high PPV of BinaxNOW enabled some SARS-
CoV-2–positive employees to be identified and iso-
lated faster than if rRT-PCR had been used alone. In 
outbreak situations in which access to laboratory rRT-
PCR services is limited, it might be reasonable to act 
on BinaxNOW-positive results and forgo rRT-PCR 
confirmation. In contrast, our findings suggest that 
BinaxNOW negative results in an outbreak investi-
gation should be confirmed with rRT-PCR, because 
false negatives do occur.

Our results indicate that BinaxNOW performs 
better at identifying rRT-PCR–positive specimens 
with lower Ct (suggestive of higher viral loads) and 
positive viral cultures, although these factors are not 
precise proxies for infectiousness. Real-time RT-PCR 
remains a more sensitive test for identifying persons 
that might be infectious, and our results support the 
current recommendation that rRT-PCR (or another 
nucleic acid amplification test) should be used in out-
break situations to confirm BinaxNOW-negative re-
sults (2). Clinical discretion informed by COVID-19 

incidence in the relevant population, as well as indi-
vidual exposure history and symptoms, should be 
used to determine whether to quarantine persons 
who test negative for SARS-CoV-2 by BinaxNOW but 
are awaiting results of rRT-PCR testing (16).
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etymologia revisited
Neospora caninum [ne-os′ pə-rə ca-nin′ um]

From the neo- (Latin, “new”) + spora (Greek, “seed”)
and canis (Latin, “dog”), Neospora caninum is a sporo-
zoan parasite that was fi rst described in 1984. It is a major 
pathogen of cattle and dogs but can also infect horses, 
goats, sheep, and deer. Antibodies to N. caninum have 
been found in humans, predominantly in those with HIV 
infection, although the role of this parasite in causing or 
exacerbating illness is unclear.

Sources: 
1.  Bjerkås I, Mohn SF, Presthus J. Unidentifi ed cyst-forming sporozoon 
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2.  Dubey JP. Review of Neospora caninum and neosporosis in animals. 
Korean J Parasitol. 2003; 41:1–16. http://dx.doi.org/10.3347/
kjp.2003.41.1.1

3.  Lobato J, Silva DA, Mineo TW, Amaral JD, Segundo GR, Costa-Cruz JM, 
et al. Detection of immunoglobulin G antibodies to Neospora caninum in 
humans: high seropositivity rates in patients who are infected by human 
immunodefi ciency virus or have neurological disorders. Clin Vaccine 
Immunol. 2006;13:84–9. http://dx.doi.org/10.1128/CVI.13.1.84-89.2006
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Ehrlichiosis and anaplasmosis are emerging tick-
borne diseases caused by Ehrlichia and Anaplasma 

spp. obligate intracellular bacteria (1,2). Tick bites are 
the primary route of infection, but transmission can 
also occur through blood transfusion or solid organ 
transplantation, because these pathogens infect leu-
kocytes and circulate throughout the blood stream 
(2). In the United States, human ehrlichiosis is caused 
primarily by Ehrlichia chaffeensis but can also result 
from E. ewingii or E. muris eauclairensis infections (1,3). 
Anaplasmosis is caused by Anaplasma phagocytophi-
lum (1). Although distinct diseases, ehrlichiosis and 
anaplasmosis share clinical and laboratory features. 
Early symptoms often include fever, chills, headache, 
malaise, myalgia, or nausea, and many infections go 
unrecognized and undiagnosed (3–5). Laboratory 
features often include leukopenia, thrombocytopenia, 
anemia, and elevated hepatic transaminases (3–5).

Both diseases have incubation periods of 5–14 
days from the time of tick transmission, and during 
early illness infected asymptomatic persons or those 
with mild illness might be unknowingly accepted as 
blood donors (3,5). In general, higher rates of ehrlichi-
osis and anaplasmosis are reported among adults >40 
years of age, and most patients are men (5–7). Illness 
onset is most commonly reported during June and 
July, corresponding to peak tick activity (3,5). Ap-
proximately half of ehrlichiosis and anaplasmosis pa-
tients require hospitalization, and 7% require critical 
care (3,8). Case-fatality rates are ≈1% for E. chaffeensis 
ehrlichiosis and 0.3% for anaplasmosis patients based 
on national surveillance reports (3,5). In part because 

of immunosuppressive therapies to prevent organ 
rejection, transplant and transfusion recipients may 
be more susceptible to ehrlichiosis and anaplasmosis. 
Relative risk (RR) for severe outcomes among im-
munosuppressed compared with immunocompetent 
case-patients was higher for hospitalization (RR 1.4), 
life-threatening complications (RR 2.4), and death 
(RR 2.3), highlighting the potential severity of disease 
in immunocompromised populations (3,9–15).

In the United States, ehrlichiosis was fi rst report-
ed in 1987 and anaplasmosis in 1994, and both became 
nationally notifi able diseases in 1999 (3,5,16,17). Since 
2000, reported cases of ehrlichiosis and anaplasmosis 
in the United States have increased substantially. Re-
ported E. chaffeensis ehrlichiosis cases have increased 
>10-fold, from 200 in 2000 to 2,093 in 2019 (18,19). Re-
ported anaplasmosis cases increased >16-fold, from 
348 cases in 2000 to 5,655 in 2019 (19,20).

Increasing rates of reported ehrlichiosis and 
anaplasmosis might be related to several factors, in-
cluding improved diagnostics, changes in reporting 
practices, and expanded human contact with animal 
reservoirs and tick vectors (2,3,21,22). E. chaffeensis
and E. ewingii are primarily transmitted by the lone 
star tick (Amblyomma americanum); A. phagocytophilum
is transmitted by either the blacklegged tick (Ixodes 
scapularis) or the western blacklegged tick (I. pacifi cus) 
(3,5). E. muris eauclaurensis is transmitted by I. scapu-
laris ticks. E. chaffeensis ehrlichiosis is most frequently 
reported in the southeastern and south-central re-
gions of the United States, and anaplasmosis is most 
often reported in the upper midwestern and north-
eastern regions. 

PCR and serologic testing using an indirect im-
munofl uorescence antibody assay are the primary 
laboratory methods for diagnosing ehrlichiosis and 
anaplasmosis (3,5). Because infection transmitted 
through blood or organs is rare, it might not be di-
agnosed in solid organ transplant and transfusion re-
cipients. In addition, nonspecifi c signs and symptoms 
and a higher index of suspicion for other opportunis-
tic infections might complicate diagnosis (14), which 
is unfortunate because early detection and treatment 
can prevent severe illness and death (23). Here, we 
summarize and discuss the risks of ehrlichiosis and 
anaplasmosis cases in the United States among solid 
organ transplant and transfusion recipients, with a fo-
cus on donor-derived infections.

Methods
We conducted a literature search to identify articles 
published during January–August 2020 describ-
ing ehrlichiosis and anaplasmosis in solid organ 
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Ehrlichiosis and anaplasmosis are emerging tickborne 
diseases that can also be transmitted through blood 
transfusions or organ transplants. Since 2000, eh-
rlichiosis and anaplasmosis cases in the United States 
have increased substantially, resulting in potential risk 
to transplant and transfusion recipients. We reviewed 
ehrlichiosis and anaplasmosis cases among blood 
transfusion and solid organ transplant recipients in the 
United States from peer-reviewed literature and Centers 
for Disease Control and Prevention investigations. We 
identifi ed 132 cases during 1997–2020, 12 transfusion-
associated cases and 120 cases in transplant recipi-
ents; 8 cases were donor-derived, and in 13 cases ill-
ness occurred <1 year after transplant. Disease in the 
remaining 99 cases occurred ≥1 year after transplant, 
suggesting donor-derived disease was unlikely. Severe 
illness or death were reported among 15 transfusion and 
transplant recipients. Clinicians should be alert for these 
possible infections among transfusion and transplant 
recipients to prevent severe complications or death by 
quickly treating them.
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transplant or blood transfusion recipients in the Unit-
ed States. We used PubMed search terms “ehrlichio-
sis AND transfusion,” “ehrlichiosis AND transplant,” 
“anaplasmosis AND transfusion,” and “anaplasmo-
sis AND transplant.” We included articles describing 
case reports, case series, or other clinical descriptions 
related to Ehrlichia and Anaplasma spp. infections in 
the setting of solid organ transplantation or transfu-
sion of blood products in the United States. We ex-
cluded infections in hematopoietic stem cell recipients 
because these are not reported to a national notifiable 
disease system. For articles meeting inclusion criteria, 
we further reviewed references to identify any case 
reports or case descriptions not found in the initial 
PubMed search. Duplicate cases were only counted 
once for this review. We summarized transplant- and 
transfusion-associated cases as presented in the liter-
ature; we made no additional exclusions based on di-
agnostic criteria, and we only determined cases to be 
donor-derived if the authors presented them as such 
in the literature or investigations.

In the United States, all suspected or confirmed 
cases of donor-derived diseases are reported to the 
Organ Procurement and Transplantation Network 
and are investigated by the Disease Transmission 
Advisory Committee (DTAC). Nationally notifiable 

diseases such as ehrlichiosis and anaplasmosis are 
referred to the Centers for Disease Control and Pre-
vention (CDC) for investigation and determination of 
whether the infection was transmitted from a donor 
to a recipient. We also included cases of transplant-
associated ehrlichiosis and anaplasmosis identified 
as part of these DTAC investigations by CDC if not 
already accounted for in the peer-reviewed literature 
(Figure 1). From each reviewed article or CDC-led 
case investigation, we collected available informa-
tion on geographic region, recipient characteristics, 
Ehrlichia or Anaplasma species, transmission route, 
age of blood component transfused or type of organ 
transplanted, time between transplantation and infec-
tion, symptoms and clinical details, diagnostic meth-
ods, donor and recipient histories of tick exposure, 
donor characteristics, likely source of infection, and 
whether the recipient survived or died.

Results

Ehrlichiosis and Anaplasmosis Cases Reported 
among Transfusion Recipients
During the 1997–2020 investigation period, 12 cases of 
transfusion-transmitted ehrlichiosis or anaplasmosis 
were reported in the United States (Appendix Table 1, 
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Figure 1. Flow diagram of article and report 
inclusion for review of ehrlichiosis and 
anaplasmosis in transfusion and transplant 
recipients in the United States, 1997–2020. 
CDC, Centers for Disease Control and 
Prevention.
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https://wwwnc.cdc.gov/EID/article/27/11/21-
1127-App1.pdf). Of the 12 transfusion-transmitted 
cases, 8 resulted from transfused red blood cell com-
ponents and 3 from transfused platelet components 
(2 apheresis and 1 whole blood–derived); the compo-
nent for 1 case was not identified. Ten (83.3%) of 12 
transfusion-associated cases were A. phagocytophilum 
infections; 1 case was associated with E. ewingii and 
1 with E. chaffeensis (Figure 2, panels C, D). Median 
age of transfusion recipients was 66 years (range 9–85 
years); sex was equally distributed. Of the transfu-
sion-associated cases of ehrlichiosis and anaplasmo-
sis, 3 occurred in Minnesota; 2 in Wisconsin; and 1 
each in Georgia, Rhode Island, Connecticut, Massa-
chusetts, New York, and Oklahoma (Figure 2, panels 
A, B). Disease in all cases was diagnosed using PCR, 
and additional serologic testing was used for 2 cases. 
Most (83.3%) transfusion case-patients survived in-
fection; one third of cases were associated with mild 
symptoms. Intensive care unit (ICU) treatment was 
noted for 2 anaplasmosis patients, prompted by re-
spiratory failure, hypotension, and hypoxia. In addi-
tion, 3 anaplasmosis patients had multisystem organ 
failure, but ICU treatment was not mentioned for 
these cases. Two patients died, one from anaplasmo-
sis and the other from other medical complications.

Ehrlichiosis and Anaplasmosis Cases Reported 
among Solid Organ Transplant Recipients
During the investigation period, 107 cases of ehrlichi-
osis and 7 cases of anaplasmosis were described in 
the literature among solid organ transplant recipi-
ents. Of these, 63 included patient-specific informa-
tion. We described the remaining 51 cases in aggre-
gate and reported on them separately. An additional 
6 cases of ehrlichiosis among solid organ transplant 
recipients were investigated by CDC, resulting in a 
total of 120 cases of ehrlichiosis or anaplasmosis de-
scribed among transplant recipients during the inves-
tigation period.

E. chaffeensis ehrlichiosis was the most common 
organ donor-derived infection, reported among 8 
solid organ transplant recipients: 2 cases we identi-
fied from the literature and the 6 investigated by CDC 
(Appendix Table 2). Of these, 7 (87.5%) case-patients 
were kidney transplant recipients and 1 was a liver 
transplant recipient. Fever was reported among all 
solid organ transplant recipients. Diagnostic meth-
ods were PCR (87.5%) and serologic testing (12.5%). 
Most (87.5%) patients were male, median age was 57 
years (range 5–69 years), and median time between 
transplantation and infection was 13.5 days (range 
10–25 days). Of the donor-derived ehrlichiosis cases, 

2 occurred in Maryland; 3 in Missouri; and 1 each in 
New York, New Jersey, and Illinois (Figure 2, panel 
E). Among the 8 donor-derived ehrlichiosis cases, 2 
deaths were reported among the kidney transplant 
recipients, both occurring <1 month after transplanta-
tion (Appendix Table 3). None of the confirmed trans-
plant-derived case reports described ICU admission 
among the patients.

Thirteen cases of ehrlichiosis and anaplasmosis 
occurred <1 year after transplantation but could not 
be confirmed as donor-derived. The median time be-
tween transplantation and symptom onset in these 13 
cases was 5 months (range 2 weeks–9 months) (Ta-
ble 4). Of those cases, 4 were identified in Tennessee 
(Figure 2, panel F). E. chaffeensis infection was asso-
ciated with 11 (84.6%) cases, and A. phagocytophilum 
infection was associated with 2 (15.4%) cases. Of the 
13 cases, 5 (38.5%) occurred in kidney recipients, 4 
(30.8%) in heart recipients, 2 (15.4%) in kidney and 
pancreas recipients, and 1 (7.7%) in a liver and lung 
recipient. Most (76.9%) patients were male, median 
age was 50 years (range 35–63 years), and PCR was 
the most common (76.9%) diagnostic method. Most 
(92.3%) patients infected <1 year after transplantation 
survived; however, 1 kidney and pancreas recipient 
with A. phagocytophilum infection died.

Forty-eight records of individual cases of ehrlichi-
osis or anaplasmosis that occurred ≥1 year after trans-
plant were most likely attributable to posttransplant 
infections acquired through tick bites (Table 5). Medi-
an time from transplant to symptom onset was 6 years 
(range 1–21 years), most patients (75.0%) were male, 
and median age was 51 years (range 11–73 years). 
Among these patients, records described Ehrlichia 
infection for 43 (89.6%) and Anaplasma infection for 5 
(10.4%). E. chaffeensis was implicated in 30 (69.8%) of 
43 cases of ehrlichiosis, E. ewingii in 12 (27.9%), and 
an unspecified Ehrlichia sp. in 1 (2.3%). Twenty-three 
patients (53.5%) received kidneys, 8 (18.6%) livers, 7 
(16.3%) lungs, 4 (9.3%) hearts, and 1 (2.3%) a pancre-
as. Of the 5 reported cases of anaplasmosis occurring 
≥1 year after transplant, 4 (80.0%) occurred in kidney 
recipients and 1 (20.0%) in a liver recipient. Among 
the 43 cases of ehrlichiosis in solid organ transplant 
recipients who had illness onset ≥1 year after trans-
plant, 26 (60.6%) occurred in Missouri and 12 (27.9%) 
in Tennessee; exact location was not specified in 1 
report, but the case occurred in Alabama, Tennessee, 
or Mississippi. Among the 5 cases of anaplasmosis, 
2 occurred in Minnesota, 1 in Maine, 1 in Wisconsin, 
and 1 in Connecticut. One patient had possible re-
activation of a previous Anaplasma infection second-
ary to potent immunosuppression 9 months after the  
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original infection. There were 2 reports of Ehrlichia re-
infection that described distinct strains of E. chaffeensis 
and E. ewingii found in a secondary infection. Second-
ary hemophagocytic lymphohistiocytosis, which is 
characterized by severe and potentially fatal inflam-
mation, developed in 1 kidney transplant recipient. Of 
the solid organ transplant recipients with ehrlichiosis 
or anaplasmosis occurring ≥1 year after transplant, 47 

(97.9%) of 48 survived. One pancreas recipient with 
an E. chaffeensis infection died. Seven cases occurring 
≥1 year of solid organ transplantation did report ICU 
admission, possibly relating to long-term immuno-
suppression among transplant recipients.

Of the 51 cases of ehrlichiosis from Missouri for 
which we report data in aggregate, 18 (35.3%) occurred 
in kidney recipients, 12 (23.5%) in heart recipients, 12 
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Figure 2. Incidence of ehrlichiosis and anaplasmosis in the United States, 2019, and of cases among transfusion and transplant 
recipients, 1997–2020. A) Incidence of anaplasmosis per 1 million US residents in 2019. B) Incidence of ehrlichiosis per 1 million 
US residents in 2019. C) Transfusion-transmitted anaplasmosis cases by recipient state of residence. D) Transfusion-transmitted 
ehrlichiosis cases by recipient state of residence. E) Organ donor–derived ehrlichiosis cases by recipient state of residence. We 
identified no organ donor–derived anaplasmosis cases. F) Organ donor–derived ehrlichiosis cases with onset <1 year after transplant 
by recipient state of residence. We identified 2 additional donor-derived ehrlichiosis cases with onset <1 year after transplant; however, 
recipient state of residence was unknown. NN, not notifiable.
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(23.5%) in lung recipients, 7 (13.7%) in liver recipients, 
and 2 (4.0%) in kidney-pancreas recipients. Additional 
information on disease, pathogen species, and demo-
graphics was not available for these 51 cases.

Discussion
This study reviewed ehrlichiosis and anaplasmo-
sis cases among transfusion and solid organ trans-
plant recipients described in published literature 
and reports from 6 CDC investigations. During the 
study period, 12 cases of transfusion-transmitted eh-
rlichiosis or anaplasmosis were reported, 2 of which 
resulted in death. In addition, 8 cases of organ do-
nor–derived ehrlichiosis were reported (7 kidney 
transplant recipients and 1 liver recipient), 2 of which 
resulted in death. A. phagocytophilum was the most 
common causative agent among transfusion-derived 
infections. In contrast, among transplant recipients, 
E. chaffeensis was the most common causative agent. 
Donor-derived infections were observed among pa-
tients of a broad range of ages (5–85 years). Although 
children are not considered a high-risk group for ana-
plasmosis in particular, pediatric infection should not 
be discounted among transfusion and transplant re-
cipients. Time from transplant or transfusion to the 
development of signs and symptoms varied widely 
and in most cases was longer than the typical incuba-
tion period for a tick-transmitted infection. Delays in 
symptom onset might be affected by the colony size 
and the site of the inoculated bacteria. Transfusion- or 
transplant-transmitted ehrlichiosis and anaplasmosis 
are rare but can result in severe outcomes including 
the death of the recipient.

Although known cases of transfusion- and 
transplant-transmitted ehrlichiosis or anaplasmo-
sis are uncommon, studies of asymptomatic infec-
tion among blood donors and the survivability of 
infection in blood suggest the risk of transmission is 
greater than previously recognized. In endemic areas, 
seroprevalence studies found 11.3% of blood donors 
in New York, 0.5% in Wisconsin, and 3.5% in Con-
necticut had detectable antibodies against A. phagocy-
tophilum (24,25). In Iowa, ≈1% of blood donors stud-
ied were seropositive for and displayed symptoms of 
ehrlichiosis after blood donation, although recipient 
lookback reported by physicians indicated that these 
transfusions did not result in transfusion-transmitted 
illnesses (26). However, serosurveys do not report 
active or incident infections, only the proportion of 
participants previously exposed to an Ehrlichia or 
Anaplasma agent. Some studies also examined the 
survivability of Ehrlichia and Anaplasma species in 
donor blood. Blood from anaplasmosis patients in 2  

studies found viable A. phagocytophilum survived un-
der refrigerated storage conditions for up to 18 days 
in whole blood (27,28). One in vitro study reported E. 
chaffeensis remained viable for up to 11 days within 
refrigerated packed red blood cells (29).

Donor-derived ehrlichiosis and anaplasmosis 
highlight the importance of donor risk mitigation 
strategies in the setting of blood transfusion and solid 
organ transplantation and the potential role of labo-
ratory-based screening. Recognizing and diagnosing 
tickborne diseases is complicated by long incubation 
periods and potential asymptomatic or mildly symp-
tomatic infections. Although several laboratory tests 
are used to diagnose ehrlichiosis and anaplasmosis, 
no tests have been approved by the US Food and 
Drug Administration (FDA) to screen blood or or-
gan donors for these diseases. Furthermore, serologic 
screening of donors might not identify active Ehrlich-
ia or Anaplasma infections or could exclude healthy 
donors (28). PCR testing would more accurately 
screen contaminated blood and organ products, but 
no FDA-licensed test is available. Donor deferral on 
the basis of travel or residence would be impracti-
cally broad because of the widespread endemicity of 
ehrlichiosis and anaplasmosis across regions of the 
United States. To minimize blood supply disruptions 
based on travel deferrals for Zika virus and babesia, 
FDA previously recommended universal antibody 
testing and regional nucleic acid testing in states 
with the highest rates of risk for infection (30,31). 
Similar screening may eventually be necessary for 
ehrlichiosis and anaplasmosis as the prevalence and 
incidence of these infections increases in the United 
States. CDC will continue to monitor the occurrence 
of transfusion- or transplant-transmitted ehrlichiosis 
and anaplasmosis.

Among this study’s limitations, for sources 
identified through the literature we were limited to 
the information provided in the case reports, which 
might not always have represented a full account of 
the patient experience. Data on donor demograph-
ics were extremely limited. Donor state of residence 
might have provided a more accurate insight on like-
lihood of donor infection by state which might have 
broader implications for blood and organ screening 
criteria. Next, for the purposes of this evaluation, we 
relied on the characterizations by the original au-
thors or investigators to categorize cases as donor- 
or transplant-derived ehrlichiosis or anaplasmosis. 
Finally, we included only cases published in peer-
reviewed literature or reported to CDC, possibly un-
derreporting transfusion- and transplant-associated 
infections. In 2019, the Rickettsial Zoonoses Branch, 
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Division of Vector-Borne Diseases, National Cen-
ter for Emerging and Zoonotic Infectious Diseases, 
CDC, added questions relating to recent transfu-
sion and organ transplant to their tickborne rickett-
sial disease surveillance system (https://www.cdc.
gov/ticks/forms/Tick_TBRD_FILL_508.pdf) to bet-
ter track donor-derived infections.

Because Ehrlichia and Anaplasma species primar-
ily infect leukocytes, leukoreduction has been pre-
sumed to reduce risk for ehrlichiosis and anaplas-
mosis through passive removal (23,32,33). However, 
83% (10/12) of components implicated in transfu-
sion-transmitted cases in this study were leukore-
duced. In cell culture models, because of their pres-
ence in plasma also, E. chaffeensis survived in red 
blood cells stored in additive solution, suggesting 
leukoreduction alone will not prevent transmission 
of Ehrlichia and Anaplasma species (29). Adopting 
pathogen reduction technology, such as psoralen 
and ultraviolet light to inactivate infectious agents, 
for platelet and plasma products would provide 
additional safety measures to reduce risk for trans-
fusion-transmitted Ehrlichia and Anaplasma infec-
tions. Pathogen-reduced plasma has demonstrated a 
≥3.6-log reduction in viable A. phagocytophilum (34). 
However, this method has not been approved for 
red blood cell products, which were implicated in 
8 of 12 cases of transfusion-transmitted ehrlichiosis 
and anaplasmosis in this study.

Identifying risk factors for Ehrlichia and Ana-
plasma infections among deceased organ donors is 
challenging because clinical, demographic, and social 
information about deceased donors is often obtained 
from family members, who might not have access to 
or recall all historical details (35). Also, routine labo-
ratory screening of organ donors, required for mul-
tiple infectious diseases, including HIV/AIDS, does 
not yet include testing for infection with Ehrlichia 
and Anaplasma species. In addition, the number of 
posttransplant infections reported in this review 
highlights the risk among blood product or organ 
recipients. Therefore, clinicians must closely monitor 
recipients of blood transfusions or solid organs dur-
ing long-term management and consider these patho-
gens when recipients develop signs or symptoms of 
infection. Because the prevalence of tickborne disease 
infections is rising, additional risk mitigation inter-
ventions will likely be necessary to enhance blood 
and organ safety.
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Severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2), which causes coronavirus dis-

ease (COVID-19), can spread rapidly within congre-
gate settings, including institutions of higher educa-
tion (IHEs) (1,2). During August–December 2020, as 
IHEs around the United States resumed in-person 
instruction, IHE-associated SARS-CoV-2 cases be-
gan to rise (3). By February 2021, >530,000 COVID-19 
cases linked to US IHEs had been identifi ed (4). In 
many IHE settings populated substantially by young 
adults 18–24 years of age (5), susceptibility to severe 
COVID-19 is lower than for older populations (>65 
years of age) (6). Adhering to physical distancing is 
also challenging for young adults, for whom interac-
tion with peers and social networks is important (7).

As students returned to in-person learning, high-
density clustering within on-campus housing may 
have increased transmission and resulted in commu-
nity outbreaks (8–10; M.S. Andersen, et al., unpub. 
data, https://doi.org/10.1101/2020.09.22.2019604; 
C.S. Richmond, et al., unpub. data, https://doi.or
g/10.1101/2020.10.12.20210294). One study using 
whole-genome sequencing (WGS) data, which can be 
used to track specifi c SARS-CoV-2 lineages through 
space and time (11–16; M. Zeller et al., unpub. data, 
https://doi.org/10.1101/2021.02.05.21251235), sug-
gested that SARS-CoV-2 transmission chains begin-
ning or proliferating on IHE campuses may lead to 
spread within the surrounding community, including 
to populations at higher risk for severe disease (C.S. 
Richmond, et al., unpub. data). Therefore, strategies 
to prevent SARS-CoV-2 spread on IHE campuses and 
between IHEs and the community are needed.
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University settings have demonstrated potential for 
coronavirus disease (COVID-19) outbreaks; they 
combine congregate living, substantial social activity, 
and a young population predisposed to mild illness. 
Using genomic and epidemiologic data, we describe 
a COVID-19 outbreak at the University of Wisconsin–
Madison, Madison, Wisconsin, USA. During August–
October 2020, a total of 3,485 students, including 
856/6,162 students living in dormitories, tested posi-
tive. Case counts began rising during move-in week, 
August 25–31, 2020, then rose rapidly during Septem-
ber 1–11, 2020. The university initiated multiple pre-
vention eff orts, including quarantining 2 dormitories; a 
subsequent decline in cases was observed. Genomic 
surveillance of cases from Dane County, in which the 
university is located, did not fi nd evidence of transmis-
sion from a large cluster of cases in the 2 quarantined 
dorms during the outbreak. Coordinated implementa-
tion of prevention measures can reduce COVID-19 
spread in university settings and may limit spillover to 
the surrounding community.

1These authors contributed equally to this article.
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We used epidemiologic and genomic data to de-
scribe an outbreak of SARS-CoV-2 infection at the 
University of Wisconsin–Madison (UW-Madison; 
Madison, WI, USA) shortly after its reopening for the 
fall 2020 semester. We report the trajectory of the out-
break and describe measures taken to reduce trans-
mission. In addition, using genomic data, we investi-
gated whether SARS-CoV-2 lineages associated with 
outbreaks at dormitories may have spread into the 
community surrounding UW-Madison.

The Western Institutional Review Board obtained 
a waiver of Health Insurance Portability and Ac-
countability Act authorization (WIRB #1-1290953-1) 
to obtain the clinical specimens for whole-genome 
sequencing. Our analysis was reviewed by Centers 
for Disease Control and Prevention (CDC) and was 
conducted consistent with applicable federal law and 
CDC policy (45 C.F.R. part 46.102(l)(2), 21 C.F.R. part 
56; 42 U.S.C. Sect. 241(d); 5 U.S.C. Sect. 552a; 44 U.S.C. 
Sect. 3501 et seq.). The Institutional Review Board at 
UW-Madison determined these activities were nonre-
search public health surveillance.

Methods

Setting
UW-Madison is a large public university in the mid-
western United States; during the fall 2020 semester, 
the university had ≈45,540 enrolled students and 
23,917 staff (17). UW-Madison offered a combination 
of in-person and virtual classes for this semester. Un-
dergraduate students living in on-campus dormito-
ries and moved in on preassigned days during Au-
gust 25–31, 2020. They were tested for SARS-CoV-2 
on move-in day and subsequently required to under-
go testing every 2 weeks regardless of symptoms. Ap-
pointment-based testing for all students and staff was 
also available free of charge. Testing was conducted 
on anterior nasal swab specimens using real-time re-
verse transcription PCR (rRT-PCR) tests authorized 
by the Food and Drug Administration. UW-Madison 
instituted a mandatory COVID-19 student pledge at 
the start of the semester, which required mask us-
age at all times (except within students’ own rooms), 
physical distancing when possible, self-monitoring 
for symptoms, and limited gatherings in accordance 
with local public health guidelines (18). Students were 
provided a symptom screening tool for symptom self-
monitoring; those screening positive were instructed 
to schedule a test and self-isolate (except for medical 
care) until receiving a negative result.

Isolation facilities were established in designated 
dormitories to temporarily house students living on-

campus who tested positive for SARS-CoV-2. Stu-
dents living on campus who were identified as close 
contacts of persons testing positive for SARS-CoV-2 
(defined as being within 6 feet of an infected person 
for >15 minutes within a 24-hour period from 2 days 
before illness onset or positive specimen collection 
through the end of isolation) were quarantined in 
individual single rooms in local hotels for 14 days; 
meals were delivered to the rooms, and students 
were tested for SARS-CoV-2 during the first and 
second week of quarantine. If a quarantined student 
tested positive, they isolated in the same quarantine 
location. Nonquarantined students who tested posi-
tive were transferred to designated isolation dormi-
tories. Isolation lasted for 10 days after symptom on-
set, or 10 days after positive specimen collection for 
those who were asymptomatic, consistent with CDC 
recommendations (19).

As the semester progressed, some modifications 
to the quarantine procedure were required. Given 
the high frequency of positivity within 2 dormitories 
(dorms A and B) during universal testing events, all 
students living in these 2 dormitories were asked to 
quarantine within their hall for 2 weeks to mitigate 
transmission. During the dormitory quarantine peri-
od, students were asked to wear a face covering when 
leaving their room, refrain from congregating, self-
monitor for symptoms, test onsite, and stay in their 
dormitory. Residents testing positive were moved to 
an isolation facility, and roommates of residents test-
ing positive initially quarantined within their dormi-
tory room. Approximately 1 week into the dormitory 
quarantine, roommates of those with positive cases 
were moved to alternative quarantine facilities. Stu-
dents could also choose to quarantine at their perma-
nent home; those students could return to the dormi-
tory after the quarantine ended and they provided a 
negative test result.

County-level ordinances passed earlier in the 
summer also applied to the UW-Madison commu-
nity. As of July 13, 2020, emergency order no. 8 from 
Dane County, which includes Madison, mandated 
the use of face coverings when in public, limited the 
size of public gatherings, limited restaurant capacity, 
and closed bars except for takeout and socially dis-
tanced outdoor seating (20).

Epidemiologic Data Analysis
We used Wisconsin Electronic Disease Surveillance 
System (WEDSS) data to describe demographic char-
acteristics, location of on-campus clusters, and symp-
toms of COVID-19 cases. We defined a UW-Mad-
ison–affiliated SARS-CoV-2 infection as a positive 
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rRT-PCR test result in a specimen collected from a 
UW-Madison student or staff member during August 
1–October 31, 2020. We calculated daily percent posi-
tivity (defined as the number positive SARS-CoV-2 
specimens collected on a given day divided by the 
total number of specimens collected) and attack rates 
within 19 dormitories (occupancy range 26–1,195 
residents) using campus testing program data. We 
merged campus testing data with data from the Uni-
versity Housing department to determine housing 
location of students living on-campus as of Septem-
ber 22, 2020. We defined index cases for roommate 
attack rate calculations as the resident with the first 
positive SARS-CoV-2 test result within a room in a 
dormitory. We defined roommate attack rate as the 
proportion of susceptible students (roommates of an 
index case that had not previously tested positive for 
SARS-CoV-2) who had a positive SARS-CoV-2 speci-
men collected 2–14 days after the index case specimen 
collection. We performed epidemiologic data analy-
ses using SAS software version 9.4 (SAS Institute, 
https://www.sas.com), and RStudio version 1.2.1335 
(RStudio Team, https://www.rstudio.com).

Whole-Genome Sequencing
Sequences for this investigation were derived from 
262 anterior nasal swab samples collected during 
September 8–22, 2020, from UW-Madison students 
living in dormitories A and B. We selected these 
samples for sequencing because they were the larg-
est outbreaks among students living in on-campus 
housing; we sought to determine whether the out-
breaks between the 2 dormitories were distinct. We 
extracted viral RNA from 100 μL of viral transport 
medium by using the Viral Total Nucleic Acid Puri-
fication kit (Promega, https://www.promega.com) 
on a Maxwell RSC 48 (Promega) instrument and 
eluted it in 50 μL of nuclease-free H2O. We synthe-
sized cDNA using a modified ARTIC Network ap-
proach (21–23). In brief, we reverse transcribed 11 
µL of virual RNA with SuperScript IV Reverse tran-
scription (Invitrogen, https://www.thermofisher.
com) according to the manufacturer’s guidelines. 
We used ARTIC version 3 primers (IDT, https://
www.idtdna.com/pages/landing/coronavirus-re-
search-reagents/ngs-assays) for SARS-CoV-2–spe-
cific multiplex PCR for nanopore sequencing (Ap-
pendix Table 2). We amplified cDNA (2.5 μL) in 2 
multiplexed PCR reactions using Q5 Hot-Start DNA 
High-fidelity Polymerase (New England Biolabs, 
https://www.neb.com). We performed all consen-
sus-level sequencing of SARS-CoV-2 using nano-
pore sequencing as described previously (11).

Phylogenetic Analysis
We processed sequencing data using the ARTIC bio-
informatics pipeline (https://github.com/artic-net-
work/artic-ncov2019) scaled up for on-campus com-
puting cores. The entire nanopore analysis pipeline 
is available at https://github.com/gagekmoreno/
SARS-CoV-2-in-Southern-Wisconsin. We used all 
available full-length sequences from Dane County 
through January 31, 2021, for phylogenetic analy-
sis using the tools implemented in Nextstrain cus-
tom builds (https://github.com/nextstrain/ncov) 
(24,25). We included 262 samples from students in 
dormitories A and B and 875 samples from persons 
tested at University of Wisconsin Hospital and Clin-
ics (UWHC) from September 1, 2020–January 31, 2021; 
these samples represented ≈3% of all cases within 
Dane County, where UW-Madison is located, during 
this period. Persons using UWHC testing services in-
cluded community members receiving preoperative 
testing, employees, inpatient and emergency depart-
ment patients, patients from associated hospitals, and 
persons with known exposures. Of the 875 UWHC 
samples sequenced, 714 were collected on or after 
September 23, 2020, when the quarantine of dormito-
ries A and B ended. We used this convenience sample 
to assess strains circulating within the Dane County 
community following the UW-Madison outbreak. 
We built time-resolved and divergence phylogenetic 
trees using standard Nextstrain tools and scripts. We 
filtered and cleaned metadata using custom Python 
(version 3.8; https://www.anaconda.com) scripts.

Analyses Comparing Roommate Sequences
To test the hypothesis that roommate pairs are more 
likely to have similar viral sequences than nonroom-
mate pairs, we linked data from 33 roommate pairs in 
which both roommates had sequencing data and per-
formed a permutation test comparing the percent over-
lap in single-nucleotide polymorphism (SNP) identities 
between roommate pairs and random pairs of sequenc-
es derived from dormitories A and B. We performed a 
Mann-Whitney U test to compare the amount of diver-
sity shared in roommate pairs and random pairs.

Results

Demographics, Symptom Manifestation, and  
Measures to Reduce Transmission
During August 1–October 31, 2020, a total of 3,485 
students and 245 staff affiliated with UW-Madison 
tested positive for SARS-CoV-2 by rRT-PCR, out of 
≈45,540 enrolled students and 23,917 staff (Table 1). 
Cases in fraternity and sorority life (FSL) housing and 
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other off-campus housing began rising before dormi-
tory move-in week. UW-Madison–associated cases 
peaked during the week of September 6–12, 2020; 
soon after, cases began declining, showing a sus-
tained decline through September and consistently 
low case counts in October (Figure 1). Most student 
(81.4%) and staff (80.4%) case-patients reported >1 
symptom of COVID-19; 68.0% of students and 72.7% 
of staff met the Council of State and Territorial Epide-
miologists clinical criteria for a COVID-19 case (Table 

1) (26). Hospitalization was rare for both students and 
staff (<1.0%). Specimen collection occurred before 
symptom onset for 4.6% of student cases, whereas a 
positive result was reported before symptom onset 
for 0.7% of student cases. Among student case-pa-
tients, 902 (25.9%) were associated with an on-cam-
pus dormitory, 1,019 (29.2%) were associated with 
off-campus housing clusters, and 460 (13.2%) were 
associated with FSL (Table 1); the remainder were not 
linked to housing-specific clusters.
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Table 1. Characteristics of University of Wisconsin-Madison student and staff coronavirus disease cases, Dane County, Wisconsin, 
USA, August 1–October 31, 2020* 
Characteristic Students, n = 3,485 Staff, n = 245 
Mean age, y (range) 19.8 (17–72) 40.0 (20–88) 
Sex    
 M 1,677 (48.1) 114 (46.5) 
 F 1,807 (51.9) 131 (53.5) 
Cluster affiliation†   
 Dormitories 902 (25.9) NA 
 Fraternity and sorority life 460 (13.2) NA 
 Off-campus apartment 1,019 (29.2) NA 
 No known affiliation with cluster 1,134 (32.5) NA 
Hospitalized   
 Yes 4 (0.1) 1 (0.4) 
 No/unknown‡ 3,481 (99.9) 244 (99.6) 
Presence of symptoms§   
 Symptomatic 2,838 (81.4) 197 (80.4) 
 Asymptomatic 647 (18.6) 48 (19.6) 
Symptoms    
 Headache 1,562 (44.8) 132 (53.9) 
 Sore throat 1,454 (41.7) 81 (33.1) 
 Fatigue 1,417 (40.7) 106 (43.3) 
 Cough 1,311 (37.6) 116 (47.4) 
 Runny nose 1,122 (32.2) 80 (32.7) 
 Muscle ache 1,021 (29.3) 100 (40.8) 
 Fever 918 (26.3) 75 (30.6) 
 Loss of smell 879 (25.2) 63 (25.7) 
 Loss of taste 777 (22.3) 53 (21.6) 
 Chills 822 (23.6) 56 (22.9) 
 Shortness of breath 336 (9.6) 19 (7.8) 
 Nausea 286 (8.2) 23 (9.4) 
 Diarrhea 247 (7.1) 19 (7.8) 
 Abdominal pain 126 (3.6) 12 (4.9) 
 Vomiting 43 (1.2) 7 (2.9) 
Meets CSTE clinical criteria¶   
 Yes 2,371 (68.0) 178 (72.7) 
 No 1,114 (32.0) 67 (27.3) 
Timing of specimen collection relative to symptom onset   
 Specimen collected on or after symptom onset date 2,275 (65.3) 162 (66.1) 
 Specimen collected before symptom onset date 162 (4.6) 7 (2.9) 
 No symptoms reported 647 (18.6) 48 (19.6) 
 Symptomatic, missing symptom onset date 401 (11.5) 28 (11.4) 
Timing of positive report relative to symptom onset   
 Positive reported on or after symptom onset date 2,411 (69.2) 167 (68.2) 
 Positive reported before symptom onset date 26 (0.7) 2 (0.8) 
 No symptoms reported 647 (18.6) 48 (19.6) 
 Symptomatic, missing symptom onset date 401 (11.5) 28 (11.4) 
*Values are no. (%) except as indicated. Student affiliation was prioritized over staff, such that those identified as both students and staff are categorized 
as students. NA, not applicable.  
†Cluster affiliation categories are not mutually exclusive. 
‡Cannot distinguish between no and unknown; there is only 1 checkbox in which hospitalization can be selected. 
§Anyone with >1 symptom is considered symptomatic; asymptomatic does not distinguish between those who were truly asymptomatic and those who 
were missing symptom information. 
¶CSTE clinical criteria are met if the case-patient has either cough or shortness of breath, or >2 of the following symptoms: fever, chills, myalgia, 
headache, sore throat, loss of smell, or loss of taste. 
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Multiple mitigation measures were put into place 
to reduce transmission during September 6–12, 2020. 
Those measures included suspending in-person 
classes and events, prohibiting nonsanctioned social 
activities, holding additional mass testing events, and 
quarantining all students in dormitories A and B dur-
ing September 9–23, 2020 (Figure 1). The local health 
department also required testing and quarantine for 
26 FSL house chapters.

Infections among Students in Dormitories
Across all dormitories, 5,820/6,162 students (94.4%) 
were tested during move-in week (August 25–31, 
2020); mean turnaround time from test to result was 
2 days (interquartile range 1–2 days). Thirty-four 
students (0.6%) tested positive at move-in without 
documentation of a previous positive test in the 
previous 90 days; these students were moved into 
isolation dorms. Overall, 856/6,162 (13.9%) stu-
dents living in the 19 on-campus dormitories had 
a positive SARS-CoV-2 specimen collected through  

campus testing during August 25–October 31, 2020; 
attack rates in dormitories were 1.9%–31.9% (Table 
2) during this time. Fifteen dormitories had attack 
rates of <10.0%, 2 had attack rates of 10.0%–20.0%, 
and 2 had attack rates >20.0%. Dormitories A and B 
accounted for 68.5% of all dormitory cases (586/856), 
but only 34.4% of all students living in dormitories 
(2,119/6,162) (Figure 2).

In addition, we used a divergence phylogeny, 
colored by dormitory, to compare the number of mu-
tations present in each sequence relative to the initial 
SARS-CoV-2 reference virus (GenBank accession no. 
MN908947.3). If dormitories A and B had distinct but 
contemporaneous outbreaks, we might expect viral 
sequences from the 2 halls to segregate into distinct 
taxa on a divergence tree. However, the tree illus-
trates that substantial mixing of viral genetic lineages 
between the dormitories occurred, indicating that 
outbreaks of COVID-19 within these dormitories 
were not distinct and resulted from intermingling be-
tween residents (Figure 3, panel C). 
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Figure 1. Overall epidemic 
curves of coronavirus disease 
cases among University 
of Wisconsin–Madison 
students and staff, Dane 
County, Wisconsin, USA, 
August 1–October 31, 2020. 
We categorized 10 student 
case-patients affiliated with 
both a dormitory and FSL as 
dormitory students. Student was 
considered the primary affiliation, 
such that any student who 
was also a staff member was 
categorized as a student. FSL, 
fraternity and sorority life.

 
Table 2. Attack rates of coronavirus disease within dormitories and within roommates for dormitories with >10 cases, University of 
Wisconsin—Madison, Dane County, Wisconsin, USA, August 25–October 31, 2020* 

Dormitory No. residents 
Residents with confirmed 

SARS-CoV-2 infection 
Attack rates in roommates 2–14 d 

after index case† 
Dormitory A 1,195 291/1,195 (24.4) 41/165 (24.8) 
Dormitory B 924 295/924 (31.9) 32/172 (18.6) 
Dormitory C 478 58/478 (12.1) 7/35 (20.0) 
Dormitory D 181 19/181 (10.5) 2/9 (22.2) 
Dormitory E 532 51/532 (9.6) 4/37 (10.8) 
Dormitory F 384 31/384 (8.1) 5/23 (21.7) 
Dormitory G 372 27/372 (7.3) 2/15 (13.3) 
Dormitory H 319 20/319 (6.3) 1/14 (7.1) 
Dormitory I 435 13/435 (3.0) 2/11 (18.2) 
All other dormitories‡ 1,342 51/1,342 (3.8) 5/33 (15.2) 
Total† 6,162 856/6,162 (13.9) 101/514 (19.6) 
*Values are no. positive/no. in category (%).  
†One room included in the roommate attack rate analysis housed 3 residents, whereas all others housed 2 residents; in the room with 2 susceptible 
residents, neither tested positive within 2–14 d of the index case. 
‡Includes aggregated data from 10 dormitories not listed here that had <10 total cases each; attack rates in these halls were 1.9%–5.6%. 
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Whole-Genome Sequencing among Student Samples 
from Dormitories A and B
We sequenced complete viral genomes from 262 
(44.7%) of 586 specimens from students living in dor-
mitories A and B (Figure 3). Using a Dane County–
centric phylogeny, we visualized the relationship of 
SARS-CoV-2 viruses circulating in dormitories A and 
B (Figure 3). Almost two thirds of sequences from the 
dormitories (172/262; 65.6%) formed a cluster in the 
20A clade (PANGO lineage B.1.369) (Figure 3, pan-
el B). This cluster contains a unique spike mutation 
encoding a glutamic acid-to-glutamine substitution 
at spike residue 780 (S E780Q), which was not seen 
in Dane County before this outbreak. This mutation 
was not subsequently found in 467 sequenced speci-
mens from Dane County (of 15,740 positive tests, a 
sequencing coverage of 2.96%) during November 11, 
2020–January 31, 2021.

The remaining 90 dormitory sequences clustered 
with the 20A (32/262), 20G (30/262), 20C (24/262), 
and 20B (4/262) clades. Sequences clustering in those 
remaining clades were more closely related to viral 
lineages concurrently circulating in Dane County, 
suggesting these persons became infected in the com-
munity. During September 23, 2020–January 31, 2021, 
a total of 75.3% (538/714) of new sequences in Dane 
County were classified as 20G clade, 15.1% (108/714) 
as 20A clade, 7.0% (50/714) as 20C clade, and 2.5% 
(18/714) as 20B clade. The large cluster in dormitories 
A and B was almost exclusively among case-patients 
17–23 years of age (Figure 4).

Risk for Transmission between Roommates
Across all dormitories, 81.6% of residents had a room-
mate. Percentage positivity was higher overall among 

students with roommates (15.4%) than those without 
roommates (7.3%) (p<0.0001). Of the 514 students who 
had a roommate test positive but had not yet tested 
positive themselves, 101 (19.6%) tested positive within 
2–14 days. (Table 2). Genetic distance comparisons be-
tween roommate pairs and nonroommate pairs within 
dormitories A and B revealed significantly higher lev-
els of overlap in SNV identities between roommate 
pairs compared to random pairs. Specifically, 32/33 
(97.0%) roommate pairs had viruses that contained 
100.0% identical consensus sequences, whereas iden-
tical consensus sequences were found in 1,062/33,930 
(3.1%) of randomly assigned pairs (p<0.0001).

Discussion
An outbreak of COVID-19 occurred at UW-Madison 
at the beginning of the fall semester. Over the course 
of our investigation, ≈14.0% of students living in dor-
mitories tested positive; those living with roommates 
were more likely to test positive. Shortly after the 
UW-Madison outbreak began, mitigation measures 
were rapidly implemented, and a rapid decline in 
cases was observed. Ninety residence-hall sequences 
clustered with viruses circulating in Dane County, 
suggesting mixing between the university and Dane 
County. However, we did not detect evidence of 
transmission of the predominant viral lineages asso-
ciated with dormitories A or B beyond these dormito-
ries within Dane County in a convenience sample of 
sequenced specimens collected in the months follow-
ing the outbreak.

Testing at the time students moved into dormi-
tories identified some introductions of SARS-CoV-2 
onto campus, and UW-Madison isolated infected 
students. However, the average 2-day turnaround 
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Figure 2. Coronavirus disease 
epidemic curves and percent 
positivity for University of 
Wisconsin–Madison students 
living in dormitories A and B 
versus all other dormitories, 
Dane County, Wisconsin, USA, 
August 25–October 31, 2020.



SYNOPSIS

time for test results meant transmission might have 
occurred while students were awaiting their results. 
Therefore, when implementing move-in testing, quar-
antining students until results have been received 
may help prevent transmission among asymptom-
atic students awaiting results (27). Move-in testing 

also may fail to identify students who have recently 
been infected and do not yet have detectable levels of 
SARS-CoV-2 virus (28) and cannot prevent new infec-
tions if the virus is already circulating in the commu-
nity. Our results suggest the importance of supple-
menting move-in testing with ongoing serial testing 
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Figure 3. Phylogenetic tree of the coronavirus disease outbreak in dormitories A and B, University of Wisconsin–Madison, Dane County, 
Wisconsin, USA, January 2020–January 2021. A) Phylogenetic tree of all cases sequenced in Dane County, Wisconsin (light gray tips) 
during January 2020–January 2021 and cases sequenced in each dormitory. Pink shading indicates cluster associated with dormitories 
A and B. B) Expanded view of phylogenetic tree of the large cluster of cases associated with dormitories A and B during the September 
2020 outbreak. C) Mutations relative to the initially identified severe acute respiratory syndrome coronavirus 2 genome in Wuhan, China 
(GenBank accession no. MN908947.3), during the outbreak in dormitories A and B.
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and additional mitigation steps to effectively prevent 
ongoing transmission and community spread.

UW-Madison conducted biweekly serial screen-
ing testing for students in dormitories with relatively 
short turnaround time (mean 2 days), enabling the 
university to identify and isolate students with SARS-
CoV-2 infections, quarantine roommates, and conduct 
contact tracing. Still, more frequent testing may have 
enabled more rapid case detection and initiation of iso-
lation and quarantine procedures, preventing further 
transmission. A modeling study of COVID-19 spread 
within IHEs suggested that testing every 2 days would 
be needed to control the spread of SARS-CoV-2 (29). 
Recognizing this potential for rapid spread, UW-Mad-
ison increased the frequency of testing to twice per 
week for students living on-campus and off-campus in 
nearby ZIP codes and reduced turnaround time for re-
sults to <24 hours for the spring 2021 semester (30,31). 
Further evaluation of serial testing strategies is needed 
to determine optimal testing frequency in IHE settings 
and to prioritize populations for testing when capac-
ity is limited. The high proportion of infected students 
who were symptomatic (>80.0%) suggests that, even in 
young adults, SARS-CoV-2 infection is frequently as-
sociated with at least mild symptoms, reinforcing the 
importance of educating students on COVID-19 symp-
toms, symptom monitoring, testing, and self-isolation 
when even mild symptoms develop (32).

Roommates live in close contact with each other, 
providing substantial opportunities for transmission 

(32). At UW-Madison, roommates were not required to 
wear masks within their rooms because this measure 
was considered impractical and unenforceable. Room-
mates of confirmed case-patients within dormitories 
had an estimated attack rate of 19.6%, and a larger 
proportion of students with roommates tested posi-
tive over the investigation period than those without. 
Furthermore, SARS-CoV-2 genomes collected from 33 
roommate pairs found a high proportion of identical 
sequences, suggesting transmission occurred either 
within the roommate pair or from a shared exposure. 
Given the elevated risk for infection associated with 
having a roommate, efforts to reduce the density of 
dormitories, including single-occupancy rooms when 
available, may reduce transmission (1).

Two dormitories accounted for more than two 
thirds of all confirmed cases among students living in 
dormitories during the investigation period, although 
these 2 halls accounted for only one third of students 
living in on-campus housing. Transmission may have 
occurred within the dormitories but may have also oc-
curred in other undetected settings (e.g., bars, private 
residences, fraternities, or sororities) that residents of 
dormitories A and B might have visited more frequent-
ly than did students living in other dormitories (33,34). 
The sequencing data strongly suggest that the clus-
ters in dormitories A and B, which are located close 
to each other and share dining and recreation spaces, 
were not independent and were the result of intermin-
gling. Viral genome sequencing is an important tool 
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Figure 4. Phylogenetic tree of severe acute respiratory syndrome coronavirus 2 specimens sequenced in Dane County, Wisconsin, 
USA, January 2020–January 2021, coded by age of case-patient providing specimen. 
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in understanding the transmission dynamics between 
UW-Madison students and the broader community 
(11–16; C.S. Richmond et al., unpub. data; M. Zeller et 
al., unpub. data). Our sequencing data covering 44.7% 
of student case-patients living in dormitories A and B, 
7.5% of all student case-patients, and 3.0% of commu-
nity samples from Dane County did not find evidence 
that viruses from this cluster subsequently circulated 
at high frequencies in the community.

The first limitation of our analysis is that full lists 
of off-campus students and staff and their COVID-19 
testing histories were not available; therefore, attack 
rates could be calculated only for students living in 
on-campus dormitories. We did not examine data re-
lated to race, ethnicity, and other social determinants 
of health. Occupancy levels remained fluid throughout 
the semester, but available data used for dormitory cen-
sus calculations represented a single point in time at the 
end of the outbreak, when occupancy was lower than 
at the start of the semester. UW-Madison’s rapid imple-
mentation of multiple interventions limits our ability to 
determine the effectiveness of individual interventions. 
Specimens from students living in dormitories A and B 
were targeted for sequencing to understand transmis-
sion patterns within and across these housing units. 
Therefore, our sequencing results should not be gener-
alized to the campus at large; transmission events may 
have occurred after campus-related clusters outside of 
dormitories A and B. Other studies assessing trends 
in cases over time have suggested that university out-
breaks preceding broader community outbreaks may 
be caused by transmission from universities to commu-
nity members, a possibility that we cannot rule out (10). 
In addition, sequencing of Dane County specimens in 
Nextstrain represented a small proportion of the total 
number infections within the county (≈3.0%) and were 
sampled nonrandomly among clients of a large testing 
provider. Therefore, it is possible that descendant infec-
tions from dormitory A and B clusters occurred in Dane 
County but were not captured in the convenience sam-
ple from the community.

This investigation described an outbreak in which 
COVID-19 spread rapidly among university students 
at UW-Madison. Given the swift rise in cases, being 
able to quickly identify outbreaks and rapidly imple-
ment mitigation strategies by a coordinated univer-
sitywide response in collaboration with public health 
authorities is critical in halting transmission. Large-
scale quarantines in congregate living situations (e.g., 
dormitories) and suspension of on-campus activities 
may be effective during large-scale outbreaks, if put 
in place rapidly and effectively. This investigation 
demonstrates using genomic surveillance to provide 

a more comprehensive understanding of transmission 
dynamics both in specific outbreak settings and in the 
general population. These tools can be used by univer-
sities and health departments to monitor spillover into 
the community and inform campus and community 
mitigation efforts.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2021.05.07.21256834v1.
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By May 2021, >150 million severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) 

infections and >3 million deaths from coronavi-
rus disease (COVID-19) had been reported world-
wide (1). The real infection count likely is much 
higher but continues to be a point of uncertainty. 

Case reporting underestimates the total number of 
SARS-CoV-2 infections because of underdetection 
of asymptomatic or mildly symptomatic cases and 
variation in the use and availability of diagnostic 
testing. Serologic testing provides an independent 
method to estimate the true cumulative incidence 
of SARS-CoV-2 infection because it relies on evi-
dence of immune response as an indication of pre-
vious infection. Seroprevalence has been touted as 
a more standardized way to estimate the incidence 
of SARS-CoV-2 infection across different popula-
tions, but inconsistencies in test performance and 
sampling methods continue to cause challenges for 
use of seroprevalence.

In May 2020, the University of Utah (Salt Lake 
City, Utah, USA) launched the Utah Health and 
Economic Recovery Outreach project, in partner-
ship with state government agencies, to collect 
community-based data on SARS-CoV-2 infection 
rates. Our goal was to estimate the cumulative 
incidence of SARS-CoV-2 infection to benchmark 
case detection in community populations based 
on public health surveillance. In addition to mea-
suring SARS-CoV-2 seroprevalence, we collected 
nasopharyngeal swab samples to concurrently es-
timate the prevalence of reverse transcription PCR 
(RT-PCR) positivity. We applied methods of re-
cruitment and analysis to minimize bias and maxi-
mize relevance for policymaking. We describe the 
results of the fi rst phase of the project, which was 
conducted in the Wasatch Front, the major popula-
tion center of Utah, comprising a chain of contigu-
ous cities and towns stretched along the Wasatch 
Mountain Range.
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We aimed to generate an unbiased estimate of the inci-
dence of severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) infection in 4 urban counties in Utah, 
USA. We used a multistage sampling design to randomly 
select community-representative participants >12 years 
of age. During May 4–June 30, 2020, we collected se-
rum samples and survey responses from 8,108 persons 
belonging to 5,125 households. We used a qualitative 
chemiluminescent microparticle immunoassay to detect 
SARS-CoV-2 IgG in serum samples. We estimated the 
overall seroprevalence to be 0.8%. The estimated sero-
prevalence-to-case count ratio was 2.5, corresponding 
to a detection fraction of 40%. Only 0.2% of participants 
from whom we collected nasopharyngeal swab samples 
had SARS-CoV-2–positive reverse transcription PCR 
results. SARS-CoV-2 antibody prevalence during the 
study was low, and prevalence of PCR-positive cases 
was even lower. The comparatively high SARS-CoV-2 
detection rate (40%) demonstrates the eff ectiveness of 
Utah’s testing strategy and public health response. 



Estimates of SARS-CoV-2 Seroprevalence, Utah, USA 

Methods

Sampling Design and Participant Recruitment
We conducted serologic survey in 4 counties: Utah, 
Salt Lake, Davis, and Summit. The total estimated 
population of the study area is ≈2.2 million, which 
represents ≈68% of the population of Utah. Overall, 
29% of the population is <18 years of age, compared 
with 22% of the US population (2). The fraction of res-
idents of the 4 counties that are non-Hispanic White is 
76%, which is higher than the US population of 60%. 
During March 14–June 30, 2020, the 4 counties report-
ed 17,316 cases of SARS-CoV-2 infection (3).

We recruited and enrolled participants during 
May 4–June 30, 2020. The sampling frame consisted 
of a list of all residential addresses in the 4 counties 
curated by the state of Utah. The 657,870 total ad-
dresses were grouped hierarchically into 16,677 cen-
sus blocks, 1,089 census block groups, 389 census 
tracts, and 229 groups of adjacent tracts, termed tract 
groups. We categorized tract groups into 15 strata 
based on combinations of county, ethnicity, median 
age, and reported positive case count from the Utah 
Department of Health.

We used 2 address-based probability sampling 
designs that differed in intensity of recruitment and 
geographic clustering. Both methods followed a ran-
dom sampling design. Our primary sampling design 
included 11,563 addresses that were selected by ran-
domly choosing 26 of the tract groups from the 15 
strata, weighted by tract group population. We then 
selected ≈420 addresses from each tract group by first 
randomly choosing 30 census block groups per cen-
sus tract group and then selecting 14 addresses per 
census block group. The geographic address cluster-
ing facilitated recruitment and data collection and 
followed methods recommended by the Centers for 
Disease Control and Prevention (https://www.cdc.
gov/nceh/casper/sampling-methodology.htm).

Our secondary sampling frame comprised 14,012 
addresses. We selected these addresses by propor-
tionately oversampling the same strata as our pri-
mary sampling frame and excluding the tract groups 
selected in our primary sampling frame. The second-
ary sampling frame enabled us to expand the pool 
of participants and to broaden the geographic reach 
within the 4 counties.

To recruit our sample, we sent each address a 
postcard and a letter encouraging household mem-
bers to participate. Participants were asked to com-
plete a household survey, and household members 
>12 years of age were invited to take an individual 
participant survey and to undergo testing for IgG and 

viral RT-PCR at a specified mobile testing site. In our 
primary sampling frame, home addresses also were 
visited by a recruitment field team that attempted 
<3 in-person contacts. All household members who 
completed the survey and were tested received a $10 
gift card as compensation for their time

Each mobile testing site location included 4 se-
quential drive-through stations. The first station col-
lected basic information about the persons in the ve-
hicle; the second conducted the viral RT-PCR sample 
via nasopharyngeal swab; the third conducted the 
IgG test via blood draw; and the last quality-checked 
participation, provided information about receiving 
test results, and responded to participant questions. 
The analyses described here are limited to persons 
who completed the participant survey and under-
went serologic testing.

Laboratory Methods
We analyzed serum specimens by using the SARS-
CoV-2 IgG assay (Abbott Laboratories, https://www.
abbott.com) on an Architect i2000 instrument (Ab-
bott Laboratories), according to the manufacturer’s 
instructions. The SARS-CoV-2 IgG assay is a qualita-
tive chemiluminescent microparticle immunoassay 
that detects IgG binding to an undisclosed epitope 
of the SARS-CoV-2 nucleocapsid protein. The assay 
relies on an assay-specific calibrator to report a ratio 
of specimen absorbance to calibrator absorbance. The 
assay can be interpreted as positive (ratio >1.4) or 
negative (ratio <1.4). The manufacturer reports a sen-
sitivity of 86.4% (95% CI 65.1%–97.1%) 8–13 days after 
symptom onset and 100% (95% CI 95.9%–100%) >14 
days after symptom onset, and a specificity of 99.6% 
(95% CI 99.1%–99.9%) (4,5). The manufacturer’s esti-
mate of sensitivity >14 days after symptom onset was 
derived from 88 symptomatic patients. However, 
other studies using this assay have reported lower 
sensitivities, ranging from 85% to 97%, when used 
in the general population (6–8). We observed that 
20/24 (83.3%) participants who reported a prior posi-
tive SARS-COV-2 test >14 days before we collected 
serum samples were seropositive. By using a cutoff 
of 10 days after a prior positive SARS-COV-2, 25/30 
(83.3%) participants who reported prior positive tests 
also were IgG positive. Therefore, we assumed a sen-
sitivity of 83% in our primary analysis.

We used the cobas SARS-CoV-2 assay (Roche 
Diagnostics, https://www.roche.com) to detect vi-
ral RNA in nasopharyngeal swabs, according to the 
manufacturer’s instructions. The cobas SARS-CoV-2 
assay detects the nonstructural open reading frame 
(ORF) 1a/b region unique to SARS-CoV-2 at a limit 
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of detection of 1,800 copies/mL. All testing was per-
formed at ARUP Laboratories (https://www.aru-
plab.com), a nonprofit national reference laboratory 
associated with the University of Utah. 

For data analysis, we used a series of steps to ac-
count for the sampling design, nonresponse, demo-
graphic balance, and the sensitivity and specificity 
of the serology assay. The University of Utah Insti-
tutional Review Board designated this surveillance 
project nonresearch because it was launched to sup-
port public health and governmental response to the 
COVID-19 pandemic. 

Statistical Methods

Sampling Design
We computed sampling design weights to account for 
varying probabilities of sampling of households (Appen-
dix, https://wwwnc.cdc.gov/EID/article/27/11/20-
4435-App1.pdf) (9). These weights depended primarily 
on the ratios of the numbers of sampled households to 
the total numbers of households within each stratum of 
the primary and secondary sampling designs (Appen-
dix Tables 1–6). We computed 3 further sets of weights 
to account for nonresponse at the household, partici-
pant, and serology testing levels. We determined house-
hold response weights from estimated propensities of 
household response based on characteristics of the cen-
sus block group where the household was located and 
participant response weights from estimated propensi-
ties of response by persons within households based 
on characteristics of the census block group and the 
primary household respondent. We determined serol-
ogy response weights from estimated propensities for 
the provision of a serology sample based on participant 
survey responses. 

We estimated propensities separately in the pri-
mary and secondary sampling designs by using non-
parametric boosted regression for household and se-
rology response and logistic regression for participant 
response (Appendix Table 1) (10). We used estimated 
propensities for membership in the primary versus 
the secondary design to align the secondary sampling 
design’s characteristics to those of the primary sam-
pling design. Multiplication of each of the described 
weights provided 2 sets of comprehensive weights 
that accounted for the design and nonresponse for 
the primary and secondary sampling designs. We 
then scaled the weights for 2 sampling designs based 
on the proportions of respondents in the 2 designs to 
provide a single final set of weights for estimating se-
roprevalence across the 4-county area. To prevent ex-
treme variation in weights, we truncated weights that 

were either <10% or >10-fold greater than the median 
weight. Finally, we used iterative proportional fitting 
to optimize agreement of the marginal distributions 
of age, sex, Hispanic ethnicity, and education level 
between the weighted study sample and the US cen-
sus data for the 4-county area (11).

Data Analysis
We defined the primary sampling units (PSUs) for 
data analysis by 54 census tracts included in the pri-
mary sampling design and mainly by block groups in 
the secondary sampling design. For Summit County, 
sampling was performed without clustering at the 
household level in the secondary sampling frame, so 
the household served as the PSU. We modeled the 
relationship of seroprevalence to predictor variables, 
such as county, demographic and clinical factors, 
behaviors, and attitudes, by using survey weighted 
generalized linear models for binary outcomes and 
assessed variability based on replicate jackknife 
weights (12,13). We tested for the presence of a de-
tectable temporal trend in seroprevalence by includ-
ing calendar time as a continuous variable in models 
relating seroprevalence to the Utah Department of 
Health case count. These analyses showed no trend 
for an effect of calendar time. Hence, we performed 
analyses for seroprevalence without adjustment for 
calendar time.

We corrected estimates of seroprevalence for as-
say error by applying the following formula: 

where P1 is the estimated prevalence within a given 
category of a predictor variable provided by the gen-
eralized linear models. We then used the parametric 
bootstrap to account for the sampling error and 95% 
CI of the manufacturer’s estimate of specificity. We 
estimated the seroprevalence-to-case-count ratio by 
computing the ratio between the adjusted prevalence 
estimates we described in the previous section to the 
weighted average case count rates corresponding to 
the respondent’s ZIP code 10–17 days before the re-
spondent’s serology test reported by the Utah Depart-
ment of Health. The inverse of the ratio of adjusted 
prevalence and average case counts is the detection 
fraction, the estimated proportion of the total number 
of infections that were reported. We performed hy-
pothesis tests comparing prevalence between catego-
ries directly on the estimates of seroprevalence without 
assay error adjustment because assay error adjustment 
does not affect equality of seroprevalences between 
subgroups when sensitivity plus specificity is >1.
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Results

Participant Characteristics
During May 4–June 30, 2020, we randomly selected 
11,563 households for a combined mailed recruitment 
and home visit and randomly selected another 14,012 
households for mailed recruitment only. Altogether, 
8,108 persons from 5,125 households completed sur-
veys and testing for SARS-CoV-2 antibodies. Among 
participants, 5,791 were in the combined home visit 
and mailed recruitment frame and 2,317 were in the 
mailed recruitment only frame. The median age of 
participants was 44 (interquartile range [IQR] 30–62) 
years; only 9.3% of participants were 12–18 years of 
age (Tables 1, 2). Overall, 6.6% of participants self-
reported ethnicity as Hispanic, compared with 15.3% 
of the 4-county population based on census data. The 
source population also differed from participants 
with respect to age distribution and education level. 
Accounting for response bias through iterative pro-
portional fitting resolved these differences in county-
level marginal distributions.

Estimated Seroprevalence
Among participants, 89 persons from 75 households 
were seropositive, corresponding to an unadjusted 
seroprevalence of 1.1% (Table 3). The 4-county se-
roprevalence adjusted for sampling fraction, non-
response, and test performance was 0.8% (95% CI 
0.1%–1.6%). We estimated adjusted SARS-CoV-2 se-
roprevalence to be 5.7% (95% CI 1.2%–19.4%) among 
persons residing in households where the primary 
language was Spanish and 2.7% (95% CI 0.6%–8.0%) 

among persons who self-reported as Hispanic; both 
estimates were significantly greater than the com-
parator groups (p = 0.01 for Spanish as primary lan-
guage; p = 0.03 for self-report as Hispanic) (Table 3). 
Seroprevalence was 4.6% in Summit County, which 
includes the ski resort town, Park City, an early in-
fection hot spot in Utah, and was significantly higher 
than the other counties (p = 0.03); the variation in se-
roprevalence across Utah, Salt Lake, and Davis coun-
ties was not statistically different.

Seroprevalence correlated with cumulative inci-
dence estimated on the basis of reported case counts 
(Table 3). The adjusted seroprevalence was 2.2% in 
ZIP codes where cumulative incidence calculated 
from reported cases was >500/100,000 population 
compared with 0.2% in ZIP codes in where the report-
ed cumulative incidence was <200/100,000 popula-
tion. The overall seroprevalence-to-case count ratio 
was estimated to be 2.5 (95% CI 0.3–5.0), correspond-
ing to a detected fraction of 0.40. This ratio was not 
statistically different across the 4 counties.

Other Descriptive Analyses
Among participants, 360 (4.4%) reported contact with 
a person with diagnosed COVID-19 and 26 (7.2%) of 
these participants were seropositive (Table 4). Among 
participants who reported contact with a family 
member with known SARS-CoV-2 infection, 14.4% 
were seropositive. In contrast, among 38 persons who 
reported exposure to SARS-CoV-2 infection in their 
role as healthcare workers, none were seropositive. 
Among 62 households with >2 members who tested 
positive, our analysis revealed 53 households with 
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Table 1. Characteristics of participants and households in a study of SARS-CoV-2 seroprevalence, Utah, United States 
Household-level factors No. (%) participating households No. (%) participants, n = 8,108 
County n = 5,125  
 Davis 1,023 (20) 1,703 (21.0) 
 Salt Lake 2,695 (52.6) 4,021 (49.6) 
 Summit, including Park City 283 (5.5) 345 (4.3) 
 Utah 1,124 (21.9) 2,039 (25.1) 
No. participating household members n = 5,088  
 1 1,738 (34.2) 1,027 (12.7) 
 2 2,277 (44.8) 3,683 (45.4) 
 3 541 (10.6) 1,307 (16.1) 
 >4 532 (10.5) 2,091 (25.8) 
No. household members <12 years of age n = 5,033  
 0 3,537 (70.3) 5,407 (67.6) 
 1 589 (11.7) 1,053 (13.2) 
 2 499 (9.9) 850 (10.6) 
 3 239 (4.7) 424 (5.3) 
 >4 169 (3.4) 269 (3.4) 
Primary language spoken in household n = 5,053  
 English 4,866 (96.3) 7,785 (97.1) 
 Spanish 132 (2.6) 169 (2.1) 
 Other 55 (1.1) 61 (0.8) 
*Participants completed a survey and had serum collected to test for SARS-CoV-2 IgG. n values indicate number of responses available in that category. 
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.  
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exactly 1 seropositive member and 9 households with 
>1 seropositive member. Among the 123 members of 
62 households with SARS-CoV-2–positive residents, 
23 (18.7%) participants were seropositive. We as-
sumed that infection for 1 of the infected members of 
each household was imported and that other house-
hold cases were transmissions from the index mem-
ber of the household; thus, our crude estimate the 
secondary household attack rate was 12%.

Overall, 798 (9.9%) persons reported having a 
prior COVID-19 test. Among 30 participants who 
reported having a positive COVID-19 test >14 days 
before serum collection, 25 (83.3%) were SARS-CoV-2 
seropositive; we used that figure to estimate the sensi-
tivity of the serologic assay. Among seropositive par-
ticipants, 7 (28.0%) reported a prior RT-PCR–positive 
SARS-CoV-2 test. If we assume a true seroprevalence 
of 0.8%, assay sensitivity of 83%, and specificity of 
99.6%, the corrected point estimate for the detection 
fraction based on history of a prior positive RT-PCR 
test is 0.28/0.614 = 0.46, which is close to our estimated 

detection fraction based on the seroprevalence-to-
case count ratio.

Among 6,251 participants from whom a nasopha-
ryngeal swab specimen was collected, 14 (0.2%) had 
SARS-CoV-2 virus detected by RT-PCR; 9 (64.3%) of 
those persons were seropositive. The small number 
of positive RT-PCR tests precluded statistical analysis 
of factors associated with positivity or adjustment for 
response bias.

Discussion
By using a statistical sampling frame and adjusting 
for test performance and non-response, we estimated 
the prevalence of IgG to SARS-CoV-2 in 4 urban coun-
ties in Utah during May–June 2020 to be only 0.8%. 
Thus, consistent with other community surveys, 
most of the population lacked immunity to SARS-
CoV-2. Comparing seroprevalence to the cumulative 
incidence of SARS-CoV-2 infection based on case re-
porting, we found that the estimated ratio of total-to-
detected cases was 2.5, corresponding to a detection 
fraction of 40%. We found participants in Summit 
County had higher seroprevalence of 4.6%, which is 
compatible with the extensive outbreak in the resort 
community of Park City that began in March 2020. Se-
roprevalence was higher (2.7%) among persons who 
identified as Hispanic than among those who iden-
tified as non-Hispanic (0.5%); seroprevalence was 
5.7% among persons who lived in a household where 
Spanish was the primary language, much higher than 
the 0.5% seroprevalence among persons who lived in 
households where English was the primary language. 
This finding adds to the substantial body of evidence 
regarding ethnic and racial disparities in the spread 
of SARS-CoV-2 across populations.

Our estimates of seroprevalence and of the se-
roprevalence-to-case count ratio are generally lower 
than has been reported in Utah and elsewhere in the 
United States during a similar time. Several serop-
revalence studies conducted in the United States and 
other countries have been published (14–24) and use 
a variety of assays and sampling methods (25). Some 
studies have relied on convenience samples or did 
not adequately control for response bias. The speci-
ficity of serologic methods for SARS-CoV-2 testing 
varies widely, which can lead to substantial overes-
timation in a low-prevalence population (26). Not all 
studies have adjusted for test performance, and the 
differences in methods make comparisons between 
studies challenging.

Our project involved random sampling of 
>25,000 households and used intensive recruiting 
methods. Our analytical approach accounted for 
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Table 2. Characteristics of participants in a study of SARS-CoV-2 
seroprevalence, Utah, USA* 

Characteristics 
No. (%) participants, 

n = 8,108 
Sex  
 F 4,335 (53.5) 
 M 3,773 (46.5) 
Age, y  
 12–<18 755 (9.3) 
 18–<45 3,366 (41.5) 
 45–64 2,345 (28.9) 
 65–74 1,087 (13.4) 
 >75 555 (6.8) 
Ethnicity, n = 8044  
 Hispanic 528 (6.6) 
 Non-Hispanic 7,516 (93.4) 
Race, n = 7,839  
 White 7,452 (95.1) 
 Black or African American 34 (0.4) 
 American Indian or Alaska Native 32 (0.4) 
 Asian 159 (2.0) 
 Native Hawaiian or other Pacific 
Islander 

40 (0.5) 

 Multiracial 122 (1.6) 
Underlying conditions  
 Diabetes 508 (6.3) 
 Hypertension 1,078 (13.3) 
 Cardiovascular disease 354 (4.4) 
 Asthma 841 (10.4) 
 Emphysema 72 (0.9) 
 Cancer 130 (1.6) 
 Immunosuppressive therapy 79 (1.0) 
Exposure, n = 8,084  
 Contact with COVID-19 case 360 (4.5) 
Prior testing  
 Tested for COVID-19 at any time 716 (8.8) 
*Participants completed survey and had serum collected to test for SARS-
CoV-2 IgG. n values indicate number of responses available in that 
category COVID-19, coronavirus disease; SARS-CoV-2, severe acute 
respiratory syndrome coronavirus 2.  
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multiple sources of error, including response bias 
and imperfect test performance. We also were able to 
generate an internal estimate of the detection fraction 
by using self-reported histories of prior RT-PCR test 
results. After accounting for test error, the estimate of 
the detection fraction based on participant histories 
was 0.46, a value that corroborates our population es-
timate of the detected fraction of 0.40.

We used a serologic test that is reported by the 
manufacturer to have a specificity at 99.6% (4,5); 
however, even at this level of accuracy, statistically 
accounting for false positive results is necessary given 
the low population prevalence of IgG to SARS-CoV-2. 
To better account for the possibility of reduced sen-
sitivity when asymptomatic infections are included 
(27), we assumed a sensitivity of 83% because of an 
analysis of project participants who reported having 
had a positive RT-PCR test in the past. We note that 
our estimate of sensitivity is substantially lower than 
the manufacturer’s estimate of sensitivity of 97.2% (5). 
Because antibody to nucleocapsid protein appears to 
decrease more rapidly than antibody to the spike pro-
tein, our analysis requires us to account for waning 
immunity (27,28). Our internal estimate of sensitivity 

is conditional on the distribution of time between in-
fection and antibody testing for persons reported to 
be infected in our sample, which enhances its utility 
for adjusting the estimate of seroprevalence. Of note, 
among persons who reported having a prior test, 83% 
of serum samples were collected within 2 months fol-
lowing the previous RT-PCR SARS-CoV-2 test.

With these considerations in mind, our estimate 
of the detection fraction is substantially higher than 
what has been reported in other serologic surveys. 
A study that used residual clinical samples collected 
during March–May 2020 to measure SARS-CoV-2 an-
tibody at 10 US sites estimated a detection fraction of 
0.10 for residents of the country (17). That study es-
timated the seroprevalence in Utah at 2.2% (95% CI 
1.2%–3.4%), and those CIs overlap with our estimate. 
Similarly, our estimate of seroprevalence is lower 
than what has been reported in most other geograph-
ic regions during a comparable period of the pan-
demic. In a meta-analysis that included 17 studies, the 
seroprevalence was estimated to be <1% in 5 of the 
studies examined (29). In another study, the projected 
prevalence of SARS-CoV-2 antibodies was 9.2% in the 
US adult population, based on an analysis of 28,000 
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Table 3. Overall and subgroup-specific seroprevalence of participants in a study of SARS-CoV-2 seroprevalence, Utah, USA* 

Characteristics Total No. (%) seropositive  
Adjusted seroprevalence, %  

(95% CI)† p value 
Overall 8,108 89 (1.1) 0.8 (0.1–1.6)  
County     
 Davis 1,703 16 (0.9) 0.1 (0–1.3)  0.06 
 Salt Lake 4,021 38 (0.9) 0.7 (0–1.8)  
 Summit, including Park City 345 10 (2.9) 4.6 (1.0–15.1)  
 Utah 2,039 25 (1.2) 1.2 (0.1–3.4)  
Sex     
 M 3,773 41 (1.1) 0.7 (0–1.6) 0.65 
 F 4,293 48 (1.1) 0.9 (0.2–1.9)  
Age, y     
 <45 4,119 39 (0.9) 0.9 (0.1–2.1) 0.62 
 45–64 2,345 31 (1.3) 0.8 (0.1–1.7)  
 >65 1,642 19 (1.2) 0.4 (0–1.4)  
Ethnicity     
 Non-Hispanic 7,516 75 (1) 0.5 (0–1.1) 0.03 
 Hispanic 528 14 (2.7) 2.7 (0.6–8.0)  
Primary language spoken in household     
 English 7,785 78 (1) 0.5 (0–1.2) 0.01 
 Spanish 169 11 (6.5) 5.7 (1.2–19.4)  
No. participants in household     
 1 1,027 15 (1.5) 0.7 (0–1.8) 0.60 
 2 3,683 35 (1) 0.5 (0–1.7)  
 >3 3,398 39 (1.1) 1.0 (0.2–2.3)  
No. participants <12 years of age     
 0 5,407 64 (1.2) 0.6 (0–1.3) 0.33 
 >1 2,596 20 (0.8) 1.1 (0.1–3)  
Cumulative incidence per 100,000 residents in participant’s ZIP code   
 <200  3,718 26 (0.7) 0.2 (0–0.9) 0.02 
 200–500 3,012 34 (1.1) 0.8 (0.1–2.0)  
 >500 1,378 29 (2.1) 2.2 (0.6–5.5)  
*Participants completed survey and had serum collected to test for SARS-CoV-2 IgG. COVID-19, coronavirus disease; SARS-CoV-2, severe acute 
respiratory syndrome coronavirus 2. 
†Adjusted for sampling design and test sensitivity (0.83) and specificity (0.996) 
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dialysis patients; in Utah it was 3.1%. Discrepancies 
between results of other studies and our findings are 
likely due to our use of probabilistic sampling to re-
duce bias (30).

Our results suggest that Utah’s public health re-
sponse to SARS-COV-2 was effective in case detection. 
Factors that likely contributed to the success of Utah’s 
approach to case detection include early expansion of 
access to testing, mobile testing that targeted heavily 
impacted communities, and a strong commitment to 
contact tracing and contact testing by the state and 
local health departments. This conclusion also is sup-
ported by our finding that 29% of seropositive per-
sons reported exposure to a known case.

We observed that seropositivity was much more 
frequent than RT-PCR positivity, a finding that con-
trasts with selected other studies that combined vi-
ral detection and measurement of seroprevalence. 
For example, among randomly sampled residents of 
the US state of Indiana, the unadjusted prevalence 
of a positive RT-PCR was 1.74%, compared with an 
unadjusted SARS-CoV-2 seroprevalence of 1.01% 
(31). The ratio of prevalence of antibody detection 
to prevalence of viral detection, as observed in our 
community survey, suggests that infections were ac-
cumulating linearly rather than exponentially during 
the study period.

One limitation of our study is that it covers the 
early period of the COVID-19 pandemic, which re-
flects the cumulative incidence of SARS-CoV-2 infec-
tion through mid-June 2020. An updated analysis is 
needed to examine the secular trend in seroprevalence 
and determine whether the detection fraction contin-
ues to be high. Additional data also will enhance the 
feasibility of examining possible geographically lo-
calized hot spots. Our application of weighting and 
iterative proportional fitting should minimize nonre-
sponse bias because of ethnicity and other measured 
factors at each stage of the sampling. However, our 

analytic approach cannot fully account for all sources 
of bias, particularly due to unmeasured factors that 
influenced the decision to participate at the house-
hold level. Thus, despite weighting techniques, the 
generalizability of our results might be limited by 
residual bias due to nonresponse. Nonetheless, our 
sampling frame likely reflects population seropreva-
lence more accurately than convenience-based sam-
ples. Recruitment efforts should focus on increasing 
the ease and appeal of participation of a wide range of 
demographic and geographic groups, especially for 
populations that traditionally have lower response 
rates and have been disproportionately affected by 
the COVID-19 pandemic.

In conclusion, we used a project design in which 
we randomly selected all participants, detected 
SARS-CoV-2 antibodies with a highly specific assay, 
applied rigorous analytical methods to account for 
bias and test error, and analyzed survey responses 
to support population-level inferences. The most dis-
tinctive finding in our analysis was that the detection 
fraction was estimated to be 40%. Further analysis is 
needed to determine whether this pattern has contin-
ued in subsequent months of the COVID-19 pandem-
ic and to assess the factors that influence SARS-CoV-2 
transmission and detection. High rates of testing and 
enhanced case detection are key initial steps for effec-
tive public health response.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2020.10.26.20219907v1.
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Table 4. Relationship between COVID-19 exposures and serologic results of participants in a study of SARS-CoV-2 seroprevalence, 
Utah, USA* 

Exposures Total 
No. (%) seronegative, 

n = 8,019 
No. (%) seropositive, 

n = 89 
% Adjusted seroprevalence 

(95% CI)† 
Contact with diagnosed COVID-19 case 360 334 (92.8) 26 (7.2) 8.5 (3.3–19.5) 
Participant’s relationship with contact     
 Family member 97 83 (85.6) 14 (14.4) 14.8 (4.0–40.8) 
 Friend 42 38 (90.5) 4 (9.5) 14.0 
 Healthcare worker‡ 38 38 (100) 0 (0) 0.0 
 Coworker 105 102 (97.1) 3 (2.9) 3.4 
 Other 78 73 (93.6) 5 (6.4) 3.1 (0.3–12.9) 
Reside in household with >1 seropositive 
person  

123 100 (81.3) 23 (18.7) 24.9 (10.5–48.7) 

*COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Adjusted for sampling design and test sensitivity (0.83) and specificity (0.996). Confidence intervals are omitted for subgroups with fewer than 5 
seropositive persons. 
‡Participant reported that their exposure was related to their work as a healthcare worker.  
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Reverse transcription PCR (RT-PCR) is a standard 
tool for diagnosing severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) infection. How-
ever, different testing strategies might cause wide 
variation in the number of identifi ed subclinical and 

asymptomatic cases, which could remain undetected 
(1). In May 2020, the Faroe Islands, an autonomous 
country that is part of the kingdom of Denmark with 
a population of 52,554 persons, had a 0.6% seropreva-
lence of antibodies against SARS-CoV-2 (2), among 
the lowest reported seroprevalences worldwide (3,4). 
This low seroprevalence is probably infl uenced by 
large-scale testing in the Faroes (5,6). However, the 
study also identifi ed a few previously undetected cas-
es, implying that persons had been infected without 
knowing and without spreading the contagion (2).

Since the identifi cation of the fi rst imported case 
of coronavirus disease (COVID-19) in the Faroe Is-
lands on March 3, 2020, the territory has complied 
with World Health Organization recommendations 
to use an active suppression strategy focusing on test-
ing and isolating patients and their close contacts. 
Accordingly, all close contacts of COVID-19 patients 
in the Faroe Islands were advised to quarantine for 2 
weeks (5). In the Faroe Islands, the fi rst wave of the 
COVID-19 pandemic ended on April 22, 2020; no lo-
cal cases were detected until August 3, 2020, when 
a second surge began (6). During the fi rst wave, the 
Faroe Islands’ per capita testing rates were among 
the highest in the world. The seroprevalence study 
showed that, perhaps because of low levels of com-
munity transmission, few cases remained undetected 
(2). As a result, this context provides a unique oppor-
tunity to investigate the transmission dynamics of 
SARS-CoV-2 using serologic tests.

SARS-CoV-2 is highly contagious. Family mem-
bers and other close contacts of COVID-19 patients 
are at higher risk for SARS-CoV-2 infection, po-
tentially furthering the transmission of disease (7). 
Most studies estimating the secondary attack rate of 
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Close contacts of coronavirus disease (COVID-19) patients 
are at high risk for severe acute respiratory syndrome 2 
(SARS-CoV-2) infection. We assessed the seroprevalence 
of SARS-CoV-2–specifi c antibodies among quarantined 
close contacts of COVID-19 patients in the Faroe Islands. 
We invited quarantined close contacts of COVID-19 index 
patients identifi ed during March 3–April 22, 2020, to partici-
pate in this study; 584 (81%) contacts consented and un-
derwent serologic testing. Among the 584 participants, 32 
(5.5%) were seropositive for total antibody against SARS-
CoV-2. Household and young or elderly contacts had 
higher risk for seropositivity than other contacts.We found 
a secondary attack rate of 19.2%. Seroprevalence among 
close contacts was almost 10-fold higher than among the 
general population of the Faroe Islands. Regularly testing 
household close contacts of COVID-19 patients might help 
track the transmission of SARS-CoV-2.
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SARS-CoV-2 use RT-PCR, not serologic testing (8–13). 
One review of 22 studies from 10 countries estimated 
an overall household secondary attack rate of 17.1% 
(95% CI 13.7%–21.2%) (8), whereas another review 
found a pooled rate of 27% (95% CI 21%−32%) (9). 
Studies assessing the seroprevalence among close 
contacts, whether as a focus group or as part of na-
tional sample, have documented higher seropreva-
lences among close contacts than among persons who 
had not been in contact with patients who had sus-
pected or confirmed COVID-19. A study in Singapore 
reported that 5.5% of household, 2.9% of work, and 
2.1% of social contacts of COVID-19 patients were 
seropositive (13), whereas a study in Norway found 
that 31% of close contacts were seropositive (14). A 
large national serosurvey in England reported sero-
prevalences of 18.8% among those who had been in 
close contact with a confirmed COVID-19 patient and 
16.9% among those who had been in contact with a 
suspected COVID-19 patient, compared with 4.3% 
among other participants (15). In addition, a nation-
wide population-based study in Spain reported se-
roprevalences of 31.4% among household members, 
13.2% among noncohabitating family members or 
friends, and 10.6% among coworkers of COVID-19 
patients (16). We assessed seroprevalence among 
close contacts of persons with COVID-19 in the Faroe 
Islands during the first wave of the pandemic in 
March and April 2020.

Methods

Data Collection
In this retrospective cohort study, we invited all close 
contacts of the 187 patients with confirmed COVID-19 
in the Faroe Islands (crude prevalence 0.4%; https://
corona.fo) during March 3–April 22, 2020. No local 
transmission occurred for the next 104 days, April 
23–August 3, 2020 (5,6).

During this initial outbreak period, contact trac-
ing was conducted by the Chief Medical Officer Of-
fice in the Faroes (Tórshavn, Faroe Islands), which 
communicated with all close contacts and requested 
that contacts quarantine for 14 days from the time of 
exposure. Close contacts of COVID-19 patients during 
the 48 hours before symptom onset, or of asymptom-
atic persons during the >48 hours before diagnosis, 
were traced. Household members and contacts who 
were within 2 meters of an infected person for >15 
minutes, who had direct physical contact or provided 
caregiving without using personal protective equip-
ment, or who had similar exposures, were defined as 
close contacts. 

All infected persons were asked to avoid con-
tact with other persons in their household and to use 
separate bathrooms. Close contacts also were asked 
to self-quarantine and to avoid contact with other 
members of the household. Most patients and close 
contacts could successfully self-quarantine, except for 
those in households with small children. When pa-
tients or contacts were unable to adequately separate 
from household members, hotel rooms were offered 
free of charge by the government.

During their quarantine periods, close contacts 
were interviewed by telephone to monitor potential 
onset of symptoms (5). RT-PCR, which required a 
physician’s referral, was not used as a criterion for 
the end of quarantine. Only symptomatic contacts 
were tested for SARS-CoV-2 infection, although some 
asymptomatic contacts were also tested. Thus, no 
routine RT-PCR of all close contacts occurred during 
their quarantines.

The Chief Medical Officer’s Office emailed a 
participation request to all 854 close contacts of  
COVID-19 patients identified during March 3–April 
22, 2020. Among the 854 close contacts, 132 had tested 
positive for SARS-CoV-2 infection by PCR; as a re-
sult, 722 contacts were eligible to participate in this  
study (Figure).

Participants gave informed consent to provide a 
blood sample and answer a short questionnaire. The 
questionnaire asked about demographic information, 
smoking habits, and medical history, as well as their 
experience in quarantine. For example, the question-
naire inquired whether participants had been tested 
by RT-PCR, whether they had experienced symptoms 
during quarantine, if other members of the household 
had also been quarantined, and whether they knew 
the identity of the infected person with whom they 
had contact. We used these data to classify all partici-
pants as household, workplace, or other (e.g., single 
event, social, or noncohabitating family) contacts. In 
total, 82 (14%) participants could not be classified on 
the basis of available data. We collected blood sam-
ples and administered questionnaires mainly during 
May 27–July 14, 2020; we also collected data from 3 
participants earlier in May 2020 and 4 participants lat-
er in August and September 2020. No local cases were 
diagnosed in the Faroes during April 23–August 3, 
2020. We telephoned seropositive participants about 
their results and asked them to recall symptoms ex-
perienced during the quarantine, which we regis-
tered alongside data from the telephone interviews 
conducted during quarantine. Parents responded on 
behalf of children <18 years of age. We used serum 
samples to determine patient serologic status by the 
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commercially available Wantai SARS-CoV-2 Ab ELI-
SA kit (Beijing Wantai Biologic Pharmacy Enterprise, 
http://www.ystwt.cn), according to the manufactur-
er’s instructions.

Informed consent was obtained from all partici-
pants. The study was approved by the Faroese Ethical 
Committee and the Data Protection Agency.

Statistical Analysis
We estimated the crude seroprevalence by dividing 
the total number of seropositive cases by the total 
number of close contacts. We calculated categorical 
variables as percentages and continuous variables 
as means and SDs. We estimated 95% CIs for crude 
prevalence using exact binomial models. We adjusted 
for test performance as reported by independent eval-
uation (17) (sensitivity [96.7%, 95% CI 92.4%–98.6%] 
and specificity [99.5%, 95% CI 98.7%–99.8%]) by us-
ing bootstrap methods (18). To investigate possibly 
associated factors, we conducted regression analysis 
by using a binary outcome of seropositivity with the 
covariates of sex, age group (0–9, 10–17, 18–34, 35–49, 
50–66, >67 years), history of smoking (ever/never), 
daily medication use (yes/no), chronic diseases (yes/
no), and type of contact (household, workplace, oth-
er). We found that only contact type and age group 
were statistically significant; we included these co-
variates in the final model. We used SPSS Statistics 
25.0 (IBM, https://www.ibm.com) for the analysis.

Results
During March 3–April 22, 2020 in the Faroe Islands, 854 
close contacts of COVID-19 patients were identified 

and quarantined, including 132 who were later con-
firmed to have SARS-CoV-2 infection. As a result, 722 
close contacts that had not tested positive by RT-PCR 
were eligible for participation in this study (Figure); 
584 participated, a participation rate of 80.9%. The 
mean participant age was 36 years (range 0–84 years), 
and 58% were women. Most participants were in the 
younger age groups; only 5.5% were >67 years of age 
(Table 1).

A total of 32 (5.5% [exact binomial 95% CI 3.8%–
7.7%]) persons, comprised of 17 women and 15 men 
who had not previously tested positive by RT-PCR, 
were seropositive for total antibody against SARS-
CoV-2. After adjustment for test sensitivity and speci-
ficity, we calculated the prevalence of SARS-CoV-2–
specific antibodies as 5.3% (95% CI 3.5%–7.5%). A 
total of 43.8% of the seropositive close contacts ret-
rospectively reported symptoms, mainly fever, run-
ning nose, and loss of taste or smell. Most seroposi-
tive participants were in the youngest age group (0–9 
years, mean 4.5 years, range 1.4–9.6 years) (Table 2). 
Among seropositive participants, 21 had received 
negative RT-PCR results during their quarantine; 11 
participants recalled symptoms, whereas 10 did not. 
The other 11 seropositive participants did not have 
RT-PCR during quarantine, of whom 3 retrospective-
ly recalled symptoms. Median time between quaran-
tine and RT-PCR was 0 days (range –1 to 15 days); 11 
participants had RT-PCR upon or before going into 
quarantine. RT-PCR was most prevalent among the 
youngest age group, of which all 8 participants had 
RT-PCR (Table 2). The presence of symptoms was not 
significantly different among the age groups (p = 0.9).
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Figure. Recruitment of 
quarantined close contacts of 
coronavirus disease patients 
for study of seroprevalence 
of severe acute respiratory 
syndrome coronavirus 2–
specific antibodies, Faroe 
Islands, 2020.
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According to the multivariable logistic regression 
analysis, type of contact (p<0.01) and age group (p = 
0.02) were significantly associated with seropositivi-
ty. The risk for seropositivity was significantly higher 
for household contacts compared with other contacts 
(adjusted odds ratio [aOR] 5.4, 95% CI 1.9–15.2). We 
did not find a statistically significant difference for 
workplace contacts compared with other contacts (p 
= 0.8). Overall, age was significantly associated with 
seropositivity (p = 0.02). Most age groups had lower 
aORs than the youngest age group (0–9 years), al-
though these associations were statistically significant 

only for the 35–49-year (aOR 0.18, 95% CI 0.04–0.9) 
and 50–66-year (aOR, 95% CI 0.03–0.8) age groups. 
Participants >67 years of age had an increased aOR 
compared with the youngest age group; however, 
this association was not statistically significant (aOR 
CI 0.6–9.9). 

In this study, we identified 32 secondary SARS-
CoV-2 infections by later serologic assay in addition 
to the 132 identified through initial RT-PCR, indicat-
ing a secondary attack rate of 19.2%. Most (67.5%) se-
ropositive persons had been in quarantine with their 
families. In total, 65% of seropositive persons were 
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Table 1. Demographic and clinical characteristics of 584 quarantined close contacts of coronavirus disease patients in study of 
seroprevalence of SARS-CoV-2–specific antibodies, Faroe Islands, 2020* 

Characteristic 
Close contacts 

p value† Total Seronegative Seropositive 
Total 584 (100.0) 552 (100.0) 32 (100.0)  
Sex    0.8 
 F 339 (58.0) 321 (58.2) 17 (53.1)  
 M 245 (42.0) 231 (41.8) 15 (46.9)  
Mean age, y (SD) [range] 36.5 (20.2) [0.2–83.8] 37.0 (19.9) [0.2–81.7] 28.1 (24.0) [1.4–83.8] 0.02 
Age group, y    <0.01 
 0–9 69 (11.8) 61 (11.1) 8 (25.0)  
 10–17 68 (11.6) 62 (11.2) 6 (18.8)  
 18–34 134 (22.9) 125 (22.6) 9 (28.1)  
 35–49 131 (22.4) 128 (23.2) 3 (9.4)  
 50–66 150 (25.7) 148 (26.8) 2 (6.3)  
 >67 32 (5.5) 28 (5.1) 4 (12.5)  
Smoking status‡    0.1 
 Active 93 (16.7) 92 (17.4) 1 (3.6)  
 Occasional 41 (7.3) 40 (7.5) 1 (3.6)  
 Former 127 (22.8) 121 (22.8) 6 (21.4)  
 Never 297 (53.2) 277 (52.3) 20 (71.4)  
Daily medication use§    0.6 
 Yes 145 (27.8) 137 (27.6) 8 (32.0)  
 No 376 (72.2) 359 (72.4) 17 (68.0)  
Self-reported chronic diseases‡    0.06 
 Yes 278 (49.8) 268 (50.6) 10 (35.7)  
 No 280 (50.2) 262 (49.4) 18 (64.3)  
Had PCR during quarantine¶    0.2 
 Yes 263 (48.3) 249 (47.8) 21 (65.6)  
 No 281 (51.7) 272 (52.2) 11 (34.4)  
Had symptoms during quarantine#    0.7 
 Yes 116 (21.4) 112 (21.6) 14 (43.8)  
 No 345 (63.5) 327 (63.1) 18 (56.3)  
 Not sure 82 (15.1) 79 (15.3) 0  
Had other family members in quarantine**    0.2 
 No 120 (21.8) 118 (22.5) 2 (7.4)  
 Yes, together 373 (67.7) 352 (67.2) 21 (77.8)  
 Yes, separated 58 (10.5) 54 (10.3) 4 (14.8)  
Type of contact††    <0.01 
 Household 145 (28.9) 125 (26.5) 20 (64.5)  
 Workplace 184 (36.7) 179 (38.0) 5 (16.1)  
 Other 173 (34.5) 167 (35.5) 6 (19.4)  
*Values are no. (%) except as indicated. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†p values determined by 2 test for categorical variables or analysis of variance for continuous variables. 
‡Questionnaire data missing for 26 quarantined close contacts, including 4 seropositive contacts. 
§Questionnaire data missing for 63 quarantined close contacts, including 7 seropositive contacts. 
¶Questionnaire data missing for 40 quarantined close contacts, including 9 seropositive contacts. However, all seropositive patients were asked about 
PCR; as a result, values do not add up. 
#Questionnaire data missing for 41 quarantined close contacts, including 7 seropositive contacts. However, all seropositive patients were asked about 
symptoms; as a result, values do not add up. 
**Questionnaire data missing for 33 quarantined close contacts, including 5 seropositive contacts. 
††Questionnaire data missing for 82 quarantined close contacts, including 1 seropositive contact. 
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infected by household members; when including 
noncohabitating close family members, this total rose 
to 71%. The other persons were infected by extended 
family, workplace, or social contacts. We identified 
3 sibling pairs, 2 sets of spouses, and 3 parent–child 
pairs among the seropositive persons.

Discussion
In this retrospective cohort study of close contacts 
of COVID-19 patients, we found a 5.5% seropositiv-
ity rate among contacts who were not previously 
identified as positive by RT-PCR. Seroprevalence 
was highest among household contacts. We found 
the highest seropositivity rate among children who 
were infected by their parents. The risk for seroposi-
tivity among household contacts was 5-fold that of 
the risk posed by other close contacts, probably be-
cause household members might have closer and 
more prolonged interactions than work or social 
contacts. In total, 56% of secondary infections were 
asymptomatic.

The rapid spread of COVID-19 is partly attribut-
able to transmission by asymptomatic or presymp-
tomatic persons; many of these cases remain unde-
tected because patients might not seek healthcare or 
undergo testing (19). As a result of the large-scale test-
ing and tracing protocols used in the Faroe Islands, 
the risk for transmission from persons with undetect-
ed cases is probably low. A study of 1,075 randomly 
selected persons from the Faroe Islands in April 2020 
found a 0.6% seropositivity rate (exact binomial 95% 
CI 0.2%–1.2%), which corresponds to 313 COVID-19 
patients (2), somewhat higher than the observed 0.4% 
crude prevalence of confirmed cases in the Faroe Is-
lands [https://corona.fo]). Our results for close con-
tacts of patients with confirmed COVID-19 are in ac-
cordance with the seroprevalence study (2) indicating 
the existence of some undetected (i.e., not document-
ed in the official records) cases of SARS-CoV-2 infec-
tion in the Faroe Islands. Our results highlight the im-
portance of tracing close contacts, who have a much 

higher seroprevalence than the general population, 
despite a high proportion of asymptomatic seroposi-
tive persons. These findings underscore that testing 
only symptomatic contacts will miss infections and 
underestimate the true number of cases. In addition, 
we emphasize that a negative RT-PCR result might 
not rule out SARS-CoV-2 infection in a household 
contact. The close contacts who underwent RT-PCR 
were tested at a median 0 days (range −1 to 15 days) 
from start of quarantine (Table 2), possibly indicat-
ing that most patients were tested before symptoms 
developed. Because most of the seropositive contacts 
in this study were infected by household members, 
our findings emphasize the importance of isolating 
infected persons. 

Our overall prevalence estimate is lower than 
that of a study comprising 100,000 participants in 
England, which found an 18.8% (742/3,946) serop-
revalence among those who had unspecified contact 
with a COVID-19 patient (15). Our estimate is more 
comparable with that of a study in Singapore that 
found a 5.5% (29/524) seroprevalence among house-
hold contacts who did not have a COVID-19 diag-
nosis (13). In a seroprevalence study of household 
members of COVID-19 outpatients in Norway, Cox 
et al. (14) found that 24/77 (31%) household members 
were seropositive 6 weeks after the index patient had 
first tested positive by RT-PCR. Similarly, a study 
of 61,075 participants in Spain found a 10.6% serop-
revalence among coworkers, compared with 31.4% 
among household members of COVID-19 patients 
(16). These prevalence estimates are higher than our 
overall prevalence of 5.5% among close contacts who 
were not previously identified as positive by RT-PCR. 
However, comparing seroprevalence studies can be 
challenging because of differences in the nature and 
closeness of contacts, classification of contact types, 
methods of measuring antibodies, and characteristics 
of eligible study participants. In addition, the level of 
community transmission in each country would af-
fect prevalence.
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Table 2. Self-reported prevalence of symptoms and RT-PCR among 32 seropositive quarantined close contacts of coronavirus 
disease patients in study of seroprevalence of SARS-CoV-2–specific antibodies, by age, Faroe Islands, 2020* 

Age, y 
Total no. 
contacts 

Had symptoms in 
quarantine 

RT-PCR 
conducted 

Mean days from start of 
quarantine to first RT-PCR (SD) 

Median days from start of 
quarantine to first RT-PCR (range) 

0–9 8 6 (75.0) 8 (100.0)† 5.5 (5.5) 6.0 (0–15) 
10–17 6 0 4 (66.7) 7.0 (4.8) 8.5 (0–11) 
18–34 9 5 (55.6) 3 (33.3)‡ 0.3 (0.6)  0 (0–1) 
35–49 3 1 (33.3) 3 (100.0)§ 0.7 (2.1)  0 (–1 to 3) 
50–66 2 1 (50.0) 1 (50.0) 0 0 
>67 4 1 (25.0) 2 (50.0) 0 0 
*Values are no. (%) except as indicated. RT-PCR, reverse transcription PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Three contacts had 2 RT-PCRs. 
‡One contact had 2 RT-PCRs and 1 had 4 RT-PCRs. 
§One contact had 2 RT-PCRs. 
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Among the 32 seropositive persons we identi-
fied, 21 had tested negative by RT-PCR, including 11 
(52.4%) who had reported symptoms. The sensitiv-
ity of RT-PCR is dependent on multiple factors, pri-
marily the presence of viral RNA on the test swab, 
which can vary by swabbing technique and whether 
viral RNA is present at the anatomic site of the test. 
Therefore, the timing of testing in relation to infection 
onset is critical. Among participants who underwent 
RT-PCR, most were tested during the early stage of 
quarantine, probably before symptom onset, and thus 
perhaps also before infection onset (e.g., among con-
tacts who were in quarantine with the infected family 
member), which might explain their negative RT-PCR 
results (Table 2). In addition, many of the quaran-
tined close contacts who were tested by RT-PCR were 
young children, in whom collecting adequate swab 
samples might be difficult.

The major strengths of this study are its nation-
wide nature, in which all close contacts of confirmed 
COVID-19 patients from the first wave in the Faroe 
Islands were directly contacted, and the high par-
ticipation rate. As a result, the likelihood of selec-
tion bias is low. Because the Faroe Islands eliminated  
COVID-19 for 104 days after the last patient in this 
wave was identified, there was little risk for exposure 
from sources other than the index cases. 

One limitation of our study is that contacts were 
asked retrospectively about symptoms during quar-
antine, introducing the possibility for recall bias. The 
risk for bias is especially relevant for children, whose 
questionnaires were answered by parents. How-
ever, because most index cases occurred in a family 
member, parents were probably vigilant for potential 
symptoms in children. Another limitation might be 
the classification of participants as household, work-
place, or other contacts. Because this classification 
was based on whether participants knew the identity 
of the index patient, this measure might be imprecise. 
However, we were able to classify most participants 
into 3 groups on the basis of available information. 
We found that the primary exposure route is within 
families, and we believe this information is valuable, 
even if the data might be flawed. Finally, RT-PCR 
was not routinely conducted for quarantined per-
sons. Because symptomatic persons were probably 
prioritized for RT-PCR, this selection might have in-
troduced bias.

In conclusion, our study found that seropreva-
lence among close contacts of COVID-19 patients is 
higher than that among the general population. Close 
contacts, especially household members, of COVID-19 
patients are at higher risk for infection. Thus, routinely 

testing household contacts of COVID-19 patients, re-
gardless of symptoms, might improve detection of 
SARS-CoV-2 infection. Our results also indicate that 
close contacts should maintain quarantine even if they 
receive negative RT-PCR results early in quarantine.
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Characterizing mutations in the severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) 

genome has led to the identifi cation of variants of con-
cern (VOCs) on the basis of such criteria as increased 

transmissibility, clinical severity, effect on diagnostic 
testing, and reduced vaccine effi cacy (1–5). Globally, 
the B.1.1.7 (Alpha), B.1.351 (Beta), and P.1 (Gamma) 
lineages represented the 3 main actively circulat-
ing VOCs in late 2020 and early 2021 (6). B.1.1.7 was 
fi rst detected in England in September 2020 and pro-
gressed to become the dominant lineage in this set-
ting within months (4,7). By early January 2021, >40 
countries had documented B.1.1.7 cases, demonstrat-
ing rapid international spread (8). This lineage has 
been associated with an estimated 40%–90% increase 
in transmissibility (4,7), variable effects on clinical 
severity and mortality rates (5,9,10), and limited ef-
fect on vaccine effectiveness (11). In contrast, whereas 
B.1.351 and P.1 also emerged in fall 2020 and spread 
rapidly locally, initial evidence of international trans-
mission beyond South Africa and Brazil was limited 
(8,12,13). The P.1 lineage poses concern given its as-
sociations with an estimated 70%–240% increase in 
transmissibility (12), decreased neutralization capac-
ity by monoclonal and serum-derived polyclonal an-
tibodies (14), and increased risk for reinfection (12). 
Limited evidence from Italy, where B.1.1.7 and P.1 
lineages have cocirculated, has shown the potential 
for B.1.1.7 to surpass P.1 for dominant VOC status 
in a short timeframe (15; P. Stefanelli et al., unpub. 
data, https://www.medrxiv.org/content/10.1101/
2021.04.06.21254923v1). However, recent evidence 
from the United States suggests that infection after 
vaccination might be attributed to variants character-
ized by such mutations as E484K, T95I, del142–144, 
and D614G (16). The SARS-CoV-2 spike E484K muta-
tion, which is present in the P.1 and B.1.351 lineages, 
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Several severe acute respiratory syndrome coronavirus 2 
variants of concern (VOCs) emerged in late 2020; lineage 
B.1.1.7 initially dominated globally. However, lineages 
B.1.351 and P.1 represent potentially greater risk for trans-
mission and immune escape. In British Columbia, Canada, 
B.1.1.7 and B.1.351 were fi rst identifi ed in December 2020 
and P.1 in February 2021. We combined quantitative PCR 
and whole-genome sequencing to assess relative contri-
bution of VOCs in nearly 67,000 infections during the fi rst 
16 weeks of 2021 in British Columbia. B.1.1.7 accounted 
for <10% of screened or sequenced specimens early on, 
increasing to >50% by week 8. P.1 accounted for <10% 
until week 10, increased rapidly to peak at week 12, and 
by week 13 codominated within 10% of rates of B.1.1.7. 
B.1.351 was a minority throughout. This rapid expansion of 
P.1 but suppression of B.1.351 expands our understanding 
of population-level VOC patterns and might provide clues 
to fi tness determinants for emerging VOCs.
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is most concerning for its potential vaccine response 
resistance and therefore might theoretically drive 
selective emergence of these lineages in vaccinated 
populations (6). The factors that lead to the establish-
ment of one strain over another are under study; un-
certainty remains regarding the dynamics of VOCs 
in the context of recent global SARS-CoV-2 vaccine 
rollout. Understanding the dynamics of VOC rates is 
critical given the importance of implementing strin-
gent measures to mitigate the spread of more trans-
missible variants (17) and to guide vaccine program 
development, planning, and delivery.

The province of British Columbia (BC), Canada, 
population 5.1 million, experienced 3 coronavirus 
disease (COVID-19) waves during 2020 and early 
2021, consistent with other regions in North America 
and Europe. BC reached a single-day peak of 1,318 
cases on April 7, 2021, at the height of the third wave 
and a cumulative total of 106,985 cases by that point 
(18). For delivery of healthcare services, the prov-
ince is partitioned into 5 regional health authorities 
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/11/21-1190-App1.pdf). B.1.1.7 and B.1.351 
lineages were first identified in BC in December 2020 
(19). BC initiated SARS-CoV-2 vaccination campaigns 
in December 2020 in predefined phases according 
to priority populations (19). Vaccine administration, 
which had covered >25% of the population by the 
end of the study period (epidemiologic week [epi-
week] 16), involved three 2-dose vaccines: BNT162b2 
mRNA (Pfizer-BioNTech, https://www.pfizer.com), 
mRNA-1273 (Moderna, https://www.modernatx.
com), and ChAdOx1 (AstraZeneca/SII COVISHIELD, 
https://www.astrazeneca.com) (19). The objective of 
this study was to summarize provincewide VOC sur-
veillance observations over a 16-week period in 2021 
spanning epiweek 1 (beginning January 3) to epiweek 
16 (beginning April 24), including changes in relative 
population contribution over time.

Methods

VOC Detection by Single-Nucleotide Polymorphism 
Quantitative PCR and Whole-Genome Sequencing
The British Columbia Centre for Disease Control 
(BCCDC) Public Health Laboratory (PHL) (Vancou-
ver, BC, Canada) serves as the reference laboratory 
for the province. In addition, hospital and private lab-
oratories across BC offer frontline SARS-CoV-2 diag-
nostic testing. Testing using quantitative PCR (qPCR) 
is largely restricted to symptomatic persons, with the 
exception of outbreak investigations, which might 
include asymptomatic testing. We used a combined 

VOC testing strategy using targeted VOC single-nu-
cleotide polymorphism (SNP) qPCR and whole-ge-
nome sequencing (WGS) to monitor VOC prevalence 
and assessed concordance between the 2 methods. 
Specimens tested by WGS were from priority popu-
lations, such as cases from an outbreak or cluster. 
Specimens not tested directly by WGS were screened 
by VOC qPCR. We performed an initial VOC pro-
portion assessment during January 30–February 6, 
2021, to evaluate the testing strategy and benchmark  
VOC prevalence.

VOC SNP qPCR Implementation
During January 30–March 31, 2021, N501Y qPCR 
testing was performed at the BCCDC PHL and ad-
opted by the Victoria General Hospital Laboratory 
(Vancouver Island, BC, Canada). At the same time, 
St. Paul’s Hospital Virology Laboratory (Vancouver) 
implemented a sequential qPCR testing algorithm 
targeting several mutations identified in VOCs, in-
cluding N501Y and K417T (20). The N501Y mutation 
has been detected in the 3 main currently circulating 
VOCs: B.1.1.7, B.1.351, and P.1. Among those 3 VOCs, 
the K417T mutation is found only in P.1. During April 
1–24, 2021, VOC qPCR testing was modified to incor-
porate both N501Y and E484K mutation screening at 
the BCCDC PHL; this method was adopted by Victo-
ria General Hospital on April 16. Full VOC SNP qPCR 
used at the BCCDC PHL is described separately (Ap-
pendix). This change was performed to account for 
circulating VOCs and to optimize testing capacity. 
The E484K mutation has been detected in lineages 
B.1.351 and P.1 but is very rarely detected in B.1.1.7. In 
addition, in April 2021, the Kelowna General Hospi-
tal Microbiology Laboratory (Kelowna, BC, Canada) 
implemented a commercially available VOC qPCR 
targeting N501Y and E484K (Allplex SARS-CoV-2 
Variant I Assay; Seegene, https://www.seegene.
com). For this study, integrated provincewide sur-
veillance was coordinated by the BCCDC to capture 
VOC prevalence during January 3–April 24, 2021.

Confirmation by WGS
Until March 31, 2021, all presumptive positive 
SNP qPCR results were confirmed by WGS at 
the BCCDC PHL. After March 31, specimens that 
tested positive for N501Y alone were identified as 
presumptive B.1.1.7 lineage; ≈10% were confirmed 
by WGS. In addition, only ≈25% of specimens that 
tested positive for N501Y and another mutation 
were confirmed by WGS. The full WGS method-
ology performed at the BCCDC PHL is described 
separately (Appendix).
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Data Linkages and Analysis
We included all cases of SARS-CoV-2 infection diag-
nosed during January 3–April 24, 2021, for a total of 
66,982 cases and 74,057 unique samples. Laboratory 
data collection was achieved by linking diagnostic 
SARS-CoV-2 qPCR, VOC SNP qPCR, and WGS da-
tabases housed in the BCCDC PHL COVID-19 data-
base. Laboratory sites performing VOC testing pro-
vided daily or weekly data transfers of their results to 
enable the same linkages at the BCCDC PHL. We ex-
tracted epidemiologic (demographic and geographic 
[address of residence] information) and vaccination 
data (from the Provincial Immunization Registry) 
on May 15 from the BCCDC Public Health Report-
ing Data Warehouse and linked that information to 
laboratory data by using unique personal identifiers 
shared across the databases. To measure VOC lineage 
prevalence while better representing community-lev-
el dynamics, we did not include VOC lineages that 
were identified through WGS (as part of cluster in-
vestigations or targeted surveillance [e.g., testing after 
travel]) in this investigation. As part of the WGS test-
ing sample selection, we processed a random selection 
of samples (background surveillance) by WGS with-
out first conducting SNP qPCR testing. We estimated 
prevalence of each lineage on the basis of a weighted 
sum of VOC proportion through each of the 2 path-
ways of detection, SNP qPCR and WGS (Appendix). 
We defined a SARS-CoV-2 case as SARS-CoV-2 infec-
tion laboratory-confirmed by PCR. To measure VOC 
proportions among vaccinated case-patients, we de-
fined breakthrough infection as a confirmed SARS-
CoV-2 infection reported >21 days after the first (sin-
gle) vaccine dose and >7 days after the second dose. 
This definition refers to the number of vaccine doses 
received across all 2-dose vaccines administered. We 
calculated descriptive analyses and 95% CI for VOC 
proportions among vaccinated and unvaccinated per-
sons and for VOC prevalence by using R version 3.5.2 
(R Foundation for Statistical Computing, https://
www.r-project.org). We used the number of speci-
mens screened by SNP qPCR (N501Y/E484K duplex 
or sequential qPCR algorithm) or background WGS 
as the denominator. We used Kruskal-Wallis analy-
sis for comparison of continuous variables and the 
Fisher exact test for categorical variables. This work 
was conducted under the public health mandate, and 
institutional review board approval was waived.

Results
During the study period, 66,982 cases of SARS-CoV-2 
infection were identified in BC, of which 19,768 
(31.9%) were identified as infections with a VOC. 

Most VOC case-patients were young adults, median 
age was 33 (range <1 to 99) years, and sex distribution 
was approximately equal (52.2% male) (Appendix Ta-
ble). Age and sex distribution varied significantly by 
VOC, however; P.1 case-patients were younger and 
more likely to be men than case-patients who tested 
positive for the other 2 VOCs.

During the initial BC VOC prevalence assessment, 
3,024 specimens were tested during January 30–Febru-
ary 6, 2021, representing 97.5% of all laboratory-con-
firmed SARS-CoV-2–positive specimens in the prov-
ince. Just 28 (0.93%) of these 3,024 SARS-CoV-2–positive 
specimens were identified as VOCs. Of those identified 
as VOCs, 22/28 (79%) were identified through screen-
ing qPCR and 6/28 (21%) through direct WGS. Of the 
22 qPCR-screened specimens, 21 were successfully 
sequenced; the qPCR VOC confirmation rate by WGS 
was 95.5%, reinforcing the value of the VOC qPCR as 
a screening strategy. VOC cases were characterized as 
23 (85.2%) B.1.1.7 lineage and 4 (14.8%) B.1.351 lineage. 
Continued surveillance by VOC screening of nearly all 
SARS-CoV-2–positive specimens identified through 
diagnostic testing showed a progressive increase in 
overall VOC-positivity in BC, reaching >10% by the 
end of February 2021, >50% by the end of March 2021, 
and >70% by mid-April 2021 (Table). By VOC case 
count, the B.1.1.7 lineage increased progressively from 
0% to 7.9% during epiweeks 1–6, then increased more 
rapidly to 52.2% during epiweeks 6–8 (Figure 1, panel 
A); estimated doubling rate was <1 week. The P.1 lin-
eage was initially recognized in BC at the end of Febru-
ary 2021, and rapidly increased to account for 39.4% of 
VOCs by epiweek 12; the minimal estimated doubling 
time was <1 week during epiweeks 10–12 (Figure 1, 
panel A). By epiweek 14, the proportion of B.1.1.7 and 
P.1 was similar, ranging from 32.3%–36.5%, and both 
stabilized. This rapid P.1 increase was clearly observed 
in 3 regional health authorities in BC (regions 1, 2, and 
5); B.1.1.7 was initially predominant (Figure 1, panels 
B, C, F). In the 2 other BC health regions (regions 3 and 
4) (Figure 1, panels D, E), P.1 increased modestly over-
all and did not compete with B.1.1.7 as the dominant 
lineage. However, when we restricted the analysis to 
a single smaller geographic unit of region 3 in which 
B.1.1.7 had been circulating for >8 weeks, we observed 
a rapid increase in P.1, after which the 2 lineages coex-
isted (Appendix Figure 2). Despite earlier detection of 
B.1.351 in BC in epiweek 9, B.1.351 remained stable or 
decreased over time and represented <10% of all VOC 
cases across the entire study (Figure 1, panel A).

During this study period, 1,280 breakthrough in-
fections were identified. Among those, 497 (1.7%) cas-
es in persons who had received 1 vaccine dose were  

2804 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 11, November 2021



Rapid Increase in SARS-CoV-2 P1 Lineage, Canada

attributed to B.1.1.7 and P.1 lineage strains, and 18 
(0.2%) cases in persons who had received 2 doses were 
attributed to B.1.1.7 and P.1 lineage strains (Appendix 
Table). Infections after 2 doses of vaccine were exclud-
ed from downstream analyses given their small num-
ber. Almost all (96.4%) of the VOC infections occurred 
in unvaccinated persons, but approximately the same 
proportion of VOC cases occurred among partially vac-
cinated and unvaccinated persons. Specifically, during 
epiweeks 9–16, when B.1.1.7 was widespread and case 
counts were high, B.1.1.7 infections were identified 
in 37%–55% of cases in unvaccinated persons and in 
30%–65% of cases in persons who had received 1 dose 
(Figure 2). During epiweeks 10–16, after P.1 emerged 
in the study population, the proportion of infections 
with P.1 was 14%–39% among cases in partially vac-
cinated persons and 11%–40% among cases in unvacci-
nated persons (Figure 2). Conversely, at the same time 
(epiweeks 9–16), 6%–50% of breakthrough infections 
were non-VOC lineages in persons who had received 1 
dose of a 2-dose vaccine.

Discussion
Results from this analysis of VOC laboratory and epi-
demiologic surveillance data demonstrated initially 
low prevalence of VOC and predominance of the 
B.1.1.7 lineage in BC, Canada, in early 2021, consis-
tent with trends documented across North America. 
An earlier study that tested 2,618 SARS-CoV-2–pos-
itive samples in BC over a 7-day period in a single 
regional health authority reported an outbreak of 
13 P.1 cases; however, whether this occurrence rep-
resented a single confined outbreak or potential for 
more disseminated spread of this lineage is uncertain, 

and WGS data were limited (20). Building on those 
earlier findings, our study performed ongoing sur-
veillance of >74,000 SARS-CoV-2–positive specimens 
across the entire province over 16 weeks. This surveil-
lance led to the detection of a rapid and substantial 
increase in P.1 lineage, demonstrating its potential 
for codominance with B.1.1.7 at the provincial level. 
The pattern of population-level lineage change over 
time reflected the largest outbreak of the P.1 lineage 
outside of Brazil at that time (21,22). This study docu-
mented the parallel rapid increase of the P.1 lineage in 
3 regional health authorities in which B.1.1.7 was pre-
viously established, contrasting with previous reports 
in Italy showing sustained dominance of B.1.1.7 after 
the introduction of P.1 (15; P. Stefanelli et al., unpub. 
data). In 2 regions, the proportion of P.1 exceeded that 
of B.1.1.7 for a sustained period. Of note, P.1 arose to 
codominance before broad vaccination of the most 
likely implicated young adult age group, and the 
proportion of VOCs was similar between vaccinated 
and unvaccinated groups, suggesting that vaccination 
was not driving the observed trends of P.1 increase. 
Although our findings contradict those of Hacisuley-
man et al. (16), which cautioned that infections after 
vaccination might be characterized by variant mu-
tations such as E484K, the difference might reflect 
the small sample size in that study. Comprehensive 
comparative demographic data to characterize the 
P.1 lineage are lacking; however, early data from Bra-
zil demonstrate increased case-fatality rates among 
younger age groups that coincide temporally with the 
rise of this lineage there (M.H.S. de Oliveira, unpub. 
data, https://www.medrxiv.org/content/10.1101/ 
2021.03.24.21254046v1). Further work investigating 
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Table. Number of specimens positive for severe acute respiratory syndrome coronavirus 2, proportion screened VOC assay, and 
proportion positive for variants of concern, British Columbia, Canada, January 3–April 24, 2021* 

Epiweek Start date No. positive specimens 
No. (%) specimens 

Screened by VOC assay Presumptive VOC-positive† 
1 2021 Jan 3 3,857 19 (0.49) 0 
2 2021 Jan 10 3,498 235 (6.72) 2 (0.85) 
3 2021 Jan 17 3,477 867 (24.94) 9 (1.04) 
4 2021 Jan 24 3,325 793 (23.85) 8 (1.01) 
5 2021 Jan 31 3,125 2,200 (70.40) 24 (1.09) 
6 2021 Feb 7 3,126 2,263 (72.39) 57 (2.52) 
7 2021 Feb 14 3,464 2,821 (81.44) 105 (3.72) 
8 2021 Feb 21 3,638 3,291 (90.46) 231 (7.02) 
9 2021 Feb 28 3,867 3,813 (98.86) 442 (11.59) 
10 2021 Mar 7 3,862 3,862 (100) 626 (16.20) 
11 2021 Mar 14 4,155 4,128 (99.35) 1,081 (26.19) 
12 2021 Mar 21 5,723 5,636 (98.48) 2,162 (38.36) 
13 2021 Mar 28 7,036 7,032 (99.94) 3,622 (51.51) 
14 2021 Apr 4 8,195 8,185 (99.88) 5,404 (66.02) 
15 2021 Apr 11 7,278 6,560 (90.13) 4,644 (70.79) 
16 2021 Apr 18 6,441 6,127 (95.12) 4,681 (76.40) 
*Epiweek, epidemiologic week; VOC, variant of concern. 
†Presumptive VOC detection refers to VOC identification by quantitative PCR testing without confirmation by whole-genome sequencing; includes all 
specimens tested for VOCs. 
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the full epidemiologic characteristics and clinical im-
plications, including disease severity, of the P.1 in-
crease will complement the findings of this study.

The first limitation of our study is that the VOC 
qPCR and WGS confirmation testing strategies were 
modified over time, which might partially limit 
comparability of positivity estimates over time and 
could overestimate rates of P.1 because of the use of 
E484K-positivity as its surrogate in some instances. 
Nonetheless, background surveillance data during 

the same timeframe (data not shown) supported the 
identification of most E484K-positive specimens as 
P.1 lineage. Second, to avoid oversampling bias, we 
based the WGS selection strategy on the inclusion of 
specimens from persons tested for background sur-
veillance purposes, not for outbreak investigation or 
targeted (e.g., travel-related) surveillance. Third, the 
populations that were vaccinated during this study 
period do not necessarily reflect the persons at high-
est risk for VOC infection, which might have modified  
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Figure 1. Weekly rate estimates 
of each severe acute respiratory 
syndrome coronavirus 2 VoC (per 100 
specimens screened or sequenced), 
by epidemiologic week and specimen 
collection date, British Columbia 
(BC), Canada, January–April 2021. 
The 3 main VoC are shown in purple 
(B.1.1.7), green (B.1.351), and orange 
(P.1). The P.1 lineage was confirmed 
through whole-genome sequencing or 
from an N501Y- and E484K-positive 
or K417T-positive result from epiweek 
12 onward. A) VOC data for the whole 
province. Shaded areas around the 
line represent 95% CI; dashed line 
indicates 50%. B) VOC data for BC 
regional health authority 1. C) VOC 
data for BC regional health authority 
2. D) VOC data for BC regional health 
authority 3. E) VOC data for BC 
regional health authority 4. F) VOC 
data for BC regional health authority 5. 
The 95% CIs are not shown for health 
regions because of low numbers and 
rates and the resulting wide uncertainty 
seen across regions for extended 
periods. BR, Brazil; SA, South Africa; 
UK, United Kingdom; VOC, variant  
of concern.
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breakthrough VOC proportions. Of note, this study 
was not designed to assess vaccine effectiveness; we 
did not adjust for confounders in the relationship be-
tween vaccination and infection, such as age, under-
lying conditions, vaccination program roll-out, and 
temporal-spatial epidemic risk. More comprehensive 
studies considering characteristics of the vaccine roll-
out strategy are needed for analyses beyond overall 
comparisons between lineages in unvaccinated and 
vaccinated groups.

In summary, this population-level study based 
on a combined qPCR and WGS VOC testing strat-
egy demonstrated the rapid increase of the P.1 
lineage and its later codominance, contrasting 
with studies in settings such as Italy, where the  
B.1.1.7 and P.1 lineages have cocirculated. Further 
work is required to elucidate the biologic and so-
cial factors that enabled the establishment of this 
lineage and to assess the clinical implications of  
these findings.
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Figure 2. Distribution of all severe acute respiratory syndrome coronavirus 2 cases and VoC cases by vaccination status, British 
Columbia, Canada, January–April 2021. Vaccinated persons included those who had received 1 dose of a 2-dose vaccine with diagnosis 
confirmed by PCR >21 days after the first dose (on the basis of specimen collection date). Stacked bars (left-hand y-axis) represent 
the absolute number of VOC cases and non-VOC cases. Solid lines (right-hand y-axis) show the percentage of VOC among all cases 
identified in a given week. Dotted lines show the date when VOC quantitative PCR (qPCR) including E484K mutation detection was 
adopted at the British Columbia Centre for Disease Control Public Health Laboratory. A) B.1.1.7 and non-VOC cases in nonvaccinated 
persons. B) B.1.1.7 and non-VOC cases in vaccinated persons. VOC cases in panels A and B included B.1.1.7 confirmed for lineage 
by whole-genome sequencing and presumptive B.1.1.7 positives based on a VOC qPCR result of N501Y-positive and E484K-negative. 
C) P.1 and non-VOC cases in nonvaccinated persons. D) P.1 and non-VOC cases in vaccinated persons. VOC cases in panels C and 
D included P.1 and B.1.351 confirmed for lineage by whole-genome sequencing and presumptive P.1 positives based on a VOC qPCR 
result of N501Y-positive and E484K-positive or K417T-positive. VOC, variant of concern.
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Blastomyces dermatitidis, a dimorphic fungus, causes 
a localized or disseminated pyogranulomatous 

fungal infection called blastomycosis. Various de-
scriptive studies have shown predominantly pulmo-
nary, skin, bone, and genitourinary involvement (1). 
The clinical spectrum of blastomycosis is wide, rang-
ing from subclinical infection to critical cases of acute 
respiratory distress syndrome. Retrospective studies 
conducted in recent years have shown an increased 
incidence of blastomycosis in both Canada and the 
United States (2–5). Blastomycosis is endemic to 
the St. Lawrence River Valley; a study that focused 
on the incidence of blastomycosis in the province of 
Quebec, Canada (6), showed an increasing incidence 

from 1988 to 2011. Similar trends have been observed 
in several regions in the United States (7), although 
the underlying causes are poorly understood. The ab-
sence of robust reporting and lack of reportability in 
many jurisdictions may hamper the ability to know 
whether cases are increasing more broadly. Some au-
thors suggested a possible relationship with certain 
climatic factors (3,8). In the wake of the increased in-
cidence of blastomycosis in Quebec, clinicians have 
observed a possible worsening of the disease severity 
in patients, with occasional deaths.

This study aimed to assess temporal changes in 
the severity and mortality of blastomycosis in Quebec 
and to identify risk factors for blastomycosis-related 
deaths. In Quebec, all suspected B. dermatitidis iso-
lates are sent for molecular species confi rmation at 
the Quebec Public Health Laboratory (Laboratoire 
de Santé Publique du Québec; LSPQ; Sainte-Anne-
de-Bellevue, QC, Canada), a Containment Level 3 
laboratory. In addition, these strains are maintained 
in a strain biorepository. Therefore, we also aimed to 
establish a genetic diversity profi le of the circulating 
Blastomyces strains in Quebec and assess whether ma-
jor genotypes may be associated with increased dis-
ease severity or death. The institutional review board 
of Centre Intégré Universitaire de Santé et de Services 
Sociaux de l’Estrie—Centre Hospitalier Universitaire 
de Sherbrooke (CIUSSSE-CHUS) approved this study 
(project no. MP-31-2017-1597) and waived the need 
for individual informed consent because the study 
involved minimal to no risk to participants and this 
retrospective research could not practically be carried 
out without the waiver.

Methods
We conducted a retrospective cohort study in 39 
acute-care facilities, including community hospitals 
and academic centers, in Quebec. The study popu-
lation included all patients with culture-confi rmed 
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This retrospective multicenter cohort study assessed 
temporal changes in the severity and mortality rate of 
blastomycosis in Quebec, Canada, and identifi ed risk 
factors for death in patients with blastomycosis in 1988–
2016. The primary outcome was 90-day all-cause deaths. 
Among 185 patients, 122 (66%) needed hospitalization 
and 30 (16%) died. We noted increases in the proportion 
of severe cases, in age at diagnosis and in the proportion 
of diabetic and immunocompromised patients over time. 
Independent risk factors for death were age (adjusted 
odds ratio [aOR] 1.04, 95% CI 1.00–1.07), immunosup-
pression (aOR 4.2, 95% CI 1.5–11.6), and involvement 
of >2 lung lobes (aOR 5.3, 95% CI 1.9–14.3). There was 
no association between the Blastomyces genotype group 
and all-cause mortality. The proportion of severe cases 
of blastomycosis has increased in Quebec over the past 
30 years, partially explained by the higher number of im-
munosuppressed patients.
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B. dermatitidis infection who were treated as inpa-
tients or outpatients. Data on B. dermatitidis cultures 
were extracted from the database (1988–2017) of the 
LSPQ, where all B. dermatitidis isolates are confirmed 
by an in-house detection PCR coupled with confirma-
tory sequencing of the internal transcribed spacer re-
gion and stored in the repository.

Data Collection and Outcomes
Research assistants reviewed hospital records using 
a standardized questionnaire. The administrative re-
gion of residence was determined using postal codes 
(9). The medical history was delineated to calculate 
the Charlson Comorbidity Index (10), along with de-
mographic, microbiological, clinical, and therapeutic 
data (antifungal drug, dose, route of administration, 
and start and end dates of treatment). Because there 
is no consensual definition of disseminated disease, 
we calculated the total number of organs involved, 
including the lungs. Immunosuppression included 
HIV infection, corticosteroid use, immunosuppres-
sive therapy for inflammatory disease, chemothera-
py, and transplantation. Severe cases were defined 
as patients with septic shock or acute respiratory dis-
tress syndrome or requiring mechanical ventilation, 
or any combination of those. The primary outcome 
was 90-day all-cause mortality.

Genotyping
A total of 157 Blastomyces isolates, out of 185 in the LSPQ 
collection for which a medical record was available, 
were successfully grown on inhibitory mold agar or 
potato dextrose agar. We obtained whole-genome se-
quences (WGS) of 108 of those isolates using the Illumina 
MiSeq system (Illumina, https://www.illumina.com) 
In brief, we obtained DNA extracts from mycelium 
culture with the DNeasy PowerSoil extraction kit 
(QIAGEN, https://www.qiagen.com) and used for 
whole-genome pair-end sequencing with Nextera XT 
DNA Library Prep kit and reagent V3 (2 × 300 bp) kit 
(Illumina). We used the WGS data to detect single-nu-
cleotide polymorphism (SNP) and genotypes calling by 
an in-house pipeline. Only high-quality SNPs having 
genotype calls (read depth >10 and mapping score >30) 
across all samples, from which >5% carried the minor 
allele, were stored. These SNPs were used to conduct 
population structure analysis with fastSTRUCTURE 
(https://rajanil.github.io/fastStructure) to identify ma-
jor genetic groups present in the population.

Statistical Analysis
We double-entered data into an electronic input tool, 
Research Electronic Data Capture (REDcap; Vanderbilt 

University, Nashville, TN, USA), and analyzed data 
using Stata version 15.1 for Mac (StataCorp, https://
www.stata.com). Proportions were compared using 
the χ2 or Fisher exact test, as appropriate. We com-
pared continuous variables by Wilcoxon rank-sum 
test. We excluded cases with missing data from the 
analyses. To establish risk factors for death, we select-
ed the variables to be included in the multivariable 
unconditional logistic regression model by applying 
a 10% significance level after univariate analysis. We 
added variables one at a time and retained them only 
if they were found to be significant in the multivari-
able model based on the likelihood ratio test (p<0.05); 
the final model retained variables that significantly 
enhanced the fit of the model. To avoid potential con-
founding by indication, we excluded antifungal ther-
apies from the multivariable analysis. We also exclud-
ed the variable representing case severity because it is 
on the causal pathway between the infection and the 
primary study outcome of 90-day all-cause mortality.

Results
In total, 224 B. dermatitidis–positive culture results 
were extracted from the public health laboratory da-
tabase. We included 185 cases of blastomycosis in 181 
different patients with complete medical records in 
the analysis dataset of this study; of those, 157 isolates 
could be grown in culture, and 143 yielded high-qual-
ity WGS data. The remaining isolates were nonviable.

Case Characteristics and Clinical and  
Radiologic Manifestations
Most patients were male (143/185; 77%), and the 
median age was 55 (interquartile range [IQR] 44–67) 
years. The median duration between the onset of the 
first symptoms and diagnosis was 56 (IQR 25–123) 
days. Pulmonary infection (n = 149; 81%) was pre-
dominant in this cohort, followed by cutaneous (n = 
75; 40.5%), osteoarticular (n = 27, 15%), central ner-
vous system (n = 8, 4%), and urinary (n = 11, 6%) in-
volvement. Two or more organs were involved in 35% 
(64/185) of the patients. The most frequent symptoms 
when patients initially sought care were cough (n = 
120; 65%) and dyspnea (n = 97; 52%). Fever was doc-
umented in 65 (35%) patients and weight loss in 62 
(34%) patients. In patients with pulmonary infections, 
chest radiograph or computed tomography (CT) scan 
showed the involvement of >2 lobes in 64 (43%) pa-
tients. Radiologic manifestations on chest radiograph, 
chest CT, or both included, among others, nodular in-
filtrates (53; 36%), focal masses (27; 18%), and miliary 
patterns (n = 9; 6%). Furthermore, 122 patients (66%) 
needed hospitalization for a median duration of 15 



RESEARCH

(IQR 7–29) days. Of these, 37/122 (30%) patients were 
admitted to the intensive care unit (median duration 
4 days, IQR 2–9 days). A severe form of blastomycosis 
was observed in 30/185 patients (16%), and the 90-
day all-cause mortality was 16% (30/185).

Temporal Changes in Characteristics, Treatment,  
and Outcomes of Blastomycosis
To further investigate temporal changes in blasto-
mycosis, we compared the characteristics of case-pa-
tients from 1988–1997 (n = 33) with those identified in 
1998–2007 (n = 57) and 2008–2017 (n = 95) (Table 1). 
We observed a significant increase over time in the 

age of patients with blastomycosis over the study pe-
riods (p = 0.02). In addition, we saw increases in the 
proportion of diabetic patients, immunocompromised 
patients, and patients with a Charlson Comorbidity In-
dex score >3. Among the case-patients diagnosed dur-
ing the 2008–2017 period, we noted an increasing use 
of the lipid formulations of amphotericin B over that of 
amphotericin B deoxycholate. There was no significant 
change in the distribution of B. dermatitidis genotypes 
over time: we observed an increase in the proportion 
of severe cases over the study periods (1988–1997, 1/33 
[3%]; 1998–2007, 8/57 [15%]; 2008–2016, 21/95 [22%]; p 
= 0.03) (Figure), as well as in the 90-day all-cause mor-
tality (1988–1997, 2/33 [6%]; 1998–2007, 11/54 [18%]; 
2008–2016, 18/89 [19%]), but the differences between 
the study periods were not significant (p = 0.15).

Risk Factors for Mortality
Several variables were associated with mortal-
ity in univariate analysis but were no longer signifi-
cant after adjusting for confounders. There was no  
significant association between genotype and mor-
tality. The independent risk factors associated with 
mortality included age (p = 0.04), immunosuppres-
sion (p = 0.005), and the involvement of >2 lung lobes 
on chest radiograph (p = 0.001) (Table 2).
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Table 1. Characteristics of patients in study of blastomycosis in Quebec, Canada* 
Characteristic 1988–1997, n = 33 1998–2007, n = 57 2008–2017, n = 95 p value 
Median age, y (IQR) 47.4 (42.9–61.2) 50.0 (40.4–62.8) 58.9 (48.6–70.6) 0.02† 
Sex     
 F 11 (33) 13 (23) 18 (19)  
 M 22 (67) 44 (77) 77 (81) 0.2 
No. involved organs     
 1 17 (52) 34 (60) 70 (74)  
 >2 16 (48) 23 (40) 25 (26) 0.04 
Underlying conditions     
 Chronic obstructive pulmonary disease 6 (18) 7 (12) 21 (22) 0.3 
 Diabetes 1 (3) 9 (16) 22 (23) 0.03 
 Immunosuppression 2 (6) 11 (19) 31 (33) 0.005 
Charlson Comorbidity Index     
 0 20 (61) 28 (49) 33 (35)  
 1–2 11 (33) 12 (21) 30 (32)  
 >3 2 (6) 17 (30) 32 (34) 0.01 
First antifungal administered     
 Amphotericin B, lipid formulations 0 5 (9) 20 (21)  
 Amphotericin B, deoxycholate 5 (15) 6 (11) 6 (6)  
 Azole 20 (61) 33 (58) 58 (61)  
 No treatment 8 (24) 13 (23) 11 (12) 0.008‡ 
Blastomyces genotype group     
 I 1 (6) 1 (2) 1 (2)  
 II 3 (17) 11 (24) 11 (24)  
 III 4 (22) 13 (29) 14 (30)  
 IV 10 (56) 20 (44) 20 (44) 0.9 
Severe illness 1 (3) 8 (15) 21 (22) 0.03 
90-day all-cause mortality 2 (6) 10 (18) 18 (19) 0.2 
*Values are no. (%) except as indicated. IQR, interquartile range.  
†By Mood's equality of medians test. 
‡By Fisher exact test. 

 

Figure. Cases of Blastomyces dermatitidis infection by severity, 
Quebec, Canada, 1988–2017.
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Genotype
A total of 108 Blastomyces isolates were available for 
WGS genotyping. Using WGS data, we detected a total 
of 97,403 high-quality SNPs among all the isolates se-
quenced. For the purpose of this study, we used SNP 
genotype calls across all isolates for structure analysis to 
underline the major genetic groups present in the popu-
lation and to assess if they could correlate with disease 
outcome and severity. We identified 4 main genotypes 
in the population. Genotype IV (n = 50; 46%) was most 
frequently isolated, followed by genotype III (n = 31; 
28%) and II (n = 25; 23%). Genotype I was isolated in-
frequently in this study (n = 3; 2%); it formed an outlier 
group representing the cryptic species B. gilchristii. We 
saw a correlation between administrative regions and 
genotypes (Table 3); however, we detected no associa-
tion between genotypes and the proportion of severe 
cases or all-cause mortality. Sequences from this study 
have been deposited in the National Center for Biotech-
nology Information (project no. PRJNA752385).

Discussion
This study demonstrated a gradual modifica-
tion in the clinical characteristics and underlying  
conditions associated with B. dermatitidis infection 

in Quebec, Canada, over the last 3 decades, 1988–
2017. We documented an increase in the proportion 
of severe cases and an increase in the age and pro-
portion of diabetic and immunocompromised pa-
tients. The 90-day all-cause mortality rate remained 
stable at ≈20% for the last 2 decades despite this 
change in disease severity. Because blastomycosis 
is often misdiagnosed as bacterial pneumonia ini-
tially (11), and given this changing pattern of dis-
ease severity, clinicians in blastomycosis-endemic 
regions must recognize the possibility of Blastomy-
ces infection earlier to avoid delays in both diagno-
sis and treatment initiation.

The increased proportion of severe cases ob-
served within our cohort may be related to changes 
in the underlying characteristics of the affected pa-
tients. We observed an increase in the proportion of 
immunocompromised patients. The prevalence of 
immunosuppressed adults in Quebec is unknown; 
an estimated 2.7% of US adults self-reported that 
they were immunosuppressed in 2013 (12), and this 
number is thought to be increasing because of both 
greater life expectancy among immunosuppressed 
adults and new indications for immunosuppressive 
therapies (13,14). Furthermore, population aging 

 
Table 2. Risk factors for 90-day all-cause mortality among patients with blastomycosis, Quebec, Canada* 

Risk factor Survived, n = 155 Died, n = 30 
Crude odds ratio 

(95% CI) p value 
Adjusted odds 
ratio (95% CI) p value 

Study period       
 1988–1997 31 (94) 2 (6) 1    
 1998–2007 47 (82) 10 (18) 3.3 (0.7–16.1) 0.1 2.7 (0.5–15.3) 0.3 
 2008–2017 77 (81) 18 (19) 3.6 (0.8–16.6) 0.1 1.2 (0.2–6.5) 0.8 
Median no. days of symptoms before 
diagnosis (IQR) 

71 (26–141) 37 (18–45) 0.99 (0.99–1.00) 0.04 0.99 (0.99–1.00) 0.07 

Median age, y (IQR) 54 (44–64) 62 (53–71) 1.04 (1.01–1.07) 0.004 1.04 (1.00–1.07) 0.04 
Sex 

    
  

 F 34 (81) 8 (19) 
  

  
 M 121 (85) 22 (15) 0.8 (0.3–1.9) 0.6   
Charlson Comorbidity Index score       
 0 76 (94) 5 (6)     
 1–2 43 (81) 10 (19) 3.5 (1.1–16.1) 0.03   
 ≥3 36 (71) 15 (29) 6.3 (2.1–18.8) 0.001   
Underlying condition     
 Diabetes 23 (72) 9 (28) 2.5 (1.00–6.04) 0.05   
 COPD 27 (79) 7 (21) 1.4 (0.6–3.7) 0.5   
 Immunosuppression 27 (61) 17(39) 6.2 (2.7–14.3) <0.001 4.2 (1.5–11.6) 0.005 
No. organs involved       
 1–2 105 (87) 16 (13)     
 >2 50 (78) 14 (22) 1.8 (0.8–4.1) 0.1   
Radiologic manifestations 

    
  

 No. lobes       
 0–2 112 (93) 8 (7) 

  
  

 >2 43 (66) 22 (34) 7.2 (3.0–17.3) <0.001 5.3 (1.9–14.3) 0.001 
 Miliary presentation 6 (67) 3 (33) 2.8 (0.7–11.7) 0.2   
First antifungal received       
 Amphotericin, lipid formulations 20 (80) 5 (20) 1    
 Amphotericin B, deoxycholate 13 (76) 4 (24) 1.2 (0.3–5.5) 0.08   
 Azole 107 (96) 4 (4) 0.1 (0.04–0.61) 0.008   
 No treatment 15 (47) 17 (53) 4.5 (1.4–15.1) 0.01   
*Values are no. (%) except as indicated. COPD, Chronic obstructive pulmonary disease; IQR, interquartile range. 
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and increasing prevalence of chronic disease and 
multiple underlying conditions within the popula-
tion of Quebec may explain the increased proportion 
of severe cases that were observed since 1998 (15). In 
addition, there was a similar increase in the preva-
lence of diabetes in Quebec, from 4.7% in 2000–2001 
to 7.2% in 2014–2015 (16). Because our definition 
of severe cases included, among others, the use of 
mechanical ventilation, the increase in the propor-
tion of severe cases may also be partially explained 
by changes leading to increasing use of mechanical 
ventilation over the years (17).

We observed an overall mortality rate of 16.2% 
in this study cohort, which is higher than the mortal-
ity rate observed in recently published large cohorts. 
A US nationwide study found an overall in-hospital 
mortality rate of 6.9% (18), and an overall case-fa-
tality rate in a cohort of 671 cases in Minnesota dur-
ing 1999–2018 was 10% (19). In a systematic review 
and meta-analysis, the mortality estimate for gen-
eral clinical cases of blastomycosis was 6.6% overall 
(20); substantial heterogeneity between the included 
studies was mainly attributed to inconsistent defini-
tions of mortality. We used 90-day all-cause mortal-
ity, a more robust outcome than other studies that 
used outcomes such as attributable mortality, which 
might explain the higher mortality rate in our find-
ings compared with previously published results. 
Despite the increasing proportion of severe cases, 
we observed that the case-fatality ratio remained 
stable over the past 20 years. This observation may 
reflect improvements in severe sepsis management 
(21) or mechanical ventilation strategies (22), such as 

extracorporeal membrane oxygenation, for blasto-
mycosis-related acute respiratory distress syndrome 
(23). Extracorporeal membrane oxygenation use in-
creased substantially since 2002 (24); this treatment 
has been shown to decrease deaths in adults with 
severe acute respiratory failure (25). In addition, 
we documented the gradual replacement of am-
photericin B deoxycholate by lipid formulations of 
amphotericin B. Despite its well-demonstrated effec-
tiveness, amphotericin B deoxycholate is associated 
with renal toxicity (26). Patients with AIDS who had 
disseminated histoplasmosis and were treated with 
liposomal amphotericin B have demonstrated bet-
ter clinical outcomes compared with patients who 
were treated with the deoxycholate forms (27). The 
increasing use of lipid formulations of amphotericin 
B may have contributed to the improved patient out-
comes in this study, although a head-to-head com-
parison of amphotericin B formulations for B. der-
matitidis infection has not been performed in clinical 
trials. Our study was not adequately powered to 
verify this hypothesis.

We used WGS to characterize the complete ge-
nome of our isolates. The high reproducibility and dis-
criminatory power of WGS (28) enabled us to detect a 
strong association between genotype groups and the 
region where patients lived, where we assumed they 
acquired infection. These findings are similar to those 
of a study in Canada (29) that showed that the popula-
tions of both Blastomyces species were associated with 
major freshwater drainage. Other studies have used 
polymorphic microsatellite markers to genotype B. 
dermatitidis and have suggested potential associations 
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Table 3. Characteristics of patients according to Blastomyces genotype groups, Quebec, Canada* 
Characteristic Genotype I, n = 3 Genotype II, n = 25 Genotype III, n = 31 Genotype IV, n = 49 p value 
Quebec administrative region      
 Bas-St-Laurent 0 0 0 0 (10) 

 

 Saguenay-Lac-St-Jean 0 0 0 1 (2) 
 

 Capitale-Nationale 0 0 0 13 (27) 
 

 Mauricie 0 0 1 (3) 5 (10) 
 

 Estrie 1 (33) 0 25 (81) 4 (8)  
 Montréal 1 (33) 3 (12) 3 (10) 3 (6)  
 Outaouais 1 (33) 10 (40) 0 0  
 Chaudière-Appalaches 0 0 1 (3) 5 (10)  
 Laval 0 1 (4) 0 0  
 Lanaudière 0 7 (28) 0 0  
 Laurentides 0 1 (4) 0 0  
 Montérégie 0 3 (12) 1 (3) 4 (8)  
 Centre-du-Québec 0 0 0 9 (18) <0.001† 
Severe case      
 No 3 (100) 20 (80) 27 (87) 43 (86)  
 Yes 0 5 (20) 4 (13) 7 (14) 0.8† 
90-day all-cause mortality      
 No 3 (100) 19 (76) 26 (84) 41 (82)  
 Yes 0 6 (24) 5 (16) 9 (18) 0.9† 
*Values are no. (%) except as indicated. 
†By Fisher exact test. 
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between the clinical phenotype and genetic groups of 
B. dermatitidis. Frost et al. found that SNP alleles were 
substantially different in cases of pulmonary and dis-
seminated disease (30) and identified associations 
between the group 1 genotype (B. gilchristii) and pul-
monary infection and between the group 2 genotype 
and disseminated disease (31). We had a very limited 
number of B. gilchristii infections in our study popu-
lation and were therefore unable to assess the poten-
tial of these 2 groups to cause disseminated diseases 
within the cohort. We identified 4 main distinct genetic 
groups that correlate with the geographic origins, but 
we did not find any association between the genotype 
and the proportion of severe cases or mortality rate. 
These results indicate that virulence of B. dermatitidis is 
not correlated with its population genetic structure in 
Quebec. Nevertheless, we cannot exclude the possibil-
ity that virulence may be controlled by specific regions 
or alleles in the genome. In this case, other approaches 
could be more suitable such as genome-wide associa-
tion mapping which reveals SNPs strongly associated 
with a given virulence trait.

The main limitation of our study is its retrospec-
tive nature, which could introduce information bias. 
We were able to minimize this bias by including on 
the study team specialized research assistants and in-
fectious diseases fellows who ensured the complete-
ness of data collection. Moreover, this study had lim-
ited power to assess the potential factors that could 
affect mortality rate (e.g., increasing use of lipid for-
mulations of amphotericin B). Furthermore, the cases 
we analyzed in this study were restricted to patients 
for whom a positive Blastomyces culture was sent to 
the provincial health laboratory. Given that the diag-
nosis of Blastomyces infection is not limited to culture 
results, this leads to an underestimation of cases and 
may have created bias in our data.

The proportion of severe cases of blastomycosis 
in Quebec has increased over the past 30 years. These 
changes could be explained in part by the higher 
proportion of immunosuppressed patients, as well 
as the older age of infected persons. The study data 
do not support an increasing virulence of B. derma-
titidis strains in Quebec. Future studies may help un-
derstand whether climate changes or more specific 
genetic determinants may have played a role in the 
emergence of more severe B. dermatitidis infections, 
the incidence of which has tripled over time.
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Hepatitis A virus (HAV) is a small, nonenveloped 
RNA virus belonging to the family Picornaviri-

dae. Its biology and transmission cycle have been re-
viewed elsewhere (1,2) and are therefore only briefl y 
introduced. Six genotypes and 1 serotype have been 
described; genotypes I–III circulating in humans and 
IV–VI circulating in nonhuman primates. Virions 
exist in either of 2 forms (3): lipid-associated (main 
form in blood, also referred to as quasi-enveloped) or 
truly nonenveloped (main form in stool). Although 
parenteral transmission has also been reported, the 

predominant transmission route is the fecal–oral 
through contact with infected persons or uptake of 
contaminated food and water. Infection might in-
volve an early, as of yet poorly characterized, extrahe-
patic replication phase (e.g., in gut epithelial cells [4]); 
from the gut, virions are then transported through 
the blood to their primary replication site, the liver. 
The transmission cycle ends with a transport of vi-
ral progeny via the bile to the gut, leading to massive 
virus shedding in stool (2). Although the course of 
disease is generally self-limiting, several serious com-
plications can occur, especially in older persons or in 
combination with risk factors.

Since 1995, when the fi rst HAV vaccine was li-
censed in the United States, the annual US incidence 
rate of acute hepatitis A has decreased tremendous-
ly (1,5). During 2015, the National Notifi able Dis-
eases Surveillance System of the Centers for Disease 
Control and Prevention (CDC) recorded an annual 
average of 0.4 cases/100,000 inhabitants (5). How-
ever, since 2016, the downward trend has reversed 
(6). In mid-2016–early 2017, Michigan, California, 
Kentucky, and Utah began to report local person-
to-person HAV outbreaks, which have since become 
a national concern: 38,031 cases affecting 35 states 
(status as of February 2021) (7). In 2018, the annual 
US incidence rate was 3.8 cases/100,000 population, 
and the true rate was estimated to be twice as high 
because of under-ascertainment and under-report-
ing (6). The current outbreak is enhanced by the fact 
that most (≈74%) of US-born adults are susceptible 
to HAV (8). This pattern is typical for industrial-
ized countries that have good standards of sanita-
tion and hygiene and a history of restrictive (mostly 
infant-targeted or risk group–targeted) vaccination 
practices (9). HAV genotype IB has been the most 
common genotype during this outbreak, whereas 
before 2017, most cases in the United States involved 
genotype IA (10).
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The United States is currently aff ected by widespread 
hepatitis A virus (HAV) outbreaks. We investigated HAV 
incidence rates among source plasma donors in the 
United States since 2016. Serial donations from HAV-
positive frequent donors were analyzed for common bio-
logic markers to obtain a detailed picture of the course of 
infection. We found a considerable increase in incidence 
rates with shifting outbreak hotspots over time. Although 
individual biomarker profi les were highly variable, HAV 
RNA typically had a high peak and a biphasic decrease 
and often remained detectable for several months. One 
donor had a biomarker pattern indicative of previous ex-
posure. Our fi ndings show that current HAV outbreaks 
have been spilling over into the plasma donor popula-
tion. The detailed results presented improve our com-
prehension of HAV infection and related public health as-
pects. In addition, the capture of full RNA curves enables 
estimation of HAV doubling time.
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Human plasma is used as a starting material to 
produce several life-saving therapies, such as immu-
noglobulins. The safety of these products with re-
gard to transmission of bloodborne viruses is based 
on 3 pillars: selecting low-risk donors, testing for 
relevant viral markers, and including process steps 
capable of removing or inactivating a broad range 
of viruses.

To ensure a reliable supply of therapies, CSL 
operates a large collection center network for source 
plasma, which is plasma serially collected from 
healthy, voluntary donors through plasmapheresis. 
CSL Plasma, a division of CSL, operates one of the 
largest global plasma collection networks, consist-
ing of >260 collection centers throughout the United 
States. Each donation collected is tested for HAV 
RNA. These data provide a unique glimpse into how 
the HAV epidemiology trends in the United States 
have changed. Unlike whole blood donors, plasma 
donors are allowed to donate frequently, which can 
be useful from a research perspective.

During 2017, we noticed a trend toward higher 
HAV incidence rates among US donors. Because 
knowledge on the course of infection and host re-
sponse during asymptomatic/subclinical infection 
is scant, we conducted this study. The aim of this 
study was to assess the effects of the current HAV 
outbreak on plasma donors in the United Sates and 
to complement existing knowledge on HAV bio-
marker dynamics.

Materials and Methods

Plasma and Routine Viral Marker Testing
Source plasma donors in the United States can donate 
<2 donations/week. Plasma donations and matching 
samples for routine viral marker testing (HIV, hepa-
titis B virus [HBV], hepatitis C virus [HCV], HAV, 
and parvovirus B19) were collected from donors by 
plasmapheresis in 4% sodium citrate and frozen at 
<–30°C. The freezing process was compliant with the 
European Pharmacopeia (11). We performed routine, 
qualitative nucleic acid testing (NAT) for HAV by us-
ing the Roche Cobas DPX Test (https://diagnostics.
roche.com) on minipools of <96 donations. In the 
format used, the 95% limit of detection (LOD) of the 
assay was ≈105.6 IU/mL of HAV RNA/individual 
donation. We subjected HAV-positive minipools to 
resolution testing down to the individual donation. 
For all donors with a first HAV-positive donation, all 
previous/subsequent donations from a defined time 
period were put on quarantine and excluded from 
use for fractionation.

Donor Selection
We retrospectively included in this study 10 quali-
fied US-source plasma donors with ≥1 HAV-positive 
NAT result; these donors had met all medical criteria 
for donation (12). To ensure optimal coverage of the 
viremic phase, donors had to fulfill 3 additional crite-
ria: first, >10 serial donations from 1 month before to 
2 months after the first HAV-positive donation avail-
able; second, >1 nonreactive donation preceding the 
first positive donation; and third, some coverage of 
the late phase of infection. The aim was to analyze 
all donations collected during the period −30 to +120 
days of the first HAV NAT-positive donation (day 0). 
Nevertheless, for 7 of 10 donors, 1–7 donations were 
unavailable (plasma discarded or used for other re-
search purposes).

Nonroutine Biomarker Testing
Testing was performed by accredited contract-test-
ing laboratories using validated assays after hav-
ing received approval for the study protocol by 
the WIRB Copernicus Group Institutional Review 
Board (https://www.wcgirb.com). Samples used 
were deidentified aliquots of quarantined dona-
tions stored at <–20°C; they had been subjected to 2 
freeze–thaw cycles at the time of testing. We tested 
the following biomarkers at the individual dona-
tion level for each sample: HAV RNA, liver injury 
marker alanine aminotransferase (ALT), and HAV 
IgM and IgG.

HAV RNA was quantified at Interregional Blood 
Transfusion, Swiss Red Cross (IRB SRC), Bern, Swit-
zerland (https://www.redcross.ch), by using a NAT 
assay targeted against the HAV 5′-noncoding region, 
which had a validated 95% LOD of 14 IU/mL and a 
linear range of 81.6–1.1 × 108 IU/mL (13). The remain-
ing analytics were performed at the National Refer-
ence Laboratory for HAV, University Medical Center 
Regensburg, Regensburg, Germany. ALT was mea-
sured by using the quantitative Roche Cobas ALT 
Assay (Roche reference no. 05850797–190), which had 
a validated LOD of 5 IU/L for serum and upper lim-
its of reference ranges of 35 IU/L for women and 50 
IU/L for men. A control experiment with ALT-spiked 
samples confirmed that the citrate plasma matrix had 
no major impact on readout of the assay: at 50 IU/L 
and 150 IU/L ALT, average readouts for spiked se-
rum and citrate plasma samples were within <5% of 
each other. A total of 13 ALT results from 3 donors 
were invalid because samples exceeded the lipemia 
threshold. We analyzed HAV IgM and IgG by using 
the Abbott Architect HAVAb IgM and IgG Assays 
(https://www.abbott.com). Finally, we identified the 
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HAV genotype by sequencing HAV coat protein viral 
protein 1/core protein P2A regions as described (14).

HAV Doubling Time
We calculated doubling time (Td) by using the for-
mula Td = ln(2)/B based on an exponential trendline 
(y = AeBx) determined in Excel (Microsoft, https://
www.microsoft.com) for each donor’s HAV RNA 
growth curve. In these equations A and B represent 
calculated coefficients standing for HAV RNA ini-
tial amount (A) and growth rate (B), e is base of the 
natural logarithm, x is time in days, and y is HAV 
RNA titer in IU per milliliter. To focus exclusively on 
the logarithmic growth phase, we excluded samples 
with a positive HAV IgM or IgG result and from vis-
ibly flattened areas of the RNA curve. Donor E was 
excluded from the analysis because the early growth 
phase was not represented.

Results

HAV Incidence Rates for Plasma Donors 
During January 2016–December 2020, a total of 348 
different donors from the United States donated 
plasma that tested positive for HAV RNA; these do-
nations were excluded from further manufacturing 
processes. Monthly HAV incidence rates derived 
from these data showed a considerable increase from 
typically 0.0 cases/100,000 donors at the beginning of 
2016 to a peak rate of 5.8 cases/100,000 donors during 
October 2019 (Figure 1). The highest rates were found 
during November 2018–November 2019; most cases 
were found in the states of Indiana, Ohio, Tennessee, 
Pennsylvania, and Florida.

After an intermittent decrease in case rates, a sec-
ond main peak was observed during May–December 

2020. This peak was driven by case numbers in South 
Carolina, Kansas, Texas and Georgia. The number of 
states that had donors affected increased, in paral-
lel with the incidence rates, to 30 by December 2020 
(Figure 2). The plasma donor case number map for 
December 2020 matches the CDC case number map 
(Figure 3) (7). One exception to this pattern is the state 
of Texas, where case numbers among plasma donors 
have lately increased, but so far no outbreak-associ-
ated cases were reported. Overall, data suggest that 
HAV outbreaks in the United States have been spill-
ing over into the plasma donor population.

HAV Biomarker Results for Donors who  
Showed Seroconversion
To assess the course of infection and immune re-
sponse in the context of asymptomatic or subclinical 
HAV infection, we analyzed donations from 10 do-
nors who had positive results (>1 HAV RNA positive 
donation based on routine testing) by using a panel of 
nonroutine analytics. The panel included quantitative 
HAV RNA and ALT assays, semiquantitative HAV 
IgM and IgG assays, and HAV genotyping.

For 9 of 10 donors, HAV infection was clearly 
confirmed; these donors eventually showed serocon-
version for HAV IgM and IgG, and 8 of them showed 
a transient increase in ALT (Figure 4). The finding 
that 2 (22%) of these donors were infected with HAV  
genotype IA and 7 (78%) with IB matches the geno-
type distribution reported for the current outbreak 
(15% IA, 84% IB, and <1% IIIA [15]). The overall se-
quence of events for HAV-infected plasma donors 
was similar to that reported for symptomatic patients: 
the HAV RNA peak typically preceded the ALT and 
IgM peak, which in turn preceded the IgG plateau, al-
beit with considerable individual variation in ampli-
tude and timing (compare donors B, C, and J). Donor 
B had a particularly interesting profile: low RNAe-
mia, weak IgM response, no increase in ALT, and an 
unusually early IgG response.

RNA curves obtained showed a maximum HAV 
RNA titer of 3.1 × 108 IU/mL whereby peak titers >107 
IU/mL were common (6/10 donors). Earlier studies 
had reported an even higher RNAemia of 8.59 × 108 IU/
mL (16), but suggested lower typical peak titers (16,17). 
Although the early phase of infection was characterized 
by rapid exponential growth and a median estimated 
HAV doubling time of 17.5 (range 14.1–24.7) hours 
(Table), the later phase often showed a more or less 
pronounced biphasic decrease, resulting in a skewed 
or shouldered RNA curve. Duration of RNAemia 
was highly variable among donors (Table) (mean 95 
days, median 106 days). This duration was similar to 

Figure 1. Incidence rates for hepatitis A virus (HAV) in source 
plasma donors, United States, 2016‒2020. Shown are monthly 
HAV incidence rates based on routine viral marker testing. 
Incidence rates correspond to monthly number of previously HAV 
RNA-negative donors with a first positive HAV nucleic acid testing 
result per 100,000 donors. 
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that reported for humans who had symptomatic HAV 
infection (mean 95 days, range 36–391 days) (18) but 
considerably longer than typically examples of RNAe-
mia curves (2).

The first HAV IgM-reactive plasma donations oc-
curred a mean (±SD) of 21 (±10) days from day 0; the 
first IgG-reactive donations were 25 (± 11) days from 
day 0. Day 0 is the first collection date that showed 
detectable HAV RNA. No clear association between 
key serologic and other parameters could be identi-
fied (e.g., higher HAV RNA titers were not associ-
ated with a faster IgM or IgG response). Analysis of 
IgM positivity patterns suggests that IgM remained 
reliably detectable for a median duration of 42 days 
(range 1–59 days) (Table) when measured by using 
the Abbot Architect HAVAb IgM assay. After this pe-
riod, IgM might remain detectable (<112 days after 
the first IgM-positive result), but not reliably, as sug-
gested by IgM results fluctuating between positive, 
equivocal, and negative.

To assess whether liver function was affected 
during the course of asymptomatic/mild HAV 
infection, we measured ALT levels in all samples 
from donors who showed seroconversion. Only 
donor B lacked an ALT peak (Figure 4). For the 
other 8 donors, we found a median 27-fold in-
crease in ALT over baseline (range 8- to 159-fold) 
and increased peak ALT titers (mean 452 IU/L, 
median 271 IU/L, range 40–1,262 IU/L) (Table). 
These data suggest that liver function is notice-
ably impacted during most infections, even if 

peak ALT levels in plasma donors were typically  
lower than those reported for cases of acute viral 
hepatitis in general (300–3,000 IU/L) (19) and acute 
hepatitis A in particular (mean 2,000 IU/L and levels 
>5,000 IU/L for 10% of cases) (20). In several instances, 
ALT levels remained high for prolonged peri-
ods (donors G and J) or showed a second peak  
(donor C).

HAV Biomarker Results for Donor F
One of 10 selected donors (donor F) had 1 HAV 
RNA-reactive donation on the basis of the Cobas 
DPX Assay but never showed seroconversion. All 

Figure 2. Geographic distribution of hepatitis A virus–positive plasma donors, United States, 2016‒2020. Cumulative case counts are 
indicated: A) 2016; B) 2016–2017; C) 2016–2018; D) 2016–2019; E) 2016–2020. These counts reflect how hepatitis A outbreaks in the 
United States have spread and spilled over into the plasma donor population over time. No color indicates states for which no data are 
available (no plasma collection). Maps were created by using an Adobe Stock template (https://stock.adobe.com).

Figure 3. Geographic distribution of CDC-reported HAV outbreak 
cases, United States, as of February 2021, showing state-reported 
HAV outbreak cases as listed on the CDC website for the current 
outbreak since August 2016 (7). Outbreak-associated status 
is determined at state level in accordance with the respective 
outbreak case definition for each state. Therefore, HAV cases 
not classified as outbreak-associated are probably not captured 
in CDC data. CDC, Centers for Disease Control and Prevention; 
HAV, hepatitis A virus.   
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13 tested donations from day –10 to day +40 were 
IgM/IgG negative, and efforts to determine the 
HAV genotype were not successful. We performed 
several follow-up analyses to assess whether the 
initial reactive NAT result (cycle threshold value 
35.7) might have been a false-positive result. How-
ever, we found no such evidence. First, a second in-
dependent HAV RNA test confirmed the low-level 
reactive result for the donation in question. Second, 
analysis of 12 immune status markers for common 
pathogens showed matching results between the 
index sample and 2 other samples from the same 
donor. Therefore, a sample or donation mixup is 
highly unlikely. Finally, analysis of routine dona-
tion screening results of 54 HAV RNA-positive 
donors showed that at least 7 donors (13%) had a 

positivity pattern similar to that for donor F, who 
had a single weak-positive donation among many  
negative donations. Further analyses are needed to 
clarify what is occurring in these examples.

Discussion
Our finding that HAV incidence rates among US-
source plasma donors have increased in parallel 
with those in the general US population is not a 
concern for patients receiving plasma-derived me-
dicinal products. A final product safety margin is 
considered adequate if the validated process vi-
rus reduction factor clearly exceeds the potential 
viral load of the starting material (21). When an 
epidemiologic situation worsens, safety is assured 
through appropriate measures associated with the  

Figure 4. HAV biologic and clinical marker dynamics in plasma donors, United States. Quantitative HAV RNA and ALT results, as well 
as semiquantitative HAV IgM and IgG results, are shown for all 9 donors who seroconverted. Vertical dashed lines indicate day 0, the 
earliest collection date with detectable HAV RNA. Reactive nucleic acid testing results below the validated limit of detection of 14 IU/mL 
are not shown. The IgG result is defined as nonreactive/reactive for S/CO ratios <1 and ≥1, respectively. The IgM assay is defined as 
nonreactive/reactive for S/CO ratios <0.80 and >1.20, respectively, and as gray zone reactive for S/CO ratios of 0.80‒1.20. The results 
of a tenth donor (donor F) who had 1 confirmed weak-positive HAV RNA result and all nonreactive IgM/IgG results are not shown but are 
described in the Results. The figure illustrates the extensive individual variation in viremia curves and timing of biomarker events. ALT, 
alanine aminotransferase; HAV, hepatitis A virus; S/CO, signal-to-cutoff ratio.
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classical virus safety pillars (e.g., use of NAT to exclude  
viremic donations [22] or an adequate validated pro-
cess virus reduction capacity).

According to industry standards (22), source 
plasma donations and manufacturing pools are test-
ed for HAV RNA and are excluded from further man-
ufacture if positive. Another common practice is to 
discard donations with negative test results before or 
after the donation that tested positive. This procedure 
is a regulatory requirement in the European Union 
and ensures that any residual virus titer of the start-
ing material, the plasma pool, is minimal and well 
controlled. A worst-case residual virus titer (such as 
defined by the validated LOD of the pool testing as-
say) is generally taken into account when assessing 
final product safety.

Whether the incidence rates for source plasma 
donors can be extrapolated to other blood component 
donors is still unclear. In any case, such comparisons 
would be difficult because of probable differences in 
geographic sourcing, testing algorithms, donation fre-
quencies, and potential differences in vaccination rates.

At least in the early phase of the HAV outbreaks, 
≈57% of cases reported to CDC were associated with 
risk factors such as drug use or homelessness (10). 
Although our study did not include a retrospective 
risk factor investigation, which is a limitation, we 
consider it unlikely that these risk groups would be 
greatly represented in the donor population. Donors 
undergo a careful selection process, which includes 
extensive measures to prevent plasma collection from 
risk groups (e.g., medical examination, questionnaire 
addressing drug use, risk-based drug testing, proof of 
postal address). Although the donor selection process 
cannot fully exclude rare cases of noncompliance, it is 

only 1 of 3 complementary safety pillars (donor screen-
ing, donation testing, validated pathogen clearance) 
that have tremendously improved the safety of plasma 
products over the past few decades. A potential alter-
native explanation is that the outbreaks have spread 
from risk groups to the broader population, including 
plasma donors. A similar spillover was recently re-
ported for an HAV outbreak that started among men 
who have sex with men (23). Perhaps a narrow con-
finement within risk groups, even if these are the driv-
ers of an outbreak, cannot necessarily be expected for 
a highly resistant virus that often causes asymptomatic 
infections and undergoes fecal–oral transmission (1).

One aspect we observed is a shift in local HAV 
hotspots over time. Although collection centers in 
Indiana, Ohio, Tennessee, Pennsylvania, and Florida 
accounted for 57% of cases observed during 2018 (n 
= 65) and 59% of all cases observed during 2019 (n = 
164), they represented only 13% of all cases during 
2020 (n = 92). This abrupt decrease might indicate that 
measures taken by public health officials, such as in-
formation campaigns and vaccination programs, are 
beginning to bear fruit. Nevertheless, a confounding 
influence of coronavirus disease–related measures 
(e.g., heightened hygiene and social distancing) can-
not be entirely excluded.

Our finding that most infected donors showed 
increased HAV RNA peak titers confirms that per-
sons who have an asymptomatic/subclinical HAV 
infection might potentially be highly infectious. For 
instance, in a transfusion setting, as long as neither 
donor nor recipient have neutralizing antibodies, 
plasma RNA levels are typically expected to corre-
late with virus transmission risk. Therefore, adequate 
measures to prevent HAV transmission are needed.

 
Table. Descriptive statistics of HAV infection and immune response in plasma donors, United States* 
Parameter No. samples Mean SD Median Range 
Time to peak RNA, d† 9 12.2 3.8 11.0 8–19 
Peak RNA titer, IU/mL 9 7.77 × 107 1.12 × 108 2.61 × 107 1.2 × 104‒3.1 × 108 
Duration of viremia ≥100 IU/mL, d 9 54.8 23.4 55.0 14–88 
Duration of detectable viremia, d 9 95.0 33.2 106.0 32–128 
HAV doubling time, hours 8 18.0 3.5 17.5 14.1–24.7 
Time to first positive IgM result, d† 9 21.1 10.3 19.0 7–37 
Time to peak IgM S/CO ratio, d† 9 26.4 10.2 29.0 9–38 
Peak IgM signal, S/CO 9 7.6 3.6 7.3 1.4‒14.4 
Duration of consecutive positive IgM, d 9 36.1 19.6 42.0 1–59 
Days between first and last positive IgM result 9 61.3 37.6 58.0 7–112 
Time to first positive IgG result, d†  9 25.2 10.7 29.0 9–37 
Plateau IgG signal, S/CO 9 10.0 2.2 10.4 5.7–13.5 
Time to peak ALT, d† 8 22.0 10.5 21.0 7–37 
Maximum fold-change relative to baseline ALT 8 65.1 65.4 27.0 8–159 
Peak ALT titer, IU/L 8 452.1 443.4 270.5 40–1,262 
No. donations analyzed/donor 9 28.6 6.4 28.0 19–41 
*Parameters listed were extracted based on donors who seroconverted (n = 9); donor F was excluded because of absence of seroconversion. For 4 
cases, 1 additional donor was excluded from the analysis: donor B for ALT-related parameters (no visible ALT peak) and donor E for extrapolation of HAV 
doubling time (no early HAV RNA-positive sample available). ALT, alanine aminotransferase; HAV, hepatitis A virus; S/CO, signal-to-cutoff ratio. 
†Relative to day 0 (defined as collection date with first detectable HAV RNA). 
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Whether the protracted low-level RNAemia ob-
served during the late phase of infection is relevant 
from a pathophysiologic perspective is less clear and 
might depend on the HAV variant circulating. Al-
though naked HAV virions are expected to be neu-
tralized by HAV antibodies, this assumption might 
not apply to the more recently described quasi-en-
veloped HAV particles (3) and capsid-free HAV ge-
nomes, which are infectious because the RNA plus-
strand orientation enables direct use as messenger 
RNA (24,25). The host cell entry of both of these vari-
ants is mediated by exosomes and relies on distinct 
host cell factors not used in the same way by naked 
virions (25).

On the basis of the unusual biomarker pattern 
(Figure 4), it is conceivable that donor B has had pre-
vious exposure to an HAV vaccine or natural HAV. 
Donor B had no ALT response, the lowest peak RNA 
(12,376 IU/mL), the lowest virus doubling time (24.7 
hours), a weak IgM response, and a fast IgG response 
(positive IgG within 11 days after the first HAV RNA-
positive result).

Clinical studies indicate that a small percentage 
of HAV vaccinees do not reach protective antibody ti-
ters or seroconversion after a single dose (26,27). Sim-
ilarly, although natural HAV infection is generally 
believed to induce lifelong immunity (1,9), exposure 
to low infectious doses might not always result in a 
detectable humoral response. This finding highlights 
the case of donor F, who, after a single confirmed 
HAV RNA-positive donation, did not seroconvert 
and declared to never have been vaccinated against 
HAV. Finally, in rare instances, vaccinated or natural-
ly infected persons might lose their IgG and become 
susceptible again. For example, a transient, asymp-
tomatic HAV reinfection was reported for 1 patient 
(albeit one with detectable previous HAV immunity) 
who had received contaminated erythrocytes (13).

Virus doubling time is a useful infection param-
eter that has potential implications for virus transmis-
sion risk. Doubling time is probably influenced by both 
virus- and host-specific parameters, such as the initial 
number of infected cells, virus replication and egress 
strategy, or host cell metabolism. The following dou-
bling times have been reported for bloodborne viruses 
in humans: HBV, 62.4 hours (range 31 hours−15 days) 
(28); HIV, 15.6 hours (range 8.9 hours–62.6 hours) (29); 
and HCV, 10.8 hours or 17.8 hours (range not speci-
fied) (30,31). HAV doubling time (median 17.5 hours, 
range 14.1–24.7 hours) partially overlaps with that 
reported for HCV. Whether this finding is the result 
of similarities (32) such as being a hepatotrophic plus-
strand RNA virus remains unknown.

In summary, in parallel with HAV incidence 
rates in the general population in the United States, 
HAV infections among US source plasma donors 
have increased several-fold since January 2016. We 
leveraged the donors’ frequent donation pattern to 
capture full RNA, ALT, and HAV IgM/IgG curves. 
This highly granular biomarker data consolidates our 
understanding of HAV infection and represents a 
highly useful resource for clinicians and other public 
health stakeholders.
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Methicillin-resistant Staphylococcus aureus (MRSA) 
is characterized by the mainly clonal structure 

of bacterial populations and the worldwide spread 
of a few highly successful lineages, sequence types 
(STs), and clonal complexes (CCs) that cycle through 
waves of dominance (1,2). During the late 1990s, the 
Brazilian endemic clone (BEC), which belongs to the 
ST239(CC8)–staphylococcal cassette chromosome 
(SCC) mecIII lineage, comprised ≈80% of MRSA iso-
lates in hospitals in Brazil (3). In the 2000s, isolates 
of the ST1(CC1)-SCCmecIV lineage supplanted BEC 
in >2 hospitals in the Rio de Janeiro metropolitan area 
of Brazil (4). More recent analyses have suggested 
that CC5 isolates might be increasing in prevalence 
in Brazil (5).

Most studies on the molecular epidemiology 
of MRSA in Brazil have analyzed a small num-
ber of isolates from a limited number of hospitals 
(5–9). We used molecular and genomic approaches 
to characterize 600 MRSA isolates collected from 
51 hospitals in the Rio de Janeiro metropolitan 
area and identifi ed a novel MRSA clone of  ST105-
SCCmecII spa t002 (ST105-SCCmecII-t002), which we 
termed the Rio de Janeiro (RdJ) clone, as a predomi-
nant cause of MRSA bloodstream infections (BSIs).
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We typed 600 methicillin-resistant Staphylococcus aureus 
(MRSA) isolates collected in 51 hospitals in the Rio de 
Janeiro, Brazil, metropolitan area during 2014–2017. We 
found that multiple new clonal complex (CC) 5 sequence 
types had replaced previously dominant MRSA lineages in 
hospitals. Whole-genome analysis of 208 isolates revealed 
an emerging sublineage of multidrug-resistant MRSA, se-
quence type 105, staphylococcal cassette chromosome 
mec II, spa t002, which we designated the Rio de Janeiro 
(RdJ) clone. Using molecular clock analysis, we hypothe-
sized that this lineage began to expand in the Rio de Janeiro 
metropolitan area in 2009. Multivariate analysis supported 
an association between bloodstream infections and the 
CC5 lineage that includes the RdJ clone. Compared with 
other closely related isolates, representative isolates of the 
RdJ clone more eff ectively evaded immune function related 
to monocytic cells, as evidenced by decreased phagocyto-
sis rate and increased numbers of viable unphagocytosed 
(free) bacteria after in vitro exposure to monocytes.
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Methods

Bacterial Isolates
We obtained the MRSA isolates from 600 patients at 
51 hospitals in the Rio de Janeiro metropolitan area 
and confirmed MRSA using routine identification 
methods (Table 1; Appendix 1, https://wwwnc.cdc.
gov/EID/article/27/11/21-0097-App1.xlsx). The 
sample comprised roughly equal numbers of isolates 
from blood samples from BSI patients, nonblood 
samples from patients with infections at another 
body site, and nasal swab samples; samples were 
collected during 2014–2017, most in 2015 and 2016. 
Patient age was available for 450 patients (Table 2). 
The research protocols were submitted to the Human 
Research Ethics Committee (CAAE submission no. 
41614914.4.00005257) of the Hospital Universitário 
Clementino Fraga Filho, Universidade Federal do Rio 
de Janeiro (Rio de Janeiro, Brazil); the study was con-
sidered non–human subject research.

Molecular Typing and Susceptibility Testing
We used restriction-modification (RM) tests to deter-
mine CC (10) and multiplex PCR to type SCCmec (11). 
We used PCR to screen for the lukSF-PV, agrII, SCC-
mecIII, and seh genes as previously described (12). We 
conducted antibiogram and susceptibility tests for 
glycopeptide drugs as recommended by Clinical and 
Laboratory Standards Institute guidelines (13).

Genome Sequencing and Analysis
We selected 208 isolates for whole-genome se-
quencing (WGS). Because of a strong predominance 
(179/208; 86.1%) of CC5 isolates, we focused our 
research on the CC5 lineage. We randomly select-
ed isolates from blood (70/145; 48.3%), nonblood 
(52/114; 45.6%), and nasal swab (57/123; 46.3%) CC5 
samples (Appendix 2, https://wwwnc.cdc.gov/
EID/article/27/11/21-0097-App2.xlsx). The other 
29 isolates used in WGS belonged to less abundant 
CCs. We prepared genomic DNA using the Wizard 
Genomic DNA Purification Kit (Promega Corpora-
tion, https://www.promega.com) and sequenced 
genome libraries by using Nextera XT DNA Library 
Prep Kit (Illumina, https://www.illumina.com) and 
the HiSeq 2500 system (Illumina) using paired-end 
reads of 125 bp. We trimmed reads using BBDuk 
Trimmer version 1.0 (Geneious, https://www.ge-
neious.com) and assembled genomes using Velvet 
Assembly version 7.0.4 (14) and SPAdes version 
3.13.0 (15). We used RAST (https://rast.nmpdr.org) 
and manual inspection to annotate the isolates. We 
determined the genotypes of the sequenced strains 

using the MLST 2.0, SCCmecFinder 1.2, and spa Typ-
er 1.0 tools (https://cge.cbs.dtu.dk).

Phylogenetic Analysis and Divergence Times
We constructed a maximum-likelihood tree for 661 
CC5 genomes: 179 genomes from the current investi-
gation and 482 assembled genomes available on Gen-
Bank, chosen from the list provided by Challagundla 
et al. (8) (Appendix 3, https://wwwnc.cdc.gov/EID/
article/27/11/21-0097-App3.pdf). We used a single-
nucleotide polymorphism (SNP) alignment produced 
by Snippy to infer an initial phylogenetic tree in RAx-
ML version 8.2.4 (16).

To estimate when the ST105-SCCmecII-t002 lin-
eage emerged in Rio de Janeiro, we used a Bayesian 
phylogenetic framework to analyze 73 genomes that 
passed our Mash Screen (17) quality cutoffs. We se-
lected MRSA strain FCFHV36, the closest complete 
reference genome available in GenBank, using the 
WhatsGNU topgenome (-t) option (18). We used the 
SNP alignment to infer an initial phylogenetic tree in 
RAxML version 8.2.4 before using ClonalFrameML 
(19) to detect and mask areas of recombination. We 
used the SNP recombination-masked alignment to es-
timate divergence times in BEAST version 2.6.2 (20). 
We found a positive correlation between genetic di-
vergence and isolation time using TempEst version 
1.5.3 (21). We plotted the chronograms based on the 
maximum clade credibility tree using the TreeAnno-
tator program and visualized in FigTree version 1.4.3 
(Appendix 3).

Genomic Island Characterization
We used Geneious Prime version 2020.1.2 to manu-
ally inspect the ΦSA3, vSa-α, vSa-β, vSa-β, and 
SaPI-1 genomic islands (22,23) and Swiss-Prot (Un-
iprot Consortium, https://www.uniprot.org) to  

 
Table 1. Sample types of methicillin-resistant Staphylococcus 
aureus isolates from colonized and infected patients, Rio de 
Janeiro, Brazil, 2014–2017 
Sample type No. (%) samples 
Blood 197 (32.8) 
Nonblood 216 (36.0) 
Anterior nasal swab 187 (31.2) 
Total 600 (100.0) 

 

 
Table 2. Age distribution of patients who had methicillin-resistant 
Staphylococcus aureus infections or colonizations, Rio de 
Janeiro, Brazil, 2014–2017 
Patient age range, y No. (%) 
<5 46 (10.2) 
5–18 16 (3.6) 
19–59 180 (40.0) 
>60 208 (46.2) 
Total 450 (100.0) 
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annotate paralogues. To map the genetic context of 
genomic islands, we randomly selected representa-
tive genome sequences from different phylogenetic 
locations of the tree showing the most common 
CC5 lineages in the Rio de Janeiro metropolitan 
area (Figure 1). We determined gene presence or 
absence using BLAST analysis (https://blast.ncbi.
nlm.nih.gov).

Phagocytosis Assays
We subjected the selected isolates to phagocytosis 
(Appendix 3 Table 1). In this assay, we considered the 
entire process of phagocytosis (i.e., binding and up-
take) by detecting all cell-associated bacteria, whether 

internalized or externally attached, after washing. We 
cultured bacteria at 37°C for 18 h at 250 rpm in brain–
heart infusion broth (Becton Dickinson, https://
www.bd.com) before treating with 25 nmol SYTO 9 
stain (Thermo Fisher Scientific, https://www.ther-
mofisher.com) for 15 min and washing in phosphate-
buffered saline (1× phosphate-buffered saline, pH 
7.2). We incubated bacterial cells at 37°C for 30 min 
in 5% carbon dioxide with THP-1 monocytes in Ro-
swell Park Memorial Institute 1640 medium for a 
multiplicity of infection of 10 (24). We did not use 
antimicrobial drugs at any time during these assays. 
We washed the infected monocytes with PBS once 
and then centrifuged them at 200 × g for 5 min. We 

Figure 1. Maximum-likelihood phylogenetic tree of 179 methicillin-resistant Staphylococcus aureus CC5 isolates from Rio de 
Janeiro, Brazil, 2014–2017 (red text) and 482 reference genomes (7). Red branches indicate the Rio de Janeiro clone of the lineage 
ST105(CC5)-SCCmecII-t002. Scale indicates substitutions per site. CC, clonal complex; SCC, staphylococcal chromosome cassette; 
ST, sequence type.
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resuspended THP-1 cells in PBS and analyzed them 
by flow cytometry (FACSCalibur; Becton Dickinson). 
We acquired 10,000 live THP-1 cells (as calculated by 
forward scatter and side scatter gating) and analyzed 
data using FlowJo10 software (https://www.flowjo.
com). We calculated the number of bacteria-associ-
ated THP-1 cells as the frequency of fluorescent (i.e., 
SYTO 9–positive) THP-1 cells compared with total 
live THP-1 cells. In addition, we counted and com-
pared the number of viable unphagocytosed bacterial 
cells in the culture supernatant of each assay at 0 and 
30 min after incubation.

Statistical Analyses
We analyzed molecular typing, antimicrobial test-
ing, and epidemiologic data using Pearson χ2 tests. 
To assess the association of the CC5-SCCmecII group 
and the ST105-SCCmecII-t002 sublineage with BSI, we 
used Stata 16.0 (https://www.stata.com) to conduct a 
Mantel-Haenszel test stratified on a composite variable 
informed by participant age (>60 years vs. <60 years), 
year of specimen collection (2014, 2015, or 2016–2017), 
and hospital type (public vs. private). For the analy-
sis of year of specimen collection, we combined data 
from 2016 and 2017 because few isolates were collected 
during 2017. We analyzed phagocytosis assays using a 
1-way analysis of variance and Tukey multiple com-
parison test in GraphPad Prism 6 (GraphPad Software, 
Inc., https://www.graphpad.com).

Results

Distribution of Genotypes (CC-SCCmec)  
and Antimicrobial Resistance
Among the 600 isolates that underwent CC and SC-
Cmec typing, most were categorized as CC5-SCC-
mecII (245/600; 40.8%) or CC5-SCCmecIV (137/600; 
22.8%). The second most common lineage was CC30, 
comprised of lukSF-PV–positive CC30-SCCmecIV 
(109/600; 18.2%) and lukSF-PV–negative CC30-SC-
CmecII (8/600; 1.3%) isolates. The previously domi-
nant CC1-SCCmecIV lineage (79/600; 13.2%) and 
BEC clone (7/600; 1.2%) were much less frequent. 
In addition, we observed low frequencies of STs re-
lated to other international lineages such as CC45-
SCCmecII/IV (related to USA600), CC8-SCCmecIV 
(related to USA300), and CC22-SCCmecIV (related to 
EMRSA-15) (Figure 2, panel A).

Compared with isolates of other frequent clonal 
lineages, CC5-SCCmecII isolates were more likely to 
be multidrug-resistant, defined as having resistance 
to >4 non-β-lactam antimicrobial drugs (48.6% vs. 
5.8%) (Table 3). In contrast, CC5-SCCmecIV strains 

showed more susceptibility to non–β-lactams; 
only 4.4% were multidrug-resistant. All 109 strains 
belonging to the CC30-SCCmecIV lineage, which is 
related to the community-acquired MRSA USA1100/
Oceania South West Pacific clone, were susceptible to 
all non–β-lactams tested (Table 3).

Distribution of Genotypes (CC-SCCmec)  
and Clinical Data
In the univariate analysis, we found that the distri-
bution of genotypes was associated with MRSA in-
fection site (Figure 2, panel B). CC5-SCCmecII iso-
lates were more common among blood (115/245; 
46.9%) than nonblood (62/245; 25.3%) and nasal 
swab (68/245; 27.8%) samples, whereas CC5-SCC-
mecIV isolates were more common among nasal swab 
(55/137; 40.1%) and nonblood (52/137; 38.0%) than 
blood (30/137; 21.9%) samples. The third most fre-
quent lineage, CC30-SCCmecIV, was more common 
among nonblood (60/109; 55.0%) than nasal swab 
(30/109; 27.5%) and blood (19/109; 17.4%) samples.

The distribution of MRSA lineages varied among 
age groups. CC5-SCCmecII was more common 
among patients >60 years of age (100/208; 48.1%). 
CC30-SCCmecIV prevalence was higher among 
younger populations and diminished with increas-
ing age range; prevalence was 50.0% (8/16) among 
children 5–18 years of age, 21.1% (38/180) among 
adults 19–59 years of age, and 10.6% (22/208) among 
adults >60 years of age. Among children <5 years of 
age, the most prevalent lineage was CC5-SCCmecIV, 
which is sometimes known as the pediatric clone 
(21/46; 45.7%) (Figure 2, panel C). Adults 19–59 and 
>60 years of age had a similar prevalence of CC5-
SCCmecIV isolates (23.9% among adults 19–59 years 
of age vs. 22.1% among adults >60 years of age). 
The proportion of CC5-SCCmecII isolates was also 
similar between adults 19–59 years of age (57/180; 
31.7%) and adults >60 years of age (62/208; 29.8%). 
CC5-SCCmecII was associated with BSIs even after 
stratifying for the composite variable of age, hospital 
type, and year of isolation (p<0.01).

Novel MRSA Clone
To better characterize the circulating clones, espe-
cially those belonging to CC5, we used whole-ge-
nome sequencing on 208 isolates: 76 (36.5%) from 
blood samples, 69 (33.2%) from nasal swab samples, 
and 63 (30.3%) from nonblood samples. Most (179; 
86.1%) isolates belonged to CC5, whereas 29 did not 
(Appendix 3 Table 2). Multilocus and spa-typing us-
ing WGS revealed 4 CC5 clones that constituted 
>75% of isolates (Table 4). The dominant genotype, 
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ST105(CC5)-SCCmecII-t002, the RdJ clone, comprised 
41.9% (75/179) of the CC5 isolates. RdJ showed the 
second highest proportion of multidrug resistance 
(41/75; 54.7%), superseded only by ST5-SCCmecII-
t539 (14/17; 82.4%). In contrast, only 1 (2.3%) strain of 
ST5-SCCmecIV-t002 was multidrug-resistant. MRSA 

lineages coexisting in the same hospital often dis-
played different resistance profiles.

In addition to being the most frequent MRSA clone, 
RdJ might be responsible for the higher frequency of 
CC5-SCCmecII isolates from blood samples. ST105-
SCCmecII-t002 isolates were more common among 

Figure 2. Distribution of 600 
MRSA isolates by lineage (A), 
sample type (B), and patient 
age (C), Rio de Janeiro Brazil, 
2014–2017. A) MRSA isolates 
by lineage (CC-SCCmec type) 
among 600 isolates. Labels 
indicate proportions. B) MRSA 
isolates by sample type. Labels 
indicate number of isolates. C) 
MRSA isolates by patient age 
(data available for 450 patients). 
Labels indicate number of 
isolates. BEC, Brazilian endemic 
clone; CC, clonal complex; 
EMRSA, epidemic methicillin-
resistant Staphylococcus 
aureus; MRSA, methicillin-
resistant Staphylococcus aureus; 
SCC, staphylococcal cassette 
chromosome.
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blood (41/75; 54.7%) than nasal swab (20/75; 26.7%) 
and nonblood (14/75; 18.7%) samples; however, when 
adjusted for hospital type and year of isolation, this as-
sociation became nonsignificant (p = 0.12).

Whole-Genome Phylogenetic Analysis of  
MRSA CC5 Isolates
The whole-genome phylogenetic analysis grouped 
CC5 isolates from this study into 3 of the 4 major 
phylogenetic groups corresponding mostly to the 
ST105(CC5)-SCCmecII-t002, ST5-SCCmecII-t539, 
and ST5-SCCmecIV-t002 genotypes and distributed 
widely throughout the CC5 tree (Figure 1). All SC-
CmecIV isolates clustered in the CC5-Basal clade. 
Isolates with the multidrug-resistant ST5(CC5)-
SCCmecII-t539 genotype clustered with members of 
the paraphyletic group CC5-IIA described by Chal-
lagundla et al. (8). Most other CC5 isolates, includ-
ing isolates of genotype ST105(CC5)-SCCmecII-t002, 
were grouped in clade CC5-IIB. Although most of 
these isolates form the RdJ clade, which is found 
mostly in Rio de Janeiro, nearby outgroups to this 
clade are composed of previously sequenced isolates 
from São Paulo and Porto Alegre (25) and North 
America, as well as a few isolates from this study 
(Appendix 3). This pattern might indicate multiple 
introductions into Brazil. Our Bayesian analysis of 
the RdJ clade suggests a recent date of introduction, 

probably 2009 (95% highest posterior density 2007–
2010) (Figure 3).

In comparison with other CC5 genomes, the clade 
that includes the ST105 genomes lacked key virulence 
genes. In addition to the apparent loss of the entero-
toxin P gene (sep) noted by Challagundla et al. (8), iso-
lates from this clade uniformly lacked the splD gene 
encoding serine protease D (Figure 1).

Monocytic Evasion
To better ascertain differences in pathogenicity of RdJ 
isolates, we assessed the in vitro phagocytosis rate and 

 
Table 3. Antimicrobial resistance among 600 methicillin-resistant 
Staphylococcus aureus isolates, Rio de Janeiro, Brazil,  
2014–2017* 

Lineage Total 
No. multidrug-

resistant isolates, % 
CC5-SCCmecII 245 119 (48.6)† 
CC5-SCCmecIV 137 6 (4.4) 
CC30-SCCmecIV 109 0 
CC1-SCCmecIV 79 13 (16.5) 
CC30-SCCmecII 8 3 (37.5) 
CC8-SCCmecIII 7 7 (100.0) 
CC45-SCCmecIV 5 0 
CC45-SCCmecII 4 2 (50.0) 
CC8-SCCmecIV 4 0 
CC188-SCCmecIV 1 0 
CC22-SCCmecIV 1 0 
*Multidrug-resistant defined as an isolate carrying >4 additional 
antimicrobial resistance traits to non–β-lactam antimicrobial drugs. 
†p<0.01 by Pearson 2 test. 

 

 
Table 4. Lineages of methicillin-resistant Staphylococcus aureus clonal complex 5 isolates, Rio de Janeiro, Brazil, 2014–2017* 
Clones† Blood Anterior nasal swab Nonblood Total (%) 
ST105-SCCmecII-t002 41 20 14 75 (41.9)‡ 
ST5-SCCmecIV-t002 11 13 19 43 (24.0) 
ST5-SCCmecII-t539 5 4 8 17 (9.5) 
ST1635-SCCmecIV-t002 2 4 4 10 (5.6) 
ST5-SCCmecII-t067 2 3 1 6 (3.4) 
ST5-SCCmecII-t2666 2 2 1 5 (2.8) 
ST105-SCCmecII-NT 3 0 0 3 (1.7) 
ST105-SCCmecII-t010 1 0 1 2 (1.1) 
ST4876-SCCmecII-t002 1 0 1 2 (1.1) 
ST5-SCCmecIV-t1154 1 1 0 2 (1.1) 
ST5-SCCmecIV-NT 0 2 0 2 (1.1) 
ST105-SCCmecII-t067 1 0 0 1 (0.6) 
ST105-SCCmecII-t539 0 1 0 1 (0.6) 
ST1635-SCCmecIV-t062 0 0 1 1 (0.6) 
ST1635-SCCmecIV-t450 0 1 0 1 (0.6) 
ST1635-SCCmecIV-t769 0 0 1 1 (0.6) 
ST5-SCCmecII-t002 0 1 0 1 (0.6) 
ST5-SCCmecII-NT 0 1 0 1 (0.6) 
ST5-SCCmecIV-t061 0 1 0 1 (0.6) 
ST5-SCCmecIV-t062 0 0 1 1 (0.6) 
ST5-SCCmecIV-t105 0 1 0 1 (0.6) 
ST5-SCCmecIV-t586 0 1 0 1 (0.6) 
ST5-SCCmecIV-t777 0 1 0 1 (0.6) 
Total sequenced/collected§ 70/145 57/123 52/114 179/382 
*SCC, staphylococcal chromosome cassette; NT, not typed by spa polymorphism; ST, sequence type. 
†Clones defined by multilocus sequence type, SCCmec type, and spa polymorphism. 
‡p<0.01 by single-variable analysis for blood samples compared with nasal swab and nonblood samples; p = 0.12 when adjusted for private vs. public 
hospital and year of isolation. 
§Total isolates sequenced from total no. isolates collected. 
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viable counts of unphagocytosed (free) bacteria (Fig-
ures 4–6). Representative RdJ isolates showed very 
low rates of phagocytosis/host cell association (2.9%) 
compared with representatives of other CC5 lineag-

es: 41.3% for ST5(CC5)-SCCmecII-t539 and 35.8% for 
ST5(CC5)-SCCmecIV-t002 strains (Figure 6, panel A). 
In addition, after a 30-minute interaction with THP-
1 monocytes, the RdJ strains showed higher survival 
rates (5.58%) than other lineages: 0.88% for ST5(CC5)-
SCCmecIV-t002 and 0.76% for ST5(CC5)-SCCmecII-
t539 (Figure 6, panel B).

Discussion
Using molecular typing and phylogenetic analysis, 
we identified a third epidemic lineage of MRSA in 
Rio de Janeiro. CC5, and to a lesser extent CC30, have 
become the most prevalent MRSA lineages in Rio de 
Janeiro hospitals, replacing the previously dominant 
ST1(CC1)-SCCmecIV lineage, which had replaced the 
BEC lineage ST239(CC8)-SCCmecIII during 2004–2008 
(4). At the time when the ST1(CC1)-SCCmecIV lineage 
replaced BEC, CC5 comprised only 10% of isolates 
(4); CC5 now constitutes >60% of isolates. Previously 
dominant clones, especially BEC, carried resistance to 
many non–β-lactam antimicrobial drugs, antiseptics, 
and heavy metals whereas the currently dominant 
strains are more susceptible (1).

Although CC5-SCCmecII was the predominant 
genotype in our sample, the proportions of the sec-
ond and third most frequent genotypes, CC5-SCC-
mecIV and lukSF-PV–positive CC30-SCCmecIV, also 
had increased from prior studies (4). CC5-SCCmecIV 
(related to USA800), which was first isolated in chil-
dren at a hospital in Portugal in 1992 (26), was over-
represented among patients <5 years of age in our 
sample. Some studies have suggested that this strain 
is more common among children (27), although the 
nature of this association remains unclear. The lukSF-
PV–positive CC30-SCCmecIV genotype is related to 
the USA1100/Oceania South West Pacific clone (1), 
and is a distant relative of the historically epidemic 
and especially virulent phage type 80/81 lineage (28). 
We previously showed that, in contrast to the 80/81 
lineage, ST30(CC30)-SCCmecIV MRSA from Brazil 
displays a natural attenuation of the Agr and SaeRS 
virulence regulators (29), which might explain why 
this lineage was responsible for only 9.6% of BSIs in 
this study.

The large number of MRSA isolates genotyped 
in this study enabled us to assess the distribution of 
MRSA genotypes by patient age and sites of infection 
or colonization. We identified associations between 
the CC5-SCCmecII genotype, BSIs, and older age, 
possibly because of the increased virulence or inva-
siveness of this genotype. The CC5-SCCmecII geno-
type also is found in the USA100 lineage ST5(CC5)-
SCCmecII that was dominant among hospitals in the  

Figure 3. Time-calibrated phylogenetic tree of methicillin-resistant 
Staphylococcus aureus ST105(CC5)-SCCmecII-t002 lineage, 
Rio de Janeiro, Brazil, 2014–2017. Chronogram constructed 
using Bayesian phylogenetic analysis of single-nucleotide 
polymorphisms from 73 genomes. Maximum clade credibility tree 
estimated using a strict clock rate of 1.1927 × 10–6 substitutions/
site/year (95% highest posterior density 1.5054–2.3351 × 10–6). 
Node labels indicate 95% highest posterior density values of 
major clades. Asterisks (*) indicate posterior values >0.98. Scale 
indicates substitutions per site per year. CC, clonal complex; SCC, 
staphylococcal cassette chromosome; ST, sequence type.
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United States during the late 1990s (30), before the 
emergence of the USA300 clone (31). USA100 is 
still found in hospitals in the United States (32) and 
around the world (1).

In our sample, most (75/114; 65.8%) CC5-SC-
CmecII isolates belonged to ST105 and shared spa-
type t002, suggesting the emergence of a new clone. 
ST105(CC5)-SCCmecII strains have previously in-
fected humans and domestic animals (33), and 4 iso-
lates from this lineage were reported in a hospital 
in São Paulo (7). Reports from other countries have 
occasionally shown a substantial prevalence of this 
lineage, including a study that showed colonization 
among 22.4% of patients admitted to a hospital in 
Pennsylvania, USA (34). Another study showed that 
ST105(CC5)-SCCmecII was the predominant lineage 
among patients who had MRSA BSI in Switzerland 
(35). In Portugal, ST105(CC5)-SCCmecII has been re-
ported as the most abundant MRSA colonizing pa-
tients >60 years of age (33); a multicenter study iden-
tified this lineage as the second most common clone 
among patients who had BSIs (36). The first vanco-
mycin-resistant S. aureus isolate in Portugal belonged 
to this lineage (33), a troubling finding because most 
vancomycin-resistant S. aureus isolates have belonged 
to the CC5 lineage (25).

Few studies exist on the molecular epidemiology 
of MRSA in Brazil and in other countries from South 
America; existing studies are based on a limited num-
ber of samples (5–7,9). As a result, the full extent of the 
dissemination of the ST105-SCCmecII-t002 genotype in 
Latin America is unknown. Since the late 2000s, ST105-
SCCmecII-t002 has been reported as the second or third 
most frequent MRSA lineage in hospitals in the United 
States and some countries in Europe (33–35). For ex-
ample, researchers documented an outbreak of ST105-
SCCmecII-t002 MRSA among 18 neonates at Mount 

Sinai Hospital (New York, NY, USA) during 2014–15 
(38). In addition, ST105 isolates comprised 87.5% of 
delafloxacin-resistant MRSA strains collected in 7 hos-
pitals in New York (39). Altogether, these data show 
that ST105 is a major MRSA lineage not only in Rio de 
Janeiro but also in other countries. ST105-SCCmecII-
t002 also might have spread in other regions of Brazil; 
therefore, more studies are needed to better track and 
investigate this lineage.

We used Bayesian molecular clock analysis to es-
timate the expansion of the RdJ clade in Rio de Janeiro 

Figure 4.  Scatter plot representing gating strategy for identifying 
monocytes in the FSC-H versus SSC-H analysis of methicillin-
resistant Staphylococcus aureus isolates, Rio de Janeiro, Brazil, 
2014–2017. Representative flow cytometry chart shows the 
acquisition of THP-1 cells not exposed to methicillin-resistant 
Staphylococcus aureus. FSC-H, forward scatter height; SSC-H, 
side scatter height.

Figure 5. Histograms showing 
count versus green fluorescence 
intensity of THP-1 cells exposed 
or not to MRSA isolates, Rio 
de Janeiro, Brazil, 2014–2017. 
A) Acquisition of THP-1 cells 
not exposed to MRSA. B) 
Acquisition of THP-1 cells 
exposed to representative 
strains of 3 MRSA lineages. Blue 
indicates ST5-SCCmecIV-t002, 
strain CR14-026 (CC5-Basal 
lineage); green indicates ST5-
SCCmecII-t539, strain CR15-071 
(CC5-IIA lineage); and red indicates ST105-SCCmecII-t002, strain CD16–016 (CC5-IIB lineage). C) Acquisition of THP-1 cells exposed 
to representative strains of 3 MRSA lineages. Blue indicates ST5-SCCmecIV-t002, strain CHU15–056 (CC5-Basal lineage); green 
indicates ST5-SCCmecII-t539, strain CR14–016 (CC5-IIA lineage); and red indicates ST105-SCCmecII-t002 strain CD15–276 (CC5-IIB 
lineage). CC, clonal complex; FL1-H, forward light 1 height; MRSA, methicillin-resistant Staphylococcus aureus; SCC, staphylococcal 
cassette chromosome; ST, sequence type.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 11, November 2021 2833

Multidrug-Resistant MRSA, Rio de Janeiro, Brazil

in 2009 (95% highest posterior density 2007–2010), 
which is consistent with previous estimates that date 
the origin of the ST105 lineage to the mid-1990s (8). 
The ST105 clade is characterized by a lack of virulence 
genes that are common among other CC5 strains. All 
ST105(CC5)-SCCmecII isolates lacked the sep gene en-
coding enterotoxin P, as noted by Challagundla et al. 
(8). In addition to its emetic properties, enterotoxin 
P is a superantigen that induces T-cell proliferation 
and production of proinflammatory cytokines (40). 
ST105(CC5)-SCCmecII-t002 strains showed resistance 
to fluoroquinolones, macrolides, and lincosamides. 
ST105(CC5)-SCCmecII isolates also lacked the serine 
protease encoding gene splD, despite the presence of 
the splABCF genes of the spl operon. Although the 
specific role of SplD in S. aureus pathogenesis is not 
known, some researchers have proposed that Spl ser-
ine proteases might use proteolysis to modulate host 
proteins critical to bacterial pathogenesis (41). Future 
work should address implications of the absence of 
SplD in the ST105(CC5)-SCCmecII lineage.

Compared with representatives of the ST5-SC-
CmecII-t539 and ST5-SCCmecIV-t002 lineages, repre-
sentative isolates of the RdJ clade showed increased 
evasion of phagocytosis mechanisms upon exposure 
to monocytic cells (i.e., THP-1). Multiple factors, in-
cluding phagocytosis rate and the activity of toxic 
compounds released by monocytes, might affect the 
number of viable unphagocytosed bacterial cells (42). 
Moreover, we observed an increased number of vi-
able RdJ free cells. The basis of this phenotype is un-
clear and deserves further study. Le Pabic et al. (43) 
implicated the small noncoding RNA, SprC, and its 
effect on regulation of the major autolysin Atl in S. 
aureus evasion of phagocytosis by human monocytes 
and macrophages. However, we did not find any 
differences in the sprC gene of the 6 representative 
strains tested, suggesting that the observed evasion 

might be multifactorial, probably linked to the pro-
duction of several bacterial molecules (42).

One limitation of this study is the lack of more ex-
tensive clinical data such as the presence of indwell-
ing catheters or lines and underlying conditions that 
might have affected our estimates. The association be-
tween ST105-SCCmecII-t002 and BSIs was attenuated 
when accounting for other variables such as hospital 
type and year of isolation, but still might be of clini-
cal relevance. Access to more extensive clinical data 
would enable further exploration of this relationship. 
In addition, our reliance on samples from Rio de Ja-
neiro might have affected our phylogenetic analysis; 
focused sampling in other geographic locations might 
show a more widespread epidemic.

In summary, we uncovered a new MRSA clone 
in hospitals in the Rio de Janeiro metropolitan area. 
Our findings emphasize the dynamic nature of 
the local rise and decline of various MRSA clones. 
In addition, these data indicate that MRSA clonal 
dynamics also might be associated with different 
manifestations of disease and host factors, such as 
age. This analysis revealed the emergence of a novel 
multidrug-resistant MRSA clone associated with 
BSIs. This association might be critical for assessing 
the clinical and epidemiologic risks associated with 
the spread of this clone and the biologic basis for its 
putative enhanced invasiveness.
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Nontuberculous mycobacteria (NTM) are ubiqui-
tous microorganisms found in indoor and out-

door habitats, including water, soil, and dust. NTM 
can infect susceptible persons, including those with 
lung diseases such as cystic fi brosis (CF) (1). Previous 
surveys conducted in the United States have found 
that Mycobacterium avium complex (MAC) species are 

clinically relevant and the most frequently isolated 
NTM (2). MAC consists of 9 slow-growing mycobac-
terial species (3–6), of which the 2 most frequently 
observed are M. avium (MAV) and M. intracellulare, 
including its subspecies intracellulare (MINT) and sub-
species chimaera (MCHIM) (4). In the United States, 
most persons with CF and positive NTM cultures 
(61%) had MAC species infections (2,7). MAC infec-
tions increased by 3% annually during 2010–2014.

MAC pulmonary infections are probably ac-
quired by inhalation of aerosols (8), but the sources 
and modes of transmission of MAC remain unclear. 
Studies using various molecular genotyping meth-
ods have shown MAC isolates from human airway 
samples to have high genetic similarity to isolates 
from animals (8–10), water (11,12), bathroom fau-
cets (13), showerheads (14,15), pools (16), and soil 
(17). Other potential MAC infection sources in-
clude fomites, zoonotic sources, and contaminated 
materials (10,18). Despite the clinical relevance of 
MAC and its prevalence among persons with CF, 
the genomic relationships of MAC isolates and 
the potential for person-to-person transmission 
are poorly understood. Whole-genome sequenc-
ing (WGS) to analyze the genetic diversity of MAC 
is aimed at identifying MAC infections that clus-
ter by high bacterial genomic sequence similarity, 
particularly in susceptible populations such as per-
sons with CF. Unclustered isolates are unrelated 
and are therefore not implicated in transmission, 
but clustering between MAC isolates suggests that 
they are derived from the same source (i.e., shared 
water, surfaces, or person-to-person transmission). 
To this end, we analyzed the WGS of NTM isolates 
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Mycobacterium avium complex (MAC) species consti-
tute most mycobacteria infections in persons with cys-
tic fi brosis (CF) in the United States, but little is known 
about their genomic diversity or transmission. During 
2016–2020, we performed whole-genome sequencing 
on 364 MAC isolates from 186 persons with CF from 42 
cystic fi brosis care centers (CFCCs) across 23 states. 
We compared isolate genomes to identify instances of 
shared strains between persons with CF. Among per-
sons with multiple isolates sequenced, 15/56 (27%) had 
>1 MAC strain type. Genomic comparisons revealed 
18 clusters of highly similar isolates; 8 of these clusters 
had patients who shared CFCCs, which included 27/186 
(15%) persons with CF. We provide genomic evidence 
of highly similar MAC strains shared among patients at 
the same CFCCs. Polyclonal infections and high genetic 
similarity between MAC isolates are consistent with mul-
tiple modes of acquisition for persons with CF to acquire 
MAC infections.
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voluntarily sent from US CF care centers (CFCCs) 
during a 4-year period. The goals of this project 
were to support routine clinical care through high-
resolution taxonomic identification, understand the 
genetic diversity of CF-associated MAC isolates, 
and identify genetically similar strains among per-
sons with CF for epidemiologic follow-up.

Materials and Methods
Ethics approval for this work was obtained from the 
National Jewish Health Institutional Review Board 
(approval no. HS-3149). As part of Colorado Re-
search and Development Program (https://www.
nationaljewishhealth.org/cocfrdp), NTM isolates 
from US CFCCs were processed and biobanked 
with the goal of surveillance for genetically similar 
strains (Table 1). We cultured bacterial samples on 
Middlebrook 7H11 agar plates (ThermoFisher Scien-
tific, https://www.thermofisher.com) supplement-
ed with 10% oleic acid, albumin, dextrose, catalase 
growth supplement before subculturing single-col-
ony isolates into Middlebrook 7H9 broth (Thermo-
Fisher Scientific) supplemented with 10% albumin, 
dextrose, catalase growth supplement and 0.05% 
Tween 80 (Sigma-Aldrich, https://www.sigmaal-
drich.com). We divided these cultures into 1-mL 
biobanked glycerol stock aliquot replicates that we 
stored at –20°C. 

DNA Extraction and Whole-Genome Sequencing
We extracted NTM DNA as described previously 
(19). We used NexteraXT DNA or DNA FLEX sample 
preparation (Illumina, https://www.illumina.com) 
to prepare WGS libraries and sequenced the libraries 
by using the Illumina MiSeq or HiSeq 2500. WGS data 
are available at the National Center for Biotechnology 
Information (BioProject no. PRJNA319839).

Non-CF Sample Acquisition
To place RDP isolates in context with zoonotic, en-
vironmental, and clinical samples from around the 
world, we included additional MAC isolates with ex-
isting WGS in the study. We downloaded 874 MAC 
genomes from the National Center for Biotechnol-
ogy Information, including MAV (559 total; 42 en-
vironmental, 467 non-CF clinical, and 50 zoonotic), 

MCHIM (114 total; 3 environmental and 111 non-CF 
clinical), and MINT (201 total; 4 environmental, 192 
non-CF clinical, and 5 zoonotic) from 32 published 
studies (Appendix 1 Table 1, https://wwwnc.cdc.
gov/EID/article/27/11/21-0124-App1.xlsx) for sub-
sequent comparisons.

MAC Species Identification
We trimmed sequence reads of adapters and base calls 
with quality scores <Q20 by using Skewer (20). We 
then assembled trimmed reads into scaffolds by us-
ing Unicycler (21). We compared genome assemblies 
against a collection of reference genomes (Appendix 1 
Table 1) to estimate average nucleotide identity (ANI) 
and assign a species call to each isolate (22,23). A cut-
off ANI of >95% indicated the isolate and reference 
genome belonged to the same species.

Phylogenomic Analysis
On the basis of taxonomic assignment, with the high-
est ANI score >95% for each genome, we mapped 
trimmed sequence reads to respective reference ge-
nomes (e.g., M. avium strain H87 [24]; M. intracellulare 
subsp. chimaera CDC 2015-22-71 [25]) by using Bow-
tie2 (26). We identified single-nucleotide polymor-
phisms (SNPs) as previously described (27).

By using the genome coordinates that correspond 
to the partial rpoB region used in clinical diagnostics, 
we extracted sequences from each MAC isolate. We 
compared the partial rpoB sequences from MAV, 
MCHIM, and MINT phylogenetically by using neigh-
bor-joining and 250 bootstraps of the observed SNPs 
in MEGA (28).

To evaluate relationships between MAV from 
US CFCCs and global strains, we assessed the phylo-
genetic relationships to publicly available genomes 
from 559 non-CF MAV isolates, including 465 clini-
cal, 42 environmental, and 50 zoonotic isolates from 
Japan, Germany, Belgium, the United Kingdom, the 
United States, and 12 other countries (Appendix 1 
Table 1). To evaluate relationships between MCHIM 
from US CFCCs with US and global strains, we as-
sessed the phylogenetic relationships to publicly 
available genomes from 114 non-CF MCHIM iso-
lates, including 109 clinical and 5 environmental iso-
lates from the United Kingdom, the United States, 

 
Table 1. Number of MAC isolates in a study of MAC clusters in cystic fibrosis centers, United States* 
Category MAV MCHIM MINT Total 
Patients with 1 isolate, no. 63 33 43 137 
Patients with >2 isolates, no. 30 5 23 55 
Total patients, no. 93 38 66 186 
Total isolates, no. 186 44 134 364 
*Some patients have isolates from multiple MAC species. MAC, Mycobacterium avium complex; MAV, M. avium; MCHIM, M. intracellulare subsp. 
chimaera; MINT, M. intracellulare subsp. intracellulare.  
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Switzerland, South Korea, Canada, and South Africa 
(Appendix 1 Table 1). To evaluate relationships be-
tween MINT from US CFCCs with US and global 
strains, we assessed the phylogenetic relationships 
to publicly available genomes from 201 non-CF 
MINT isolates, including 192 clinical, 4 environmen-
tal, and 5 zoonotic isolates from China, the United 
Kingdom, South Korea, and the United States (Ap-
pendix 1 Table 1).

Identifying Genetically Similar Isolate Clusters
To identify a SNP threshold for genetically similar 
isolates, we examined genomewide SNP distances 
between pairs of longitudinal isolates from the same 
person (within-patient isolates) and isolates from 
different persons (between-patient isolates) in the 
US CFCC MAC dataset, analogous to methods used 
previously for M. abscessus and MAV (29–33). The 
US CFCC MAC dataset included 56 persons with CF 
who had >2 isolates of the same species: 31 who had 
>2 MAV isolates, 5 who had >2 MCHIM isolates, 
and 23 who had >2 MINT isolates. We computed 
statistical comparisons between MAC groups by us-
ing Kruskal–Wallis tests. By using the distributions 
of within-patient and between-patient genomic 
SNPs (Figure 1, panel A), we defined a distance of 
<20 SNPs as the threshold difference for strain defi-
nition. We defined isolates found within a patient 
with a pairwise distance of >20 SNPs as different 
strains. We notified CFCCs of genetically similar 
isolates and offered participation in site-specific 
epidemiologic investigations as part of the ongoing 
HALT-NTM trial (https://clinicaltrials.gov/ct2/
show/NCT04024423) (34).

Results

Distribution of MAC Species in US Cystic  
Fibrosis Care Centers
We sequenced the genomes of 364 MAC isolates, includ-
ing 186 MAV (51%), 134 MINT (37%), and 44 MCHIM 
(12%) (Table 1). More than half (101/186 [54%]) of 
persons with CF were women or girls (average age 35 
years [range 9–88 years]). Isolates were analyzed from 
a total of 42 CFCCs and 22 states (Figure 2). Two-thirds 
(129/186 [69%]) of persons with CF had only 1 isolate 
sequenced, 21 had 2 isolates (21/186 [12%]), and 36 had 
>3 isolates (36/186 [19%]); collection dates spanned 
a range of 0 to 1,376 days between the first and last 
isolate collected (Figure 3). Most (132/186 [71%]) per-
sons with samples analyzed were from 41 CFCCs in 
21 states, and the remainder received care at 1 CFCC.

To evaluate taxonomic relationships of closely 
related taxa, we analyzed isolates from persons with 
CF, reference genomes for MAV (Figure 4, panel A; 
Appendix 1 Table 2), and type strains of MINT and 
MCHIM (Figure 4, panel B; Appendix 1 Table 1). The 
MAV phylogeny shows that most isolates from per-
sons with CF are M. avium subsp. hominissuis, except 
for 1 isolate that was M. avium subsp. avium (Figure 
4, panel A). The M. intracellulare phylogeny supports 
the taxonomy of 2 M. intracellulare subspecies, includ-
ing MCHIM that is distinct from MINT (Figure 4, 
panel B).

Polyclonal MAC infections in Persons  
with Cystic Fibrosis
Among 55 persons with CF who had >2 MAC isolates, 
we identified 15 (15/55 [27%]) who had multiple strains 

Figure 1. Cluster analysis of MAC in persons with cystic fibrosis to identify recent shared ancestry in a study of MAC clusters in cystic 
fibrosis centers, United States. A) Pairwise SNP distances of Mycobacterium avium and M. intracellulare subsp. chimaera, and M. 
intracellulare subsp. intracellulare isolates from within same patients (blue) and between different patients (red). B) Pairwise SNP 
distances of all CFCC MAC by state, CFCC, and patient comparisons. Kruskal–Wallis rank-sum test p values for comparing mean 
differences between categories are specified above each comparison. C) Pairwise SNP distances of CFCC MAC by state, CFCC, and 
patient comparisons under the clustering threshold. Box and scatterplots in panels B and C show SNPs between isolates at the same 
versus different states, same versus different CFCC, and same versus different patients. Horizontal lines within boxes indicate medians; 
top and bottom of boxes indicate 25th and 75th percentiles; error bars indicate the maximum and minimum values observed in the 
distribution. CFCC, cystic fibrosis care center; MAC, Mycobacterium avium complex; SNP, single-nucleotide polymorphism.
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or species (Figure 5). Nine persons with CF (9/55 [16%]) 
had isolates from >2 MAC species; 1 (1/55 [2%]) had 
isolates of MAV, MCHIM, and MINT. Thirteen persons 
with CF who had MAV (13/30 [43%]) had >2 distinct 
MAV strains (>500 SNPs apart). Among these 13 per-
sons with CF, we observed an average of 2.3 (range 
2–5) different strains/patient; average within-patient 
diversity was 3,384 SNPs. Two (9%) of 23 persons with 
CF had 2 different strains of MINT; no persons with 
MCHIM had multiple strains. In total, 15/55 persons 
with CF had >1 strain or species, compared with 40/55 
(73%) who had the same MAC strain isolated over time.

For the 15 persons with CF who had multiple 
strains of 1 MAC species, we generated time series 
plots of longitudinal isolates to visualize changes 
in strains over time (Figure 5; Appendix 2 Figure 1, 
https://wwwnc.cdc.gov/EID/article/27/11/21-
0124-App2.pdf). The average time from first to last iso-
late collected was 259 days (range 5–1,262 days). In the 
case of the shortest interval, patient CF00193 was cul-
ture-positive with 2 different strains of MAV collect-
ed only 5 days apart. Patients CF00052, CF00060, and 
CF00193 each had 2 different strains of MAV collected 

within 30-day windows. Patient CF00002 was cul-
ture-positive for 3 different strains of MAV within a 
single week and had 5 different strains over nearly 
3.5 years. In the 2 persons with CF harboring mul-
tiple strains of MINT, the second strain was detected 
42 days (CF00004) and 138 days (CF00131) after the 
first isolate collected. Patients CF00029 and CF00776 
showed alternating strains over time, suggesting per-
sistent mixed populations of MAV in the airway.

Assessing Potential Transmission between  
Persons with Cystic Fibrosis
To evaluate routine molecular surveillance avail-
able in most diagnostic laboratories and compare it 
to the resolution afforded by WGS, we compared the 
rpoB partial sequences of each MAV, MCHIM, and 
MINT from US persons with CF. For MAV, 100% of 
patients belonged to 1 of 4 clusters (Appendix 2 Fig-
ure 2, panel A) based on analyses using rpoB, whereas 
97.2% of MCHIM and 95.5% of MINT belonged to 5 
clusters (Appendix 2 Figure 2, panel B). This result 
emphasizes that single-gene amplicon surveillance 
does not provide the resolution needed for genetic  

Figure 2. Geographic distribution 
of 364 Mycobacterium avium 
complex isolates from 186 
patients, by cystic fibrosis care 
center state of origin in study of 
M. avium complex clusters in 
cystic fibrosis centers, United 
States. Numbers in each state 
are the number of patients with 
cystic fibrosis and total isolates 
contributed from centers within 
the state. 

Figure 3. Numbers of isolates 
per patient and days between 
the patient’s first and last isolate 
collected in the isolate cohort 
in a study of Mycobacterium 
avium complex clusters in cystic 
fibrosis centers, United States. 
Vertical lines within boxes indicate 
medians; top and bottom of 
boxes indicate 25th and 75th 
percentiles; error bars indicate the 
maximum and minimum values 
observed in the distribution.  
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surveillance of NTM MAC species, whereas WGS 
does provide the necessary resolution.

To examine potential transmission of MAC 
isolates between persons with CF, we identified 20 
SNPs as the threshold for recent shared ancestry on 
the basis of the distribution of SNPs among longi-
tudinal isolates collected over time (Figure 1, panel 
A). By using this threshold, we identified a total of 
18 genetically similar clusters, including 3 MAV, 5 
MCHIM, and 10 MINT clusters (Figure 6). Of the 
3 MAV clusters, 2 clusters consisting of 6 patients 
receiving treatment at 1 CFCC, and a third cluster 
consisting of 2 patients from a second CFCC. Most 
patients (15/27 [56%]) in 3/5 MCHIM clusters re-
ceived treatment in the same CFCCs, whereas the re-
maining isolates in clusters originated from patients 
attending different CFCCs. Alternatively, a minor-
ity (4/21 [19%]) of patients in 2/10 MINT clusters  

received treatment in the same CFCC, suggesting 
that MINT may have different transmission routes 
compared with MAV or MCHIM. Among the entire 
US CFCC MAC dataset, 8/93 persons with MAV 
(9%), 15/36 with MCHIM (42%), and 4/66 with 
MINT (6%) belonged to clusters within the thresh-
old of 20 SNPs and were treated at the same CFCCs, 
triggering epidemiologic follow-up in the HALT-
NTM Trial (34). By using a 10-SNP threshold, we 
identified 2 M. avium clusters, 5 M. chimaera, and 6 
M. intracellulare clusters (Appendix Figure 7). Over-
all, 4 patients included in 2 clusters defined by a 20-
SNP threshold are removed when the threshold is 
reduced to 10 SNPs.

Overall, 27/186 persons with CF (15%) had MAC 
isolates that were genetically similar and received 
treatment at the same CFCC. Isolates collected with-
in the same center were more similar than isolates  

Figure 4. Phylogenetic relationships in a study of Mycobacterium avium complex isolates in cystic fibrosis care centers, United States. 
A) Phylogenetic tree of 207 M. avium isolates showing the relationships between M. avium cystic fibrosis care center and select non–
cystic fibrosis, environmental, and zoonotic isolates. B). Phylogenetic tree of 235 isolates showing the relationships between cystic 
fibrosis care center and select non–cystic fibrosis M. intracellulare subsp. chimaera and M. intracellulare subsp. intracellulare isolates. 
Former species M. yongonense type strain 05–1380T was also included as part of M. intracellulare subsp. chimaera to reflect current 
taxonomy. SNP, single-nucleotide polymorphism.
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collected from the same state (p = 0.014), whereas the 
mean SNPs observed between isolates coming from 
different centers were not significantly different from 
those coming from different states (Figure 1, panel B). 
The mean SNP differences observed between nearest-
neighboring clustered MAC isolates from the same 
versus different CFCCs (5.47 vs. 11.21 SNPs; p<0.001) 
and the same versus different states (5.45 vs. 11.46 
SNPs; p<0.001) were both significant (Figure 1, panel 
C). Only 2 clustered patient pairs (4/186 [2%]) were 
identified between different centers within a state, 
suggesting that clustering is more localized to CFCCs 
than to states.

For isolate clusters that included >3 isolates, 
we visualized the isolate relationships as phyloge-
netic clades (Figure 7). The patient with the isolate 
nearest to the base of each clade is ancestral to all 
descendants, and therefore is a potential source of 
transmission between the subsequent patients in 
the cluster. For example, patient CF00002 was the 
potential source of 2 separate clusters of MAV and 
MCHIM. In the MAV cluster (Figure 7, panel A), 4 
isolates from patient CF00002 were ancestral to iso-
lates from 3 other patients (CF00231, CF00776, and 
CF00812). In the MCHIM cluster, 2 isolates from pa-
tient CF00002 were ancestral to 1 isolate from patient 
CF00966 (Figure 7, panel E). Ancestral isolates and 
hypotheses about the order in which transmission 
events occurred can similarly be deduced for an ad-
ditional MAV cluster (Figure 7, panel B), 3 MCHIM 
clusters (Figure 7, panels C–E), and 1 MINT cluster 
(Figure 7, panel F).

MAV
By using a genetic similarity threshold of 20 SNPs, 
we observed limited instances of genetic similarity 
between US CFCC MAV isolates from 11 persons 
with CF and 21 non-CF isolates (Appendix Figure 3). 
Four persons with CF had genetically similar MAV 
isolates to an environmental isolate collected from a 
household dust sample in Germany (Table 2; Appen-
dix 2 Figure 4). Comparisons of US persons with CF 
MAV isolates to non-US clinical and zoonotic MAV 
isolates revealed similarities with 17 clinical isolates 
from patients in 6 countries (Belarus, Canada, Ger-
many, Norway, United Kingdom, and United States), 
3 zoonotic isolates from 2 birds (35), and 1 from an 
elephant. Overall, only 11/93 (12%) of persons with 
CF shared genetically similar isolates with non-CF 
MAV isolates.

MCHIM
A total of 30 MCHIM isolates from 28 persons with 
CF were similar to 37 non-CF isolates (Appendix 2 
Figure 3). Matches to US CFCC isolates also include 
the MCHIM type strain DSM44623T, 21 isolates from 
Oxford Hospital (Oxford, UK), and isolates from pa-
tients treated in Canada, Hawaii, and Virginia (Table 
2; Appendix 2 Figure 5). US CFCC MCHIM isolates 
were all genetically different from isolates derived 
from contaminated heater–cooler units (36). No other 
environmental MCHIM isolates were available for 
comparisons. In total, 28/38 (74%) persons with CF 
and MCHIM had genetically similar isolates to non-
CF isolates.

Figure 5. Polyclonal Mycobacterium avium complex (MAC) infections in 15 persons with CF in a study of MAC clusters in CF centers, 
United States. Persons with CF who had >1 MAC isolate were analyzed for the presence of multiple strains within a given MAC 
species. For M. avium (top) and M. intracellulare subsp. intracellulare (bottom), each row on the y-axis is a person with CF, and the 
x-axis represents the number of days after the first MAC isolate with whole-genome sequencing was collected. Each point represents a 
sequenced isolate and the shape represents a unique genotype. The plots do not represent all positive cultures in the patients’ histories, 
but they illustrate how strains change, alternate, or both over time. In some cases, different strains were isolated on the same day or 
within a 1-week period. CF, cystic fibrosis.



RESEARCH

2842 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 11, November 2021

MINT
For MINT, we observed genetic similarities between 
isolates from 14 persons with CF and 24 non-CF iso-
lates from North America, Europe, and Asia (Ap-
pendix 2 Figure 3). Eight MINT isolates were geneti-
cally similar to reference isolates, including MINT 
MOTT-02 (37), NCTC-13025 (38), and 22 nonpatient 
isolates from Michigan, Virginia, South Korea, and 
the United Kingdom (Table 2; Appendix 2 Figure 5). 
We did not observe similarities between environ-
mental MINT and US CFCC isolates. Comparisons 
of US CFCC MINT isolates with zoonotic isolates 
identified similarity with isolates collected from a 
bird in a California zoo and the other from a pen-
guin in a New York State zoo (35,39). Overall, 14/66 
(21%) persons with CF and MINT had isolates with 
genetically similar matches to our non-CF isolate 
sample set.

Discussion
This study provides evidence of highly similar MAC 
isolates among persons with CF. However, the iso-
lates from most MAC infections appear to be indepen-
dently acquired and unclustered. We identified 18 ge-
netically similar isolate clusters involving 54 persons 
with CF (including 8 patients with MAV, 27 patients 
with MCHIM, and 21 patients with MINT) within our 
threshold of recent shared ancestry (<20 SNPs). We 
further determined that 8 of the identified clusters 
(8/18 [44%]) included 26 patients that received treat-
ment at the same CFCCs. Person-to-person transmis-
sion may have occurred among those persons, and 
the genetic clusters are undergoing epidemiologic in-
vestigation (34). Epidemiologic follow-up will help us 
understand if genetic similarity is related to acquisi-
tion through common geography and environments. 
Most persons with CF (160/186 [86%]) in our study 

Figure 6. Genetic clusters 
of Mycobacterium avium, 
M. intracellulare subspecies 
chimaera, and M. intracellulare 
subsp. intracellulare in 
persons with CF in a study of 
Mycobacterium avium complex 
clusters in cystic fibrosis 
centers, United States. Three 
clusters of M. avium, 5 clusters 
of M. intracellulare subsp. 
chimaera, and 10 clusters 
of M. intracellulare subsp. 
intracellulare were identified. 
Each node represents a patient 
with >1 isolate having significant 
genetic similarity to an isolate 
in >1 patient. The color of each 
node represents the state of 
the submitting CF care center. 
Each edge represents genetic 
similarity between the isolates. 
Connecting edges are colored 
by matches within a center (red) 
or between different centers 
(dashed gray), and edge 
thickness is weighted from 0 
SNPs (thickest) to 20 SNPs 
(thinnest) and the exact number 
of SNPs specified. Nodes with 
multiple connecting edges 
represent multiple isolates 
matching between patients. 
CF, cystic fibrosis; SNP, single-
nucleotide polymorphism.
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did not share similar strains; thus, we infer that most 
persons with CF do not transmit strains person-to-
person or share acquisition sources of MAC.

In contrast with the clonality observed in M. ab-
scessus (27,29), 27% of patients with MAC cultured 
multiple strains over time, as has also been observed 
for Staphylococcus aureus infections in persons with 
CF (40). This observation was considerably lower 
than the proportion of polyclonal MAC infections 
previously observed in patients with non-CF NTM 
lung disease (29). Although the analysis of single 
isolates instead of colony sweeps provides the clar-
ity to genetically identify transmission clusters, it 
may underestimate the diversity of MAC popula-
tions present in patient airways. We surmise that 
MAV isolates found in most US persons with CF 

probably derive from the independent acquisition 
(or acquisitions) of strains in the environment. This 
interpretation is consistent with previously observed 
instances of genetically matched environmental and 
patient MAV isolates (10,13,14,17,30,41); however, it 
does not exclude the hypothesis of person-to-person 
transmission in persons with CF. Two hypotheses 
can explain the observations of multiple genotypes 
and species in persons with CF: patients were origi-
nally infected with multiple genotypes of MAC that 
were selected for during infection and treatment, 
or patients cleared the original infection and subse-
quently acquired a new, independent genotype. Our 
analyses provide evidence for both scenarios (Fig-
ure 5), though with limited sample sizes. Further 
studies of within-patient population diversity with  

Figure 7. Phylogenetic visualization of Mycobacterium avium complex clusters in persons with CF in a study of M. avium complex 
clusters in CF centers, United States. Clusters with >3 isolates were visualized as clades to show the transition of patients’ isolates over 
time. A) Cluster of 4 persons with MAV. B) Cluster of 2 persons with MAV. C) Cluster of 9 persons with MCHIM). D) Cluster of 7 persons 
with MCHIM. E) Cluster of 2 persons with MCHIM. F) Cluster of 2 persons with MINT. CF, cystic fibrosis; MAV, M. avium; MCHIM, M. 
intracellulare subsp. chimaera; MINT, M. intracellulare subsp. intracellulare; SNP, single-nucleotide polymorphism.

 
Table 2. Persons with CF with genetically similar MAC isolates compared with publicly available non-CF isolates collected from 
environmental, clinical, and zoonotic sources in a study of MAC clusters in CF centers, United States* 

Taxon 
No. (%) 

Environmental Non-CF clinical Zoonotic Total similar CF patients 
MAV 4/93 (5) 9/93 (12) 3/93 (3) 11/93 (12) 
MCHIM 0/38 (21) 28/38 (61) 0/38 (0) 28/38 (74) 
MINT 0/66 (0) 14/66 (24) 3/66 (5) 14/66 (21) 
Total    52/186 (28) 
*Some patients have isolates that match to an isolate (or isolates) in >1 category. CF, cystic fibrosis; MAC, Mycobacterium avium complex; MAV, M. 
avium; MCHIM, M. intracellulare subsp. chimaera; MINT, M. intracellulare subsp. intracellulare. 
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corresponding environmental sampling are needed 
to address these questions.

Our WGS analysis of 364 MAC isolates, sent from 
42 CFCCs in 23 states across the United States as part 
of a voluntary nationwide surveillance program, en-
abled us to examine genetic relationships among US 
isolates. WGS analyses greatly reduced the sizes of 
MAC clusters identified in US persons with CF com-
pared with rpoB sequence information alone, high-
lighting the value of WGS resolution for epidemiolog-
ic follow-up. We also compared CF MAC isolates to 
isolates from previous studies, including those from 
environmental, zoonotic, and non-CF clinical sources. 
In our study, US MAV isolates from persons with CF 
were mostly distinct from non-CF clinical, environ-
mental, and zoonotic samples from the United States 
(30), Europe (42–44), and Asia (12,37,45,46), although 
12% of patients in our study had genetic matches to 
non-CF isolates. This finding is consistent with ob-
servations of human patients and animals harboring 
identical MAV in Europe (8,9,12,13,42,47,48). Simi-
larly, only 21% of persons with CF and MINT had 
genetically similar isolates to non-CF samples, pri-
marily clinical isolates. Few publicly available envi-
ronmental isolates of MINT were available for com-
parison because of the lack of MINT found in water 
sources (49), suggesting that persons with CF likely 
acquire their MAV and MINT infections from nonhu-
man reservoirs that were not identified in this study.

In contrast, we observed many matches of 
MCHIM between CF and non-CF isolates. Indeed, 
a high proportion of MCHIM from US persons with 
CF (74% of patients) had matches to non-CF clinical 
isolates relative to MAV or MINT. One hypothesis 
to explain clustering of MCHIM is that the observed 
strains are well-adapted to colonize and persist in 
a human host. Alternatively, the high genetic simi-
larity of MCHIM isolates may also suggest a lin-
eage that has recently come to prominence in North 
America. Additional environmental and zoonotic 
sampling of MAV, MCHIM, and MINT isolates in 
the United States will be needed to better under-
stand the species-specific risks of MAC infection 
from these sources.

Our study has some limitations. First, our empiri-
cally defined SNP threshold for recent common an-
cestry is specific for our patient cohort and is limited 
by the number of persons with CF with >2 isolates 
and the duration of sampling time frames. Thus, 
our threshold may miss transmission events that oc-
curred before the sampling period. Second, despite 
observing genetic matches, epidemiologic links are 
required to support transmission. Our epidemiologic 

data were limited to isolate collection date and the 
CFCC where patients received care. Therefore, our 
analyses provide hypotheses for traditional epidemi-
ologic follow-up at CFCCs that was beyond the scope 
of our current project but is being addressed in the 
HALT-NTM Trial (34). Third, the publicly available 
datasets did not allow a uniform comparison to non-
CF clinical, environmental, or zoonotic isolates from 
each CFCC region for each species. 

Our research study discovered potential instanc-
es of transmission between patients and assessed the 
dynamics of MAC infections in persons with CF. The 
findings of our US-based surveillance work in per-
sons with CF were not possible without the resolu-
tion of WGS and underscore the need for continued 
epidemiologic follow-up in patients with MAC lung 
disease, with and without CF, to assist infectious dis-
ease control measures and limit the spread of MAC 
infections where possible.
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Tuberculosis (TB) is the infectious disease that 
causes the most deaths worldwide (≈5,000/day) 

(1). Of major concern is the increasing prevalence of 
drug resistance worldwide (1). There are different 
forms of TB drug resistance: pre–multidrug-resistant 
TB (pre–MDR TB, resistant to 1 of 2 fi rst-line drugs: 
isoniazid or rifampin); multidrug-resistant TB (MDR 
TB, resistant to 2 fi rst-line drugs: isoniazid and ri-
fampin); pre–extensively drug-resistant (pre-XDR, re-
sistant to either fl uoroquinolones or injectable drugs 
in addition to MDR); and extensively drug-resistant 

TB (XDR TB, resistant to fl uoroquinolones and inject-
able drugs in addition to MDR) (1). An estimated 0.5 
million cases of MDR TB were reported in patients 
worldwide during 2018, but only one third had access 
to effective treatment, resulting in 56% of patients be-
ing successfully treated (1). In addition, an estimated 
6% of diagnosed case of MDR TB cases are actually 
cases of XDR TB (1).

Myanmar is recognized by the World Health 
Organization (WHO) as having high burdens of TB 
(338 cases/100,000 population), MDR TB (21 cas-
es/100,000 population), and co-infections of TB and 
HIV (29 cases/100,000 population) (1). A nationwide 
drug-resistant TB survey was conducted during 
2012–2013 by the Myanmar National Tuberculosis 
Programme (NTP) to identify the drug susceptibil-
ity profi le for fi rst-line drugs (phenotypic drug sus-
ceptibility testing for second-line drugs was estab-
lished during 2016) (2). This survey identifi ed MDR 
TB among 5% of new cases and 27.1% of previously 
treated cases, and the Yangon region was identifi ed 
as a hotspot for drug-resistant TB (3). Having an es-
timated population of 8 million persons, Yangon is 
the most populous city in Myanmar. All patients with 
suspected pulmonary TB are referred to a TB diag-
nostic center run by the NTP for testing by using the 
GeneXpert platform (https://www.cepheid.com). 
Routine, phenotypic drug-susceptibility testing (DST) 
of fi rst-line or second-line drugs is rarely performed 
for new patients, and currently testing is based solely 
on the Xpert MTB/RIF (M. tuberculosis/rifampin) as-
say. Therefore, clinical decisions refl ect the detection 
of rifampin resistance and national therapeutic guide-
lines on the basis of WHO recommendations.

Technological advances in next-generation, whole-
genome sequencing (WGS) and downstream bioinfor-
matic analyses now enable comprehensive detection of 
drug resistance and provide an alternative to existing 
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Multidrug resistance is a major threat to global elimination 
of tuberculosis (TB). We performed phenotypic drug-sus-
ceptibility testing and whole-genome sequencing for 309 
isolates from 342 consecutive patients who were given a 
diagnosis of TB in Yangon, Myanmar, during July 2016‒
June 2018. We identifi ed isolates by using the GeneXpert 
platform to evaluate drug-resistance profi les. A total of 
191 (62%) of 309 isolates had rifampin resistance; 168 
(88%) of these rifampin-resistant isolates were not ge-
nomically related, indicating the repeated emergence of 
resistance in the population, rather than extensive local 
transmission. We did not detect resistance mutations to 
new oral drugs, including bedaquiline and pretomanid. 
The current GeneXpert MTB/RIF system needs to be 
modifi ed by using the newly launched Xpert MTB/XDR 
cartridge or line-probe assay. Introducing new oral drugs 
to replace those currently used in treatment regimens for 
multidrug-resistant TB will also be useful for treating TB 
in Myanmar.
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approaches (3–5). Such sequence-based, drug-resistant 
profiles have high concordance with phenotypic DST 
(3,4). In addition, phylogenetic analyses of sequence 
data can be used to identify transmission patterns in 
the absence of epidemiologic data, which is often lack-
ing in high-burden settings such as Myanmar (3,6). 
We combined clinical, genomic, and phenotypic drug-
resistance data to provide insights into drug resistance 
and transmission patterns in Yangon. In this study, we 
used WGS analyses of 309 M. tuberculosis isolates to 
determine how the increasing burden of MDR TB has 
been driven in Yangon.

Methods

Study Design and Participants
This population-based, cross-sectional study includ-
ed consenting participants >15 years of age who had 
GeneXpert-confirmed positive pulmonary TB at 3 
major NTP TB diagnostic centers (Aung San, Latha, 
and North Oakkalapa) in Yangon during July 2016–
June 2018. We aimed to recruit 250 patients consecu-
tively given a diagnosis of infection with rifampin-re-
sistant (RR) M. tuberculosis and 200 patients infected 
with rifampin-susceptible (RS) M. tuberculosis. Re-
cruitment numbers at each facility reflected the rela-
tive numbers of patients given a diagnosis during the 
previous year. Patients were eligible to be included in 
the study if they had lived in Yangon at the time of 
registration, had a TB-positive confirmation by Gen-
eXpert, and provided written informed consent. Pa-
tients were excluded if their residential address was 
outside Yangon at the time of registration or they did 
not provide informed consent. We obtained a brief 
clinical report for each patient (basic demograph-
ics, residential address, history of TB treatment, HIV 
status, and random blood glucose testing results for 
diabetes mellitus). The Institutional Review Boards 
of the Department of Medical Research, Ministry 
of Health and Sports of Myanmar, and the Human 
Health Ethics Review Committee of the University of 
Otago (Dunedin, New Zealand) approved this study.

Laboratory Procedures
We collected all clinical sputum samples at the time of 
diagnosis and before commencement of treatment. We 
sent samples to the National Tuberculosis Reference 
Laboratory in Yangon for DST. Testing for resistance 
to isoniazid, rifampin, ethambutol, streptomycin, pa-
ra-aminosalicylic acid, ethionamide, D-cycloserine, 
fluoroquinolones (ofloxacin, levofloxacin, capreo-
mycin), and aminoglycosides (amikacin, kanamycin) 
was performed by using the proportion method on 

Löwenstein–Jensen medium (https://apps.who.int/
iris/bitstream/handle/10665/83807/WHO_CDS_
TB_2001.288_eng.pdf).  We determined resistance to 
new and repurposed drugs (i.e., pyrazinamide, beda-
quiline, pretomanid, delamanid, linezolid, and clofazi-
mine) on the basis of genomic markers known to be 
associated with resistance (5,7,8). Clinicians were pro-
vided with the WGS and accompanying phenotypic 
DST data as soon as it was available, and clinical deci-
sions were made entirely at their discretion.

We extracted genomic DNA from cultures of 
single sputum specimens by using MoBio Microbial 
DNA Isolation Kits (https://www.qiagen.com) and 
sequenced DNA by using Illumina MiSeq (https://
www.illumina.com) as described (9,10). All sequenc-
ing data from this study were deposited into the 
National Center for Biotechnology Information Se-
quence Read Archive (https://www.ncbi.nlm.nih.
gov/sra; accession no. PRJNA638161).

Analysis
We performed genomic mapping by using Burrow-
Wheeler Aligner-maximum exact matches (version 
7.17-r1188; https://bio-bwa.sourceforge.net) and the 
M. tuberculosis reference genome H37Rv (GenBank 
accession no. NC_000962.3). Mapping used a cus-
tom M. tuberculosis masking browser extensible data 
file to exclude highly repetitive GC-rich conserved 
domains. We used SAMtools and BCFtools utilities 
version 1.9 to call single-nucleotide polymorphisms 
(SNPs) (11). M. tuberculosis TB-Profiler version 2.8.2 
(https://github.com) was used to predict resistance 
to 17 drugs on the basis of genotyping of gene targets 
and classification to phylogenetic lineages by using 
SNP barcodes (7,8). Maximum-likelihood phyloge-
netic analyses were conducted by using RaxML, as 
implemented in the Gubbins pipeline version 2.3.4 
(12). We used the online platform iTOL version 5.5 
for annotation and management of phylogenetic trees 
(13). Isolates were considered closely related (genom-
ically linked) if the pairwise distance between them 
was <12 SNPs (5). Statistical analyses were performed 
by using GraphPad Prism version 8.0 (https://www.
graphpad.com) and the χ2 test. A p value <0.05 was 
considered statistically significant.

Results
Over the recruitment period, 342 patients (194 with 
RR and 148 with RS M. tuberculosis) participated in the 
study; 33 case-patients were excluded because of labo-
ratory contamination or failed sputum culture and 
DNA extraction. Of the final 309 GeneXpert-positive 
included participants, 200 (65%) were male (Table 1), 
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118 were RS and 191 were RR, and all had phenotypic 
DST successfully completed. RR was strongly associat-
ed with a history of TB treatment (p<0.0001) (Table 1).

We compared the results of the GeneXpert, phe-
notypic DST, and genomic analyses to further evalu-
ate drug resistance (Figure 1). Of 118 cases diagnosed 
as RS by using GeneXpert, 16 (14%) were identified as 
isoniazid resistant on the basis of genomic analyses 
(Figure 1); resistance was conferred either by a muta-
tion in the katG gene (S315T; 12 [75%] of 16) or in the 
promoter region of the inhA gene (c-15t; 4 [25%] of 16) 
(Table 2; Figure 1). All 16 cases were phenotypically 
confirmed as isoniazid resistant (Table 2).

All 191 RR isolates identified by GeneXpert were 
phenotypically resistant; the S450L mutation in the 
rpoB gene was the dominant mutation (137 [72%] of 
191 (Table 2; Figure 2). WGS further identified that 
10 (5%) were only rifampin resistant (pre-MDR), 144 
(75%) were MDR, 31 (16%) were pre-XDR, and 6 (3%) 
were XDR; results were confirmed by phenotypic 
DST (Figure 1). All pre-XDR isolates harbored muta-
tions in the gyrA gene, and D94G was most prevalent 
(12 [39%] of 31), followed by A90V (8 [26%] of 31) (Ta-
ble 2; Figure 2). Resistance to aminoglycoside inject-
able drugs (XDR) was predominantly associated with 
rrs A1401G (4 [6 [67%] of 6) and G1484T (2 [33%] of 
6) mutations. Mutations in the embB gene (M306V; 42 
[53%] of 80), the M306I mutant (34 [43%] of 80), and 
mutations in the rpsl gene (K43R; 126 [90%] of 140) 

were present in all ethambutol-resistant and strepto-
mycin-resistant isolates, resulting in a sensitivity of 
70.2% and a specificity of 79.5% for ethambutol and 
a sensitivity of 84.3% and a specificity of 55.9% for 
streptomycin (Table 2; Figure 2). Known mutations 
conferring resistance to new and repurposed drugs, 
such as bedaquiline, delamanid, pretomanid, linezol-
id and clofizamine, were not identified by WGS in the 
207 drug-resistant isolates (26 pre-MDR, 144 MDR, 31 
pre-XDR, 6 XDR).

Using specific SNP barcodes, we classified the 
M. tuberculosis isolates as either lineage 1 (73, 24%), 
lineage 2 (201, 65%), lineage 3 (16, 5%) or lineage 4 
(19, 6%) (Figure 3; Appendix Table 1, https://ww-
wnc.cdc.gov/EID/article/27/11/21-0726-App1.
pdf). Most isolates were identified as belonging to 
sublineage 2.2.1, Beijing strain (Appendix Table 1). 
Isolates linked to TB lineage 2 were more commonly 
drug resistant than those belonging to other lineages 
(175 [85%] of 207 vs. 32 [15%] of 207; p<0.0001). In 
contrast, the other lineages were more commonly as-
sociated with drug susceptibility (76 [75%] of 102 vs. 
26 [25%] of 102; p<0.001) (Table 1; Appendix Table 
2). Drug-resistant isolates were also more commonly 
found in the East and West districts of Yangon (124 
[60%] of 207; p<0.0001) (Table 1; Appendix Table 2) 
and to be associated with patients who had previ-
ously received treatment (112 [54%] of 207; p<0.0001) 
(Appendix Table 2). A total of 181 [87%] of 207  

 
Table 1. Characteristics of patients who were infected with rifampin-susceptible and rifampin-resistant Mycobacterium tuberculosis 
strains that were identified by using Xpert MTB/RIF assay, Myanmar* 
Characteristic  Resistant, n = 191 Susceptible, n = 118 p value 
Sex    
 M 120 80 0.39 
 F 71 38  
Treatment history 

  
 

 Retreatment 108 31 <0.0001 
 New 83 87  
District 

  
 

 North 64 74 <0.0001 
 South 7 3  
 East 75 31  
 West 45 10  
Age, y 

  
 

 10–19 7 4 0.90 
 20–39 102 59  
 40–59 67 44  
 >60 15 11  
HIV 

  
 

 Positive 6 1 0.28 
 Negative 200 102  
Random blood glucose, mg/dL 

  
 

 >200 13 8 0.64 
 <200 193 95  
Laboratory testing 

  
 

 Lineage 2 164 37 <0.0001 
 Other 27 81  
*Xpert MTB/RIF (M. tuberculosis/rifampin), Cepheid (https://www.cepheid.com). 
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isolates were genomically unlinked on the basis of a 
standard pairwise distance threshold. The remaining 
26 (13%) of 207 drug-resistant isolates formed 9 po-
tential transmission chains (Figure 4). 

Cases within most of these groups were located 
within the same districts (Figure 4), and each group 
contained a combination of new and previously treat-
ed TB patients. In 6 groups, all isolates had the same 
resistance profile; the remaining 3 (i.e., groups 5, 6, and 
8) groups, had different resistance profiles. In group 
6, an XDR isolate appears to have developed from an 
isoniazid-resistant (pre-MDR) isolate (Figure 4).

Discussion
This WGS study from Myanmar provides new insights 
into the landscape of drug-resistant TB in the country’s 
largest city. A large proportion of isolates with high-
level drug resistance, including pre-XDR and XDR, 
were identified. However, there was no resistance to 
new and repurposed drugs, such as bedaquiline, pre-
tomanid, delamanid, and linezolid. Most drug-resis-
tant cases were associated with previous treatment, 
and few were clearly associated with community 
transmission. These findings suggest an additional  

diagnostic tool, such as the Xpert MTB/XDR cartridge 
or line-probe assay (LPA), in addition to Xpert MTB/
RIF, and new oral regimens, including bedaquiline 
and pretomanind, are needed for effective surveillance 
and treatment/management of MDR TB in Mynamar. 
Further studies are also required to investigate appar-
ent cases of independent emergence and community 
transmission of MDR TB in Yangon.

Consistent with previous reports on lineage 2 
from neighboring countries, this study identified a 
strong association between lineage 2 M. tuberculosis 
and drug resistance (14–17). There was strong agree-
ment between WGS (presence of resistance-confer-
ring mutations) and phenotypic DST to isoniazid and 
rifampin in this study (18). These findings indicate 
quality assurance in the TB laboratory diagnostic ser-
vice provided by the Myanmar National Tuberculosis 
Reference Laboratory.

The Xpert MTB/RIF assay has been effective in 
the simultaneous detection of TB and resistance to 
rifampin. Because it can provide a diagnosis for a pa-
tient within 2 hours, GeneXpert is critical in TB con-
trol in high-burden settings. One of the limitations 
of current cartridges for Xpert is that resistance to  

Figure 1. Genomic profiling of 
Mycobacterium tuberculosis 
strains, Myanmar, comparing 
discriminatory power offered by 
GeneXpert (Cepheid, https://
www.cepheid.com) and additional 
genotypic testing, such as line-
probe assay or whole-genome 
sequencing. RIF resistance and 
sensitivity were determined by 
using the Xpert MTB/RIF assay 
(Cepheid). INH, isoniazid; MDR, 
multidrug resistant; RIF, rifampin; 
RR, rifampin resistant; RS rifampin 
sensitive; XDR, extensively drug 
resistant. *Resistance profile 
confirmed by phenotypic testing.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 11, November 2021 2851

Genomic Profiling of M. tuberculosis, Myanmar

isoniazid is assumed when rifampin resistance is 
detected. This approach captures a large portion of 
drug-resistant TB cases during diagnosis. However, 
for a few case-patients, which includes patients who 
have isoniazid resistance without concurrent ri-
fampin resistance (14% in this study and 9.4% in the 
recently reported multicountry study [19]), treatment 
with a first-line regimen can contribute to the emer-
gence of further drug resistance.

We previously reported that a patient with un-
diagnosed isoniazid resistance without concurrent ri-
fampin resistance received a first-line treatment regi-
men that resulted in development of MDR TB (20). 
This finding highlights the limitations and real-world 
consequences of basing treatment decisions solely on 
results of the GeneXpert MTB/RIF system in a high-
burden setting, where hundreds of cases are reported 
daily. This limitation is a serious impediment to con-

 
Table 2. Comparison of phenotypic drug susceptibility testing and genomic resistance mutation results for Mycobacterium tuberculosis 
strains, Myanmar* 

Drug 

Performance of genome-based† drug resistance profile prediction with respect to 
phenotypic drug-susceptibility testing 

Mutation 
 

No mutation 
Sensitivity, % Specificity, % Sensitive Resistant Sensitive Resistant 

Isonizaid 0 196  113 0 100.0 100.0 
Rifampin 0 191  118 0 100.0 100.0 
Ethambutol 34 80  155 40 70.2 79.5 
Streptomycin 26 140  80 63 84.3 55.9 
Ofloxacin/levofloxacin/capreomycin 13 31  263 2 70.4 99.2 
Amikacin/kanamycin 0 6  303 0 100.0 100.0 
Para-aminosalicylic acid 15 0  294 0 NA 100.0 
Ethionamide 4 28  274 3 87.5 98.9 
D-cycloserine 0 0  309 0 NA 100.0 
*NA, not applicable. 
†Whole-genome sequencing‒based prediction. 

 

Figure 2. Prevalence of resistance-conferring mutations in genes of phenotypically resistant isolates of Mycobacterium tuberculosis 
strains, Myanmar. A) katG and inhA; B) embB; C) rpsL; D) gyrA; E) ethA and inhA; F) rrs; G) rpoB. 
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trolling the spread of more extensive drug resistance 
(21). For example, although Xpert MTB/RIF can cor-
rectly diagnose RR MDR cases, it cannot detect pre-
XDR and XDR cases. As identified in this study, 20% 
of rifampin-resistant cases identified by GeneXpert 
were pre-XDR (17%) and XDR (3%) cases, suggesting 
that ≈1 of 5 patients received limited treatment on the 
basis of treatment guidelines at the time of the study.

Most case-patients (including pre-XDR and XDR 
patients) in this study had drug-resistant isolates 
that were not closely related (genomically unlinked), 
which is suggestive of independent emergence of 
drug resistance because of limited diagnosis or treat-
ment, as well as patient noncompliance. This finding 
is in contrast to previous studies from other high bur-
den settings, such as China and South Africa, which 
showed a high proportion of drug-resistant cases 
that were genomically linked, suggesting community 
transmission (15,21–23).

Although it is possible that we simply did not 
have a high enough sampling fraction of all drug-
resistant cases in the population under study, a high 
number of unclustered drug-resistant cases could 
be caused by differences in population density; the 
North, East, and West sections of Yangoon are in an 

urban industrial setting. These districts have a con-
siderable factory-based workforce and thus draw in 
highly mobile migrant populations (internal migra-
tion), including members from neighboring states and 
regions, for employment (24). This finding enables 
a continuous flow of persons from outside Yangon, 
which could be independently introducing infections 
into the region. In addition, their status as migrants 
means they might have limited access to healthcare 
services, which is a barrier to rapid diagnosis and ap-
propriate treatment for TB, underscoring the effect 
of migration on the TB burden in cities in Myanmar, 
particularly Yangon (20,25).

In addition to internal migration, cross-border 
migration has occurred in recent years, such as ≈6 
million persons from fellow Greater Mekong Subre-
gion (GMS) countries Cambodia, Laos, Thailand, and 
Vietnam. Therefore, the Myanmar NTP is collaborat-
ing with nongovernmental organizations and NTPs 
from other GMS countries to reduce the TB burden 
among Myanmar migrants. Further WGS studies 
outside Yangon and along these GMS borders are 
required to provide an insight into the transmission 
patterns of MDR TB in migrants. Coupling this col-
laboration with TB-related health education and  

Figure 3. Maximum-likelihood 
tree based on whole-genome 
analysis of 309 Mycobacterium 
tuberculosis strains from Myanmar. 
Lineages and drug resistance 
status of isolates are shown. MDR 
indicates multidrug-resistant to 
2 first-line drugs (isoniazid and 
rifampin); pre-MDR, resistant to 
1 of 2 first-line drugs (isoniazid 
or rifampicin); pre-XDR, resistant 
to fluoroquinolones or injectable 
drugs in addition to MDR; XDR, 
resistant to fluoroquinolones 
and injectable drugs, in addition 
to MDR. Scale bar indicates 
nucleotide substitutions per site. 
MDR, multidrug resistant; XDR, 
extensively drug resistant.
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increase access to care could ultimately reduce the TB 
burden among migrants.

Further studies are also required to clarify the 
limitations and roles of both public and private 
healthcare providers in current treatment pathways 
for TB in Yangon, which might be contributing to the 
high rates of MDR TB. In our study, WGS showed a 
chain of infection, leading to the progression of pre-
MDR cases toward XDR and subsequent transmission 
events, highlighting the need for effective diagnosis. 
This finding has implications for public health poli-
cies and also shows the need for local data to drive 
effective intervention.

Our study has major implications for clinical 
practice in Myanmar. First, effective treatment for 
MDR TB cases requires identification of the high pro-
portion of pre-XDR and XDR TB, which cannot be 
achieved by current Xpert MTB/RIF testing (27,28). 
The drug resistance–conferring mutations reported in 
this study can be detected by first-line and second-
line LPA, such as GenoType MTBDRplus and MTB-
DRsl (Hain Lifescience GmbH, https://www.hain-
lifescience.de), or the recently launched Xpert MTB/

XDR (28,29). These platforms can provide clinicians 
with an expanded drug-susceptibility report without 
the need for culturing and WGS. Recently, the Myan-
mar National Tuberculosis Programme diagnostic al-
gorithm has been updated to extend first-line LPA for 
patients with a history of previous treatment. Second, 
several new or repurposed drugs (i.e., bedaquiline, 
delamanid linezolid, and pretomanid) are drugs al-
ready available in Myanmar. The apparent absence of 
preexisting mutations that confer resistance to these 
drugs justifies their introduction into treatment regi-
mens for drug-resistant TB in Myanmar, as per WHO 
recommendations (30–32).

Our study has limitations that could lead to over-
estimation and underestimation of the true magni-
tude of the MDR epidemic and might not reflect the 
national situation. First, a large cohort of MDR TB, 
pre-XDR TB, and XDR TB cases was identified. The 
study region in Yangon is known to be a high-burden 
setting compared with other regions of Myanmar, ac-
counting for ≈50% of all national cases (26). The 3 di-
agnostic centers in this study are also the major drug-
resistant TB treatment centers in Yangon. Therefore, 

Figure 4. Maximum-likelihood 
tree of Mycobacterium 
tuberculosis strains, Myanmar, 
within 9 clusters and their drug 
resistance profiles. Dotted lines 
indicate boundaries of individual 
clusters. An outgroup (#108) 
differs by >100 single-nucleotide 
polymorphisms from the strains 
within 9 clusters. N, E, and 
W indicate the North, East, 
and West Districts of Yangon, 
respectively. MDR, resistant to 
2 first-line drugs (isoniazid and 
rifampin); pre-MDR, resistant to 
1 of 2 first-line drugs (isoniazid 
or rifampicin); pre-XDR, resistant 
to fluoroquinolones or injectable 
drugs in addition to MDR; XDR, 
resistant to fluoroquinolones and 
injectable drugs, in addition to 
MDR. AMG, aminoglycosides; 
ETH, ethambutol; FQ, 
fluoroquinolones; INH, isoniazid; 
RIF, rifampin; STR, streptomycin. 
Scale bar indicates nucleotide 
substitutions per site.
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it is likely that the landscape of infections is not rep-
resentative of all Myanmar. Another limitation is that 
the study timeframe and size make it unlikely that 
we captured a full spectrum of MDR TB strains in 
the population and, as noted earlier, we might have 
missed identification of some transmission links, thus 
overestimating the proportion of resistant isolates 
that are independent.

Our study has major implications for clinical prac-
tice in Myanmar. First, effective treatment for MDR TB 
cases requires identification of the high proportion of 
pre-XDR and XDR TB, which cannot be achieved by 
current Xpert MTB/RIF testing (27,28). The drug re-
sistance–conferring mutations reported in this study 
can be detected by first-line and second-line LPA, such 
as GenoType MTBDRplus and MTBDRsl (Hain Life-
science GmbH, https://www.hain-lifescience.de), or 
the recently launched Xpert MTB/XDR (28,29). These 
platforms can provide clinicians with an expanded 
drug-susceptibility report without the need for cultur-
ing and WGS. Recently, the Myanmar National Tu-
berculosis Programme diagnostic algorithm has been 
updated to extend first-line LPA for patients with a his-
tory of previous treatment. Second, several new or re-
purposed drugs (i.e., bedaquiline, delamanid linezolid, 
and pretomanid) are drugs already available in Myan-
mar. The apparent absence of preexisting mutations 
that confer resistance to these drugs justifies their intro-
duction into treatment regimens for drug-resistant TB 
in Myanmar, as per WHO recommendations (30–32).

Our study is useful for public health officials in 
designing interventions for an evidence-based ap-
proach for early detection of cases (active case finding) 
with optimized diagnosis and treatment. Introducing 
additional diagnostic methods, such as routine LPA 
or Xpert MTB/XDR in tandem with Xpert MTB/RIF, 
and treatment regimens with new oral drugs would 
further assist in controlling and containing MDR TB 
in Myanmar. In addition, this study underscores the 
need for local data, rather than being based on gen-
eral information from similar studies that have differ-
ent healthcare delivery systems to drive public health 
policies for effective intervention.
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An episode of unusual disease resulting in deaths 
in different species at a wildlife rehabilitation 

center in the United Kingdom during late 2020 led 
to the retrospective detection of infl uenza A virus 
subtype H5N8 of avian origin in 5 mute swans, a fox, 
and 3 seals. The wildlife rehabilitation center admits 
>6,000 animals each year. New arrivals are initially 
housed in a quarantine facility upon admission. Four 
juvenile common seals (Phoca vitulina), 1 juvenile 
gray seal (Halichoerus grypus), and 1 juvenile red fox 
(Vulpes vulpes) died or were euthanized over a 2-day 
period. The fox died suddenly after a short period of 
nonspecifi c malaise and inappetence. The seals ex-
hibited sudden-onset neurologic signs, including sei-
zures before death or euthanasia (Figure 1).

This mortality event occurred ≈1 week after the 
deaths or euthanasia of 5 mute swans (Cygnus olor) 
held in isolation at the center because of acute-onset 
malaise and terminal seizures. The 5 swans were sub-
mitted for examination and testing under the Avian 
Infl uenza Wild Bird Surveillance Scheme (undertak-
en by the United Kingdom’s Animal and Plant Health 
Agency) (1), and they tested positive for highly patho-
genic avian infl uenza A(H5N8) virus.

The unusual spatiotemporal cluster of unex-
plained death and neurologic disease in multiple 
avian and nonavian species warranted further inves-
tigation. Infl uenza of avian origin was not suspected 
in the fox and seals, and none of the other captive 
birds at the center showed any clinical signs of dis-
ease. The linkage between the mortality event in the 
swans and that observed in the fox and seals was not 
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We report a disease and mortality event involving 
swans, seals, and a fox at a wildlife rehabilitation 
center in the United Kingdom during late 2020. Five 
swans had onset of highly pathogenic avian infl uen-
za virus infection while in captivity. Subsequently, 5 
seals and a fox died (or were euthanized) after on-
set of clinical disease. Avian-origin infl uenza A virus 
subtype H5N8 was retrospectively determined as the 
cause of disease. Infection in the seals manifested 
as seizures, and immunohistochemical and molecular 
testing on postmortem samples detected a neurologic 
distribution of viral products. The fox died overnight 
after sudden onset of inappetence, and postmortem 
tissues revealed neurologic and respiratory distribu-
tion of viral products. Live virus was isolated from 
the swans, seals, and the fox, and a single genetic 
change was detected as a potential adaptive mutation 
in the mammalian-derived viral sequences. No human 
infl uenza-like illness was reported in the weeks after 
the event. 
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made until many weeks after the event, when the fox 
and seal tissues were assessed to attempt to define 
an etiologic diagnosis.

Methods

Postmortem Examination, Tissue Sampling,  
and Histopathologic Investigation

We collected a thorough clinical history from the 
rehabilitation center. We subjected the carcasses of 3 
of the 5 swans, the fox, and 3 of the 5 seals (1 gray seal 
and 2 common seals) full postmortem examination 
(PME). Two swans were submitted frozen and did 
not undergo PME, but we took oral and cloacal swab 
samples from these carcasses for virologic testing. We 
examined plain swab samples from the oropharynx 
and cloaca of each of the swans, and similarly from 
the nasal cavity and rectum of each of the 3 seals, for 
preliminary influenza virologic testing. After receipt 
of the avian influenza virus results, we sampled the 3 
freshest seal carcasses because they were more likely 
to yield meaningful results and have suitable samples 
for histopathologic examination. We took tissue sam-
ples of brain, liver, kidney, spleen, lymph nodes, and 
lung from the seals and the fox and stored them at 
−80°C until required.

For histologic examination, we took samples of 
heart, lung, liver, spleen, and brain tissues from the 
swans, fox, and seals, as well as lymph nodes of the 
mammalian species, and fixed them in 10% neutral 
buffered formalin before processing for hematoxylin 
and eosin staining and immunohistochemical (IHC) 
examination. We performed IHC examination by 
using anti–influenza A nucleoprotein primary anti-
body (Statens Serum Institute, https://en.ssi.dk), as 

previously described (2), and anti–canine distemper 
virus nucleoprotein mouse monoclonal primary an-
tibody (Bio-Rad, https://www.bio-rad.com) in se-
lected fox tissues.

Virologic Investigation
We assessed swabs taken from the swans and seals 
and tissue samples taken from the seals and fox for 
influenza A nucleic acid by using a screening real-
time reverse transcription PCR (rRT-PCR) assay (3), 
followed by an H5 subtype–specific rRT-PCR assay 
(4–6). Where the subtype-specific rRT-PCR assay de-
tected positive samples, we determined the hemag-
glutinin cleavage-site sequence (7).

We performed virus isolation on PCR-positive 
samples from the swans, seals, and fox by using speci-
fied pathogen-free embryonated fowls’ eggs (8,9). We 
used the 3 viral isolates recovered to generate whole-
genome sequence (WGS) data by using a MiSeq plat-
form (Illumina, https://www.illumina.com) (10). For 
comparative genetic analysis, we downloaded recent 
H5 2.3.4.4b virus hemagglutinin sequences from the 
GISAID EpiFlu database (https://platform.gisaid.
org). We deposited sequences in the GISAID database 
(accession nos. EPI_ISL_1123360, EPI_ISL_2081527, 
and EPI_ISL_2081528).

Differential diagnosis for the fox samples in-
cluded molecular testing for rabies virus and canine 
distemper virus (11,12). We assessed samples from 
all 3 seals for Leptospira infection (13). We subjected 
RNA obtained from the fox samples to sequence-in-
dependent single-primer amplification (14) to enable 
sequence generation. We then used the sequence data 
obtained from these samples to exclude other viral 
agents by removing reads that aligned with the Vulpes 

Figure 1. Timeline of the disease 
event, in which encephalitis 
and death in wild mammals at 
a rehabilitation center occurred 
after systemic infection with 
highly pathogenic avian influenza 
A subtype H5N8, United 
Kingdom. AIV, avian influenza 
virus; UK, United Kingdom.

Avian Influenza A(H5N8) Virus, UK
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vulpes genome (15,16) and then undertaking de novo 
assembly to produce contiguous sequences by using 
SPAdes (17). We then screened these sequences by us-
ing custom viral databases (18) against the Bornaviri-
dae, Circoviridae, Flaviviridae, Herpesviridae, Paramyxo-
viridae, Parvoviridae, Pheuiviridae, and Rhabdoviridae 
viral families.

Results

Clinical Setting
The swans, gray seal, and fox were housed within 
the quarantine unit of the center, a suite of 17 indi-
vidual cubicles accessed by a central corridor (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/11/21-1225-App1.pdf). This facility was 
designed to minimize transmission of microorgan-
isms among residents; animals in separate cubicles 
had no direct contact. Basic biosecurity practices were 
in place, such as decontamination steps between cubi-
cles and staff using respiratory protective equipment 
(e.g., N95 masks) and dedicated personal protective 
equipment for each cubicle.

The 5 juvenile mute swans were rescued from dif-
ferent locations and brought to the center for treat-
ment during October 23–November 20, 2020 (Figure 
1). These birds were admitted for various reasons, 
including trauma and being underweight and weak. 
Infection with avian influenza viruses was not sus-
pected at admission. The juvenile mute swans were 
housed indoors within the center’s isolation unit, 
mixed in groups of up to 4 with other rescued adult 
mute swans (Appendix Figure 1). Each of the juve-
nile swans had been recovering uneventfully until 
the sudden onset of lethargy and death or euthana-
sia during November 25–29 (Figure 1). Clinical signs 
were not observed in the remaining adult mute swans 
(n = 6) within the isolation unit. The isolation unit also 
contained 30 mallards (Anas platyrhynchos) housed 
across 3 rooms in groups of 10. No clinical disease or 
deaths were recorded in these birds.

The 4 common seals were estimated to be 5–6 
months of age and arrived individually at the facil-
ity 1–2 months before the disease episode (Figure 1), 
admitted for various reasons, including poor body 
condition, superficial bite wounds, and lungworm. 
In each case, the animals had been responding well 
to treatment and supportive care up until the sudden 
onset of seizures and subsequent death or euthana-
sia. All 4 seals that died had been in the isolation unit 
(cubicles 6, 8, and 11) (Appendix Figure 1) at the time 
the swans (cubicles 15 and 17) were affected (Appen-
dix Figure 1) but had subsequently been moved into  

another area of the facility. The affected seals had pre-
viously had close contact with other common seals 
in other areas of the facility; none of those animals  
became ill.

The gray seal was a 2-week-old pup admitted 
for care after maternal abandonment 2 weeks earlier 
(Figure 1). It was housed in the isolation unit in a cu-
bicle opposite 1 of the swans (cubicle 1) (Appendix 
Figure 1). The seal was in good bodily condition and 
progressing well until the sudden onset of fever, fa-
cial twitching, and stupor that led to euthanasia on 
welfare grounds.

The fox had been in the isolation unit of the center 
for 2 weeks (Figure 1) in cubicle 10 (Appendix Figure 
1). It had been brought to the facility with large areas 
of alopecia and skin crusts over the body and limbs, 
consistent with mange. It had been receiving treat-
ment and was reported to be progressing well until 
the sudden onset of malaise and inappetence and was 
found dead the following morning.

Pathologic Investigation
The body condition of the 3 swans examined ranged 
from good to poor. Gross findings among the car-
casses included petechiae in the liver and epicardium 
in 1 bird and opacity of the air sacs in another. Mi-
croscopic examination of tissues from 1 bird revealed 
multifocal, necrotizing, nonsuppurative myocarditis, 
hepatitis, splenitis, nephritis, and encephalitis, along 
with intralesional presence of influenza A virus anti-
gen, observed during IHC examination.

The body condition of the 3 examined seals was 
judged to be fair. Gross examination of 2 common 
seals revealed generalized lymphadenomegaly and 
multiple pale foci in the lungs. One common seal 
also showed congested meninges. The gray seal pup 
showed generalized lymphadenomegaly but no other 
gross changes. Microscopic examination of the seal 
tissues revealed mild, eosinophilic, interstitial pneu-
monia in the 2 common seals, consistent with lung-
worm infection, and severe, necrotizing, nonsuppu-
rative polioencephalitis in the 2 common seals and 
the gray seal. The lymph node sections showed non-
specific reactive hyperplasia, accounting for the gross 
enlargement of these organs. IHC examination for in-
fluenza A virus revealed multifocal immunolabelling 
in the neurons within the gray matter of the brain in 
all 3 seals, in close association with the inflammatory 
lesions (Figure 2, panel A), although virus antigen 
was absent in the lung, liver, kidney, and lymph node 
tissues of the seals.

The body condition of the fox was judged to 
be poor. The animal was visibly underweight, and 
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gross examination revealed large areas of alopecia 
and crusts affecting the skin of the body and limbs, 
mild splenomegaly, and generalized reddening of the 
lungs. Microscopic examination of the brain, lung, 
and heart revealed severe, acute, nonsuppurative, 
polioencephalitis (Figure 2, panel B) and ventriculitis 
(Figure 2, panel C); severe, acute, necrotizing, non-
suppurative interstitial pneumonia (Figure 2, panel 
D); and mild, acute, nonsuppurative myocarditis 
(Figure 2, panel E). Within these lesions, IHC exami-
nation confirmed the presence of influenza virus anti-
gens among neurons in the cerebrum (Figure 2, panel 
B) and cerebellum (Figure 2, panel F) and in ependy-
mal cells (Figure 2, panel C), alveolar type I pneumo-
cytes (Figure 2, panel D), and cardiomyocytes (Figure 
2, panel E). IHC examination performed on sections 
of brain and lung showed no canine distemper virus.

Virologic Assessment
Oropharyngeal and cloacal swabs from all 5 swans 
tested positive for H5N8 (Appendix Table). WGS 

data were generated for 1 of the swans submitted (A/
mute swan/England/234135/H5N8 2020/12/01).

Nasal and rectal swab samples taken during PME 
of the 3 seals tested negative by PCR for influenza 
A virus. However, we retrospectively detected in-
fluenza A(H5N8) virus nucleic acid in the brain and 
lung of the gray seal and the brain of 2 common seals 
(Appendix Table). We performed virus isolation on 
pooled samples and successfully isolated virus from 
the pooled brain tissue of seals (A/seal/England/
AVP-031141/2020 [H5N8]).

We detected influenza A virus RNA in each of 
the fox samples (brain, liver, kidney, spleen, and 
lung), and PCR subtyping determined the influenza 
A virus subtype as H5N8 (Appendix Table). We iso-
lated virus and generated WGS from the fox brain 
tissue (A/red fox/England/AVP-M1-21-01/2020 
(H5N8)). The hemagglutinin cleavage site (CS) motif 
from selected fox and seal samples had the amino 
acid sequence PLREKRRKRGLF, consistent with 
99% of CSs characterized across highly pathogenic 

Figure 2. Histopathologic and immunohistochemical examination of the gray seal (Halichoerus grypus), common seal (Phoca 
vitulina), and red fox (Vulpes vulpes) infected with highly pathogenic avian influenza A subtype H5N8, United Kingdom. Serial 
tissue sections were stained with hematoxylin and eosin. Immunohistochemical examination was undertaken using anti–influenza A 
nucleoprotein primary antibody (Statens Serum Institute, https://en.ssi.dk). Insets show histopathologic study results. A) Nonsuppurative 
polioencephalitis and presence of virus antigens in neurons in the cerebrum, common seal (Phoca vitulina). Original magnification ×10, 
inset ×40. B) Nonsuppurative polioencephalitis with neuronophagia and association of virus antigens, red fox. Original magnification 
×10, inset ×40. C) Ependymal necrosis and the association of virus antigens, fox. Original magnification and inset ×40; area of interest 
also shown. D) Diffuse alveolar damage and presence of virus in type I alveolar pneumocytes, red fox. Original magnification and inset 
×40. E) Cardiomyonecrosis associated with virus antigens in cardiomyocytes, red fox. Original magnification and inset ×40. F) Virus 
antigens in granular and molecular layer of the cerebellum, red fox. Original magnification ×20, inset ×40. Serial tissue sections were 
stained with hematoxylin and eosin. Immunohistochemical examination was undertaken using anti–influenza A nucleoprotein primary 
antibody (Statens Serum Institute, https://en.ssi.dk). Insets show histopathologic study results.
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avian influenza (HPAI) H5N8 virus sequences from 
the United Kingdom during autumn and winter 
2020–2021. Analysis of WGS data generated from 
the fox, seal, and swan samples demonstrated high 
sequence similarity (>99.9% nucleotide identity 
across all gene segments). Alignment of the viral 
hemagglutinin (Appendix Figure 2, panel A) and 
neuraminidase genes (Appendix Figure 2, panel B) 
demonstrated that virus from the fox and seals clus-
tered closely with the viruses detected in the swans 
from the same wildlife center. Comparison of WGS 
data from the fox, seal, and swan identified a total 
of 33 aa substitutions that have been associated with 
altered virulence reported through natural or ex-
perimental infections. Almost all substitutions have 
been identified in the H5N8 virus sequences gener-
ated during the 2020–2021 epizootic in avian species 
(Appendix Figure 2, panel C). The genomes of the 
fox, seal, and swan-derived viruses were homolo-
gous at the amino-acid level, with the exception of a 
single amino-acid substitution at position 701 in the 
polymerase basic protein 2 gene (D701N) that was 
only present in the fox and seal sequences. Analysis 
of WGS data obtained from the fox samples demon-
strated a lack of other viral agents, including canine 
distemper virus.

At the time of the outbreak, the rehabilitation 
center fell within a government-mandated protec-
tion zone because of previously confirmed detection 
of HPAI virus infections in the region; consequently, 
moving birds off the center was restricted around the 
time of the disease episode. Restrictions were also 
applied specifically to the rehabilitation center when 
suspicion of notifiable disease in the swans was re-
ported. The cases investigated in this outbreak were 
limited to animals held within the quarantine ward, 
and over the subsequent months, no further cases of 
unusual or unexplained clinical disease or death oc-
curred among the mammals and birds at the center. 
After the disease event, but before diagnosis of H5N8 
in the seals and fox, the center was visited as part 
of surveillance activities within the protection zone. 
Resident bird species were examined for evidence of 
clinical disease, and 38 birds (6 swans, 30 mallards, 1 
pigeon, and 1 widgeon) were sampled for virologic 
testing by PCR. All birds tested negative. Blood was 
not taken for analysis.

Discussion
We determined that avian-origin influenza A(H5N8) 
virus was the cause of death in a red fox and the 
cause of seizures in a gray seal and several com-
mon seals housed at a wildlife rehabilitation center. 

These events occurred roughly 1 week after 5 swans 
housed in the same quarantine unit died from infec-
tions with HPAI H5N8 virus. Genetic and epidemio-
logic investigations suggest that the swans were most 
likely the source of infection for the fox and seals; vi-
rus transmission likely occurred by fomite transfer or  
aerosol spread.

The severity of disease and pathologic findings 
in the seals and fox was unexpected. High-mortality 
outbreaks of disease associated with influenza A vi-
rus have been described in common seals and were 
associated with virus subtypes H10N7 (19–21), H7N7 
(22), and H3N8 (23). In most of these cases, infection 
was limited to the respiratory tract. HPAI H5N8 clade 
2.3.4.4b has also been detected recently in gray seals 
in Europe (24). However, the infection of a fox repre-
sents an unusual detection of this virus in association 
with inflammation of the central nervous system in 
terrestrial mammal species.

In 2016 and 2017, H5N8 virus was detected in 
lung tissue of 2 gray seals that were found dead, al-
though pathologic findings typical of influenza virus 
infection was not reported in either carcass (24). The 
H5N8 virus of avian origin we have described was 
associated with acute inflammation of the central ner-
vous system, in the absence of substantial respiratory 
involvement or detection in the nasal swab specimens 
collected before postmortem investigation; however, 
viral nucleic acid was indicated in the lung of the sin-
gle gray seal tested. The negative result on nasal swab 
specimens of the seals in this outbreak is noteworthy 
and may have implications for surveillance for influ-
enza in this species.

Natural infection of terrestrial carnivores with 
influenza A virus subtypes, although rare, has been 
previously reported in species such as domestic 
and wild felids, mustelids, and canids (25–27). Ex-
perimental infection of red foxes was previously 
conducted using the HPAI H5N1 subtype by intra-
tracheal inoculation and through feeding virus-in-
fected bird carcasses (a proxy for the putative natu-
ral route of infection) (27). This experimental H5N1 
infection of foxes resulted in severe inflammation in 
the brain, lung, and heart of foxes that were chal-
lenged intratracheally, despite the animals showing 
no clinical signs. From the foxes fed virus-infected 
carcasses, only mild inflammation was observed, 
and it was restricted to the lungs. The study authors 
(Reperant et al. [27]) also refer in their discussion to 
detection of influenza A virus in foxes found dead in 
the field, although no further details are provided. 
The histopathologic findings in the intratracheally 
inoculated foxes are consistent with those observed 



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 11, November 2021 2861

Avian Influenza A(H5N8) Virus, UK

in the natural infection of the fox at the rehabilitation 
center and would support a respiratory or airborne 
infection route.

In our study, evaluation of WGS data demon-
strated that the virus in the swans, the fox, and the 
seals clustered together phylogenetically, and mini-
mal genetic differences were observed. The WGS 
analysis did not enable us to determine the direction 
of infection; however, the epidemiologic findings 
combined with the genetic data generated strongly 
suggest that the swans were the source of the infec-
tion for the fox and seals. The D701N amino acid sub-
stitution in the polymerase basic 2 gene identified in 
both sequences derived from the mammalian species 
was absent from all avian sequences generated dur-
ing this 2020–2021 outbreak in the United Kingdom. 
This substitution has previously been associated with 
mammalian adaptation and increased replicative fit-
ness in mammalian cells (28–32). However, the sub-
stitution, in isolation, is not considered to be a fac-
tor that may result in increased avian-to-mammalian 
transmission risk, given that a combination of adap-
tive and compensatory changes observed in human 
sequences that would likely be required for efficient 
adaptation. Analysis of available H5 and H7 influ-
enza sequences from human infections found that 
the D701N mutation had low prevalence and was 
therefore not a strong correlate for zoonotic infec-
tion. Excluding the D701N mutation, the remaining 
amino-acid changes identified in the fox, seal, and 
swan we have described were common to the H5N8 
sequences obtained from the UK and Europe during 
the 2020–2021 epizootic. Therefore, the assessment 
of the sequences derived from mammalian species, 
when compared against both avian influenza A vi-
rus sequences from the 2020–2021 UK outbreak and 
sequences derived from proposed human infection, 
demonstrated no human risk for infection over and 
above that already considered for the avian isolate.

A question that remains is why infection with a 
highly pathogenic H5N8 isolate of avian influenza 
produced such severe clinical disease in mammal 
species in this event, although contributing factors 
are likely to be multifactorial and involve both virus 
and host. For example, a combination of underlying 
conditions, nutrition, and physiologic stress might 
have contributed to disease onset in these animals, 
in addition to factors associated with temporary 
housing of wild animals. Several of the seals were 
admitted to the center with lungworm infection, 
which is not uncommon in wild pinnipeds, and al-
though the infections were severe enough to require 
treatment, several of the seals had been at the cen-

ter for at least 1 month and were reported to be re-
sponding well to treatment. The affected gray seal 
had been admitted as a neonate 2 weeks previously 
and was likely to have been abandoned immediately 
after birth, probably without opportunity to suckle; 
therefore, an immature immune system and reduced 
passive immunity could have been contributory fac-
tors for disease. The fox was malnourished and had 
mange, a common infection that causes severe ill-
ness and potentially increases susceptibility to other 
infections, although immunosuppressive viral infec-
tions were excluded after negative results on PCR, 
WGS, and IHC examination. No other pathologies 
or disease agents were identified in the seals and fox 
during postmortem examination. Malnutrition is 
also common in young seals admitted to rehabilita-
tion centers and was evident in the history provided 
for 2 of the common seals (33). However, a standard 
commercial multivitamin–multimineral supplement 
is given to all seals after admission and is discontin-
ued once they are self-feeding. Furthermore, the fish 
used at the center is blast-frozen at sea and therefore 
the risk for thiaminase activity is considered low; as 
such, nutrition is unlikely to have played a role in 
predisposing the seals to infection.

The retrospective detection of influenza A virus 
of avian origin in these mammalian species meant 
that evidence of human exposure was not evaluated. 
However, the disease event occurred during a nation-
wide coronavirus disease lockdown in the United 
Kingdom, during which the population was required 
to self-monitor for signs of coronavirus disease and 
be tested whenever clinical disease consistent with an 
influenza-like illness occurred. No staff reported any 
illness of this type during the 6-week period after the 
disease event, and so we can safely conclude that staff 
were not infected with severe acute respiratory syn-
drome coronavirus 2. Use of respiratory protective 
equipment at the quarantine facility also would have 
reduced the risk for infection.

In conclusion, we determined that avian-origin 
influenza A(H5N8) virus caused severe disease and 
death in juvenile seals and a fox held in a wildlife re-
habilitation center, in addition to swans that had also 
succumbed to the virus. All evidence suggests that 
the swans were the most likely source of infection 
for the fox and seals. The location of affected animals 
within the quarantine facility (Appendix Figure 1) 
suggests either aerosol or fomite spread as the likely 
cause of dissemination of infectious virus between 
cubicles. Although the quarantine facility is designed 
to limit spread of infectious microorganisms through 
the use of good basic hygiene practices, it is not a  
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biosecure facility designed to handle Biosafety Lev-
el 3 pathogens; as such, highly transmissible agents 
such as avian influenza may well spread even with 
some infection prevention measures in place. Be-
cause influenza infection was not suspected at the 
time of the event, biosecurity practices at the center 
may have been less effective at preventing spread 
compared with those implemented at a heightened 
level of biosecurity, which would likely have been in 
place had there been an awareness of the presence of 
influenza infection. Determining the cause of disease 
in the seals and fox retrospectively was entirely reli-
ant on collaboration between field veterinary servic-
es, pathologists, and virologists, and this case high-
lights the importance of wildlife disease surveillance. 
Although genetic analyses indicated no increased 
risk for human infection with the H5N8 viruses in 
this outbreak, the investigation shows how these vi-
ruses may have unexpected and severe health risks 
for mammalian species. Such spillover disease events 
in atypical host species constitute additional factors 
for veterinary authorities to consider during disease 
outbreaks and highlight the importance of wildlife 
disease surveillance that uses interdisciplinary and 
collaborative approaches.
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The coronavirus disease (COVID-19) pandem-
ic spread to France in mid-February 2020 (1). 

Co-infections have been described in patients with 
COVID-19 (2,3), but only 3 co-infections with Legio-
nella have been reported (4–6). We report 7 cases of 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) and Legionnaires’ disease (LD) co-in-
fections in France during March 2020.

The Study
In France, LD surveillance is based on manda-
tory notifi cations to Santé Publique France, the na-
tional public health agency. To evaluate LD and 
COVID-19 co-occurrence, we retrospectively studied 
all LD case notifi cations with symptom onset during 
March 2020 and included cases in which patients had 
clinical or radiologic signs of pneumonia combined 
with Legionella culture, positive Legionella PCR from 
broncho-pulmonary secretions, or positive Legionella 
pneumophila serogroup 1 urinary antigen test (UAT) 
results. There were 65 LD  case notifi cations in March 
2020 compared with 79 in March 2019. To evaluate 

the number of UATs, which are performed in 96% of 
LD cases (7), we contacted the 59 reporting laborato-
ries (in 47 cities), 33 of which sent the relevant data. 
The number of UATs increased 2.5-fold (interquartile 
range: 1.6–2.8) from 3,203 in March 2019 to 8,004 in 
March 2020. Data obtained from 6 major UAT sup-
pliers indicated a similar 2.1-fold (interquartile range 
1.52–14.8-fold) increase in tests sold to laboratories in 
France, from 33,378 in March 2019 to 65,072 in March 
2020. Despite these increases, the number of LD case 
notifi cations was 18% lower in March 2020 than in 
March 2019.

Among the 65 patients from the case notifi cations, 
49 were tested for both LD and COVID-19 and 12 for 
LD only; no information was available for 4. The fre-
quency of proven LD/COVID-19 co-infection was 
14.3% (7/49). This fi nding may be an overestimate 
because COVID-19 incidence was <5 cases/100,000 
persons in the region of residence of the 16 patients 
not tested at the time of symptom onset; actual co-
infection frequency could be from 10.8% (7/65) to 
14.3% (7/49). 

Most patients (4/7) with co-infection lived in the 
Grand Est region, the area in France with the most 
COVID-19 cases during the study period and a re-
gion that usually reports a high number of LD cases. 
Median patient age was 72 years (range 37–83 years); 
male-to-female ratio was 6:1 (Table), higher than for 
the overall COVID-19–infected population (8). Of in-
terest, the male-to-female ratio for LD has elsewhere 
been reported as ≈3:1 (7), similar to the ratio observed 
in the LD-positive/COVID-19–negative cases.

At hospital admission, co-infected patients had 
more underlying conditions; 6 (86%) of 7 patients 
had ≥1, compared with 25 (60%) of 42 LD-positive/
COVID-19–negative patients (Table). For cardiovas-
cular diseases, the proportions were 6 of 7 among 
co-infected and 1 of 42 among LD-positive/CO-
VID-19–negative patients. Sources of LD exposure 
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We	describe	a	March	2020	co-occurrence	of	Legionnaires’	
disease	(LD)	and	coronavirus	disease	in	France.	Severe	
acute	 respiratory	 syndrome	 coronavirus	 2	 co-infections	
were	identifi	ed	in	7	of	49	patients	from	LD	case	notifi	ca-
tions. Most were elderly men with underlying conditions 
who had contracted severe pneumonia, illustrating the 
relevance	of	co-infection	screening.	
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were reported in case notifications for 3 (43%) of 7 
co-infected versus 14 (33%) of 42 non–co-infected pa-
tients; the proportions of exposure sources reported 
was similar between the 2 groups. Despite the imple-
mentation on March 15 of the COVID-19 national 
lockdown in France, halting travel, 12 (24%) of 49 ex-
posures from the LD notifications were travel associ-
ated, a ratio similar to that in a 2017 report (9). There-
fore, the decrease in LD cases observed in March 2020 
cannot be explained by decreased travel.

Community-acquired LD and COVID-19 were 
diagnosed at hospital admission in 5 of 7 patients 
with both infections. For patient 2 (Table), whose 
symptoms started 48 hours before admission, UAT 
was not performed until 7 days after admission. 
Hospital-acquired COVID-19 was suspected in 
patient 3 because he initially tested negative but 
was positive after a 4-week hospitalization (Fig-
ure 1). All 7 co-infected patients required admis-
sion to an intensive care unit (ICU; median stay 
13 days,; range 2–34 days). In contrast, only 10 
(32%) of 31 of LD-positive/COVID-19–negative pa-
tients required ICU, similar to LD-only patients in  
previous reports (7).

At admission, all 7 co-infected patients had hy-
perthermia, 6 had cough or dyspnea, and 2 had neu-
rologic symptoms. Five patients needed orotracheal 
intubation for a median of 13 days (range 3–30 days); 
acute respiratory distress syndrome developed in 4 
patients, and 1 required extracorporeal membrane 
oxygenation (Figure 1). The median follow-up was 
24 days (range 2–34 days); 2 (29%) of 7 patients died, 
similar to death rates for known ICU LD patients 
(7,10) and severe COVID-19 patients (8). Three (7%) 
of 42 LD-positive/COVID-19–negative patients died, 
consistent with overall LD death rates (7). Patient 6 
died within 3 days after co-infection diagnosis. Pa-
tient 3 had progressive pulmonary deterioration and 
died 6 days after COVID-19 diagnosis. First-line LD 
treatment was appropriate for all patients; 2 patients 
received COVID-19 treatment (Figure 1).

The longitudinal follow-up of patient 1, a 
71-year-old man receiving chemotherapy for multi-
ple myeloma, may help decipher the kinetics of each 
pathogen load. Hospitalized for fever (39°C) and 
productive cough, he required ICU admission on day 
9 because of acute respiratory distress syndrome. A 
thoracic computed tomography scan found left lobar 

 
Table. Patient demographics, underlying conditions, and risk exposures for patients with LD, with and without co-occurring COVID-19,	
France,	2020* 

Patient no. 
LD-positive,  

COVID-19–negative 
LD- and  

COVID-19–positive 
LD- and COVID-19–positive patient details 

1 2 3 4 5 6 7 
Demographics†          
 Sex M:F	ratio	23:18 M:F	ratio	6:1 M M M F M M M 
 Age, y Median	(range), 

67	(36–96) 
Median	(range),	72 

(37–83) 
72 71 71 83 73 73 37 

 ICU	admission 10/31	(32) 7/7	(100) Y Y Y Y Y Y Y 
Outcome†          
 Recovered 7/42	(17) 1/7	(14) N N N Y N N N 
 Death 3/42	(7) 2/7	(29) N N Y N N Y N 
 Ongoing	disease 32/42	(76) 4/7	(71) Y Y N N Y N Y 
Underlying conditions 

         

 Corticotherapy‡ 1/42	(2) 2/7	(29) Y Y N N N N N 
 Other	immunosuppression‡ 5/42	(12) 0/7	(0) N N N N N N N 
 Smoking‡ 15/42	(36) 2/7	(29) N Y Y N N N N 
 Cardiovascular diseases 1/42	(2) 6/7	(90) Y Y Y Y Y Y N 
 Chronic respiratory disease 4/42	(10) 1/7	(14) N Y N N N N N 
 Chronic renal insufficiency 1/42	(2) 1/7	(14) N N N N N Y N 
 Diabetes‡ 10/42	(24) 2/7	(29) N Y N N Y N N 
 Hemopathy or cancer‡ 3/42	(7) 2/7	(29) Y N Y N N N N 
 ≥1 underlying condition 25/42	(60) 6/7	(86) Y Y Y Y Y Y N 
Exposures§          
 Hospital‡ 1/42	(2) 2/7 (0) Y Y N N N N N 
 Nursing home‡ 2/42	(5) 0/7	(0) N N N N N N N 
 Travel associated/tourism‡¶ 11/42	(26) 1/7	(29) N Y N N N N N 
 Professional exposure‡# 2/42	(5) 0/7	(0) N N N N N N N 
 Other exposure‡** 0/42	(0) 1/7	(29) N N N N Y N N 
 ≥1 exposure 14/42	(33) 3/7	(43) Y Y N N Y N N 
*Values	are	no.	patients/total	no.	in	category	(%)	except	as	indicated.	COVID-19, coronavirus disease; ICU, intensive care unit; LD, Legionnaires’ disease. 
†Demographics and outcome at the LD notification date. 
‡Elements indicated in mandatory LD notifications. LD risk exposures had to be reported if they occurred ≤14 d before LD symptom onset. 
§Exposures were indicated in LD mandatory notifications. 
¶Travel-associated/tourism exposures include hotels, holiday resorts, rental houses, and cruises. 
#Professional exposures include using public showers during work hours. 
**Other	exposure:	in-house plumbing. 
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atelectasis, multiple ground-glass opacities compat-
ible with COVID-19, and pleural effusion suggest-
ing possible bacterial infection. Results of UAT and 
nasopharyngeal SARS-CoV-2 reverse transcription 
PCR were both positive. On day 10, a serum sample 
was PCR positive for both SARS-CoV-2 and Legionel-
la (Figure 2, panel A); each pathogen has individu-
ally been associated with COVID-19 (11) and LD (12) 
severity. Beginning on day 10, longitudinal samples 
of the lower respiratory tract collected every 3–6 
days showed a high SARS-CoV-2 viral load (7.5 log10 
RNA copies/100 cells), followed by a decrease to 1.3 

log10 RNA copies/100 cells within 21 days (Figure 
2, panel B). In contrast, lung Legionella DNA load 
increased and remained high (cycle threshold 21.9) 
until day 31. To identify potential bacterial co-infec-
tions, we performed a lung microbiota analysis on 
a D19 bronchoalveolar lavage using 16S MinION 
long-read sequencing technology (Oxford Nanopore 
Technologies, https://nanoporetech.com). Similar 
to another study of LD microbiomes (13), we found 
a predominance of Legionella (61%) and the pres-
ence of commensal lung bacteria (Appendix Figure, 
https://wwwnc.cdc.gov/EID/article/27/11/20-

Figure 1.	Timeline	of	first	Legionnaires’	disease	symptoms	among	7	Legionnaires’	disease/COVID-19	co-infected	patients,	France,	
March	2020.	COVID-19,	coronavirus	disease;	D,	day;	ECMO,	extracorporeal	membrane	oxygenation;	UAT,	urinary	antigen	test.

Figure 2. Timeline of detection 
of	SARS-CoV-2	and	Legionella 
in	patient	1,	a	71-year-old	man	
receiving chemotherapy for 
multiple	myeloma,	France,	March	
2020.	A)	Serum	Legionella DNA 
load	estimated	by	qPCR	Ct and 
SARS-CoV-2	RNA	load	expressed	
as the number of log10	RNA	
copies/mL	serum.	B)	Pulmonary	
Legionella DNA load estimated 
by	qPCR	Ct,	targeting	the	16sRNA	gene	(R-DiaLeg,	Diagenode,	https://www.diagenode.com)	and	SARS-CoV-2	RNA	load	(Institut	
Pasteur,	Paris	protocol).	Arrows	indicate	dates	of	computed	tomography	scans,	green	triangles	indicates	dates	of	positive	Legionella 
cultures,	and	orange	circle	indicates	date	of	lung	microbiome	testing.	Values	are	normalized	according	to	cellular	quantification	using	
the	CELL	Control	r-gene	kit	(bioMérieux,	https://www.biomerieux.com)	and	expressed	as	the	number	of	log10	RNA	copies/100	cells	from	
pulmonary	TA	and	BAL.	BAL,	broncho-alveolar	lavage;	Ct,	cycle	threshold;	D,	days	after	onset	of	symptoms;	qPCR,	quantitative	PCR;	
SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2;	TA,	tracheal	aspirations.
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2150-App1.pdf) but no additional bacterial co-infec-
tion. On day 26, while high lung Legionella DNA load 
persisted, a third chest scan found pseudocavitation. 
Persistence of culture or PCR positivity in respira-
tory samples, or both, has been described in patients 
with Legionella lung abscesses, especially if immuno-
compromised (14).

Conclusions
Our study found a substantial proportion of patients 
in LD notifications in France during March 2020, 
mostly elderly men with underlying conditions, also 
had COVID-19. They required ICU admission more 
frequently and had a higher case-fatality rate than 
patients without SARS-CoV-2 co-infection, but these 
rates were similar to that for all ICU-admitted LD 
patients (7,10). Overall, health effects from co-infec-
tions were more severe than from single infections, 
perhaps because of cumulative effects or because pa-
tients with co-infections may be more likely to have 
risk factors associated with poor outcomes. Another 
possibility is that SARS-CoV-2 infection may be more 
severe in this population. 

Longitudinal monitoring of a single co-infected 
patient found a first phase of predominant SARS-
CoV-2 replication followed by a resurgence of Legio-
nella and worsening of respiratory symptoms while 
SARS-CoV-2 decreased. Initial viral infection could 
establish pulmonary damage suitable for the bacte-
ria to develop, similar to how bacterial superinfec-
tions develop in influenza-infected patients (15). 
Such co-infections may lead to poor prognoses as 
demonstrated here and elsewhere (3), underlining 
the importance of extensive screening for respiratory 
pathogens in patients with suspected or confirmed 
COVID-19. Because Legionella and other pulmonary 
microorganisms share clinical and radiological fea-
tures with SARS-CoV-2 infection, they should be in-
cluded in COVID-19 differential diagnoses (3). 

Members of the COVID-19 diagnosis HCL consortium: 
Antonin Bal, Geneviève Billaud, Grégory Destras, Vanessa 
Escuret, Sibyle Etievant, Emilie Frobert, Florence Morfin, 
and Clément Munier
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her clinic were vomi� ng—and much more than usual. 
Concerned, she phoned Dr. Alan Radford and his team 
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Before long they knew they had an outbreak on their hands. 
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In 2010, China issued the National Malaria Elimi-
nation Action Plan (2010–2020), with the goal of 

eliminating malaria nationwide by 2020 (1). Malaria 
cases in China subsequently decreased dramatically, 
and no indigenous cases have been reported since 
2017 (2). In 2020, on the basis of successful subna-
tional verifi cation, China submitted an offi cial re-
quest to the World Health Organization for certifi ca-
tion of national malaria elimination, which requires 
a country to provide evidence that local malaria 
transmission has been fully interrupted, that zero 
indigenous human malaria cases have been report-
ed for >3 consecutive years, and that an adequate 
program for preventing reestablishment of indige-
nous transmission is fully functional throughout the 
country (3). However, the China–Myanmar border 

of Yunnan Province has attracted considerable at-
tention because of a substantial risk of reintroduc-
tion of malaria from bordering areas of Myanmar 
(4). This border region is extremely remote, has high 
rates of poverty, and is inhabited by local minority 
nationalities (5,6). A total of 18 counties in Yunnan 
Province share the 1,997-km border with the town-
ships of Myanmar in which malaria is endemic; the 
border provides no natural barriers and poses a high 
risk for malaria reintroduction into China.

The Study
We extracted data on reported malaria cases and foci 
during 2013–2019 from the web-based China Infor-
mation System for Disease Control and Prevention 
and comprised data from passive case detection, reac-
tive case detection among foci residents and case co-
travelers, and proactive case detection among at-risk 
populations. Indigenous cases were defi ned as cases 
in patients who contracted malaria by bites from 
Anopheles mosquitoes within China without direct 
link to transmission from an imported case, whereas 
imported cases were defi ned as cases in patients who 
had exposure history in any malaria-endemic areas 
abroad before the onset of illness (7,8). Plasmodium
spp. were determined by microscopy or rapid diag-
nosis test and PCR (8). This study was an epidemio-
logic analysis of malaria along the China–Myanmar 
border to identify the risk for malaria reestablishment 
in the stage after elimination.

During 2013–2019, a total of 2,222 malaria cases 
were reported from the 18 border counties; 1 death 
occurred. Total cases fell from 465 in 2013 to 148 in 
2019; indigenous cases dropped to zero by 2017, and 
the number of imported cases also declined (Table 1). 
This decrease was mainly attributed to the extensive 
adoption of the 1-3-7 approach to surveillance and 
response: case reporting within 1 day, investigation 
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Malaria cases have dramatically declined in China along 
the Myanmar border, attributed mainly to adoption of the 
1-3-7	 surveillance	 and	 response	 approach.	 No	 indig-
enous cases have been reported in China since 2017. 
Counties in the middle and southern part of the border 
area	have	a	higher	risk	for	malaria	importation	and	rees-
tablishment after elimination.
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within 3 days, and focus investigation and response 
within 7 days. Case-patients ranged in age from 19 
to 59 years, and men and outdoor workers were 
at considerably higher risk of contracting malaria 
(p<0.0001) (Table 1). 

In 2013, malaria cases reported from the 18 border 
counties accounted for 80.6% of total cases in Yunnan 
Province; 89.9% (418/465) were imported cases. In-
digenous cases (10.1%, 47/465) were distributed in 
10 border counties (Figure 1). Yingjiang County re-
ported 38.3% (18/47) of total indigenous cases, along 
with the highest annual parasite index of 0.058. Five 
counties displayed an annual parasite index range of 
0.01–0.05 (Figure 1). The number of counties report-
ing indigenous cases decreased from 10 in 2013 to 1 
in 2016 (Figure 1). The last indigenous P. falciparum 
case in China was in Cangyuan County in 2015 and 

the last indigenous P. vivax case in Yingjiang County 
in 2016. Most imported malaria cases were distrib-
uted in the middle part of the borderline, especially 
Yingjiang and Tengchong Counties (Figure 1); 96.5% 
(2,056/2,130) of total imported cases in the 18 border 
counties were from Myanmar (Table 1). During 2017–
2019, a total of 97.7% (562/575) of imported cases and 
98.5% (542/550) of P. vivax cases were from Myanmar 
(Table 1). The counties bordering areas of Myanmar, 
where rates of malaria were highest, displayed higher 
numbers of imported cases (9).

P. vivax was the predominant species. P. vivax 
cases accounted for 95.7% of total reported cases 
during 2017–2019, whereas the proportion of P. falci-
parum declined to 1.4% (Figure 2, panel A). Four cases 
of P. malariae and 10 cases of mixed infections were 
reported; no P. ovale cases were reported. A total of 43 

Figure 1. API per 1,000 persons and numbers of imported cases by year in the 18 China counties along the border with Myanmar, 
2013–2019.	A)	2013	API,	B)	2014	API,	C)	2015	API,	D)	2016	API;	E)	2017	imported	cases,	F)	2018	imported	cases,	G)	2019	imported	
cases.	Inset	map	shows	location	of	China–Myanmar	border	area	(rectangle).	API,	annual	parasite	index.
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relapsing cases (P. vivax cases that recurred 1 month 
later with neither evidence of an epidemiologic link 
to additional cases nor as a result of incomplete clear-
ance of original asexual parasites) were reported 
during 2013–2019, which indicates the need for ad-
herence to the full primaquine regimen and possible 
resistance to the drug for eliminating the hypnozoites. 

The malaria transmission peak was from April to 
August; another slight peak occurred from Decem-
ber to the following January (Figure 2, panel B). This 
transmission coincided with the local natural environ-
ment and was strongly correlated with the abundance 
of Anopheles spp. mosquitoes. Of note, double peaks 
were identified in July and November 2019. The first 
peak was postponed, whereas the second peak shifted 
1 month earlier. This change was primarily caused by 
migration in the local population. The temporal distri-
bution pattern of P. vivax and P. falciparum was differ-
ent (Figure 2, panel B) because P. falciparum cases were 
few and most were imported, mainly because of popu-
lation movement and migration.

The median interval between onset of illness 
and diagnosis of malaria varied widely (range 2–10 
days; Table 2), because the capability for diagnosis in 
some healthcare facilities was relatively low; training 
is needed to strengthen case detection and diagnosis 
capabilities. In addition, this range reflects the knowl-
edge, attitudes, and practice gaps regarding malaria 
treatment-seeking of residents. The median interval 
between diagnosis and treatment was 0 days, except 
for in Ximeng County, which had a median interval of 
0.5 days (Table 2). These rates indicate the capacity of 
hospital response was strong. The 1-3-7 approach was 

adopted nationally in China in early 2012 (10). During 
2013–2019, all malaria cases were reported within 1 
day, 95.6% of cases were investigated within 3 days, 
and in 8 of 18 counties 100% of cases were investi-
gated within 3 days in all years studied. Longchuan, 
Gengma, and Yingjiang Centers for Disease Control 
and Prevention took >3 days to complete investi-
gation of cases from remote areas. Malaria focus in 
China is defined as the circumscribed village or com-
munity with a reported case (11). During 2013–2019, 
a total of 97.9% (381/389) of foci were investigated 
and responded to within 7 days in 10 counties (Table 
2). Depending on the nature of the focus and its state 
of transmission, the corresponding response actions 
were selected; these actions consisted of indoor resid-
ual spraying, reactive case detection, case treatment, 
and health education (7). No secondary cases have 
been reported because of the prompt and targeted in-
terventions in all the foci.

Conclusions
China has set a goal to eliminate malaria by 2020, 
and Myanmar has set a goal to eliminate malaria 
by 2030 (1,12). This study demonstrated that local 
malaria transmission has been interrupted in Yun-
nan Province at the China–Myanmar border, al-
though the risk for malaria reintroduction still exists.  
The complex geographic conditions and large mi-
grant population along the border, in addition to 
reservoirs of symptomatic and asymptomatic infec-
tion in neighboring Myanmar (13), are obstacles to 
consolidating achievements in malaria elimination 
(5,14). Another noteworthy factor is the coronavirus 

Figure 2. Malaria cases in the 18 counties in China along 
the	border	with	Myanmar,	2013–2019.	A)	Proportions	of	
Plasmodium	species	cases.	B)	Monthly	reported	malaria	
cases.	Red	circle	highlights	the	double	peaks	identified	in	July	
and	November	2019.	IMP,	imported;	IND,	indigenous.
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disease pandemic. Maintaining full engagement with 
malaria control is challenging given the simultane-
ous demands of the pandemic (15).

In summary, malaria elimination has been 
achieved in the counties in China along the border with 
Myanmar. However, continued strong surveillance, 

 
Table 1. Demographic characteristics of reported malaria cases in the 18 counties in China along the border with Myanmar,  
2013–2019* 

Characteristics 
No. cases by year 

 
No. cases by type Total 

cases p value† 2013 2014 2015 2016 2017 2018 2019 Imported  Indigenous  
Total cases 465 392 478 312 263 164 148  2,130 92 

 
 

Sex 
       

   
 

 
 M 392 349 404 231 179 124 109  1,726 62 1,788 0.0012 
 F 73 43 74 81 84 40 39  404 30 434  
Age group, y 

       
   

 
 

 <5 3 9 9 9 10 5 1  41 5 46  
 5–18 42 20 36 35 37 19 7  176 20 196 <0.0001 
 19–59 415 357 423 253 202 127 132  1,850 59 1,909  
 >60  5 6 10 15 14 13 8  63 8 71  
Occupation‡ 

       
   

 
 

 Outdoor	worker 371 323 323 235 160 95 85  1,536 56 1,592  
 Indoor worker 37 28 81 10 13 15 21  204 1 205 <0.0001 
 Unclear 50 35 51 56 84 53 42  348 23 371  
 Missing 7 6 23 11 6 1 0  42 12 54  
Plasmodium spp. 

       
   

 
 

 P. vivax 379 330 428 291 253 151 146  1,900 78 1,978  
 P. falciparum 80 60 48 21 10 9 2  217 13 230  
 P. malariae 0 2 1 0 0 1 0  4 0 4 0.4653 
 P. falciparum + P. vivax 6 0 1 0 0 0 0  6 1 7  
 P. falciparum + P. ovale 0 0 0 0 0 3 0  3 0 3  
Destination of oversea travel and species 
 Myanmar 

       
   2,056  

  P. falciparum 71 55 46 16 9 6 1  204 NA 
 

 
  P. vivax 321 294 399 283 246 150 146  1,839 NA 

 
 

  Other	species 5 2 2 0 0 4 0  13 NA 
 

 
 Other	countries 

       
   74  

  P. falciparum 2 0 1 5 1 3 1  13 NA 
 

 
  P. vivax 19 8 19 7 7 1 0  61 NA 

 
 

*NA,	not	available.	 
†The number of cases over years were compared by using a χ2 or	Fisher	exact	test	according	to	sample	size	(>5	or	<5)	by	SAS	software. 
‡Outdoor	workers	are	persons	whose	activity	is	mostly	conducted	outside,	including	architectural	engineers,	construction	workers, farmers, fishermen, 
overseas	migrant	workers	(expatriate	Chinese	nationals),	open	mine	workers,	sailors	or	truck	drivers,	field	engineers,	herdsmen, military or soldiers, etc. 
Indoor workers include businessmen, caterers, interpreters, medical staff, office workers, teachers, actors, flight attendants, babysitters, middlemen, cooks, 
diplomats, financial staff, journalists, underground mine workers, prisoners (although not a worker per se, prisoners were officially classified as an indoor 
worker since their	time	is	spent	indoors),	researchers,	waiters,	etc.	Unclear	indicates	those	for	whom	risk	exposure	cannot	clearly	be	est imated, including 
children, retirees, self-employed persons, students, unemployed persons, athletes, tourists, etc. Missing data were not included in the statistical analysis.  

  Table 2. Characteristics of implementation of the 1-3-7 approach to malaria surveillance and response in 18 counties in China along 
the border with Myanmar,	2013–2019* 

County 
No. reported 

cases 

Days from illness 
onset to diagnosis, 

median	(IQR) 

Days from diagnosis 
to treatment, 
median	(IQR) 

Case reported 
within 1 d, % 

Case 
investigated 
within	3	d,	% 

Foci	response	
within 7 d, % 

Zhenkang 6 4.5	(4–7.3) 0.0 (0–0.75) 100.0 100.0 – 
Menghai 3 10.0 (6–12) 0.0 (0–0.5) 100.0 100.0 – 
Lancang 9 7.0	(3–11) 0.0	(0) 100.0 100.0 – 
Jinghong 14 5.0	(3–6) 0.0	(0) 100.0 92.9 – 
Gengma 29 3.0	(1–6) 0.0 (0–1) 100.0 82.8 100.0	(4/4) 
Mengla 30 2.0 (1–5) 0.0 (0–1) 100.0 93.3 100.0	(1/1) 
Menglian 20 3.5	(0–7.5) 0.0 (0–2.25) 100.0 100.0 100.0	(1/1) 
Lushui 18 6.5	(3–10) 0.0	(0) 100.0 100.0 – 
Ximeng 4 4.5	(3.8–6) 0.5	(0–1) 100.0 100.0 – 
Fugong 11 4.0	(3–6.5) 0.0	(0) 100.0 100.0 – 
Cangyuan 35 4.0 (2–7.5) 0.0	(0) 100.0 97.1 – 
Longchuan 69 2.0 (1–4) 0.0 (0–1) 100.0 82.6 100.0 (20/20) 
Longling 75 3.0	(2–5) 0.0	(0) 100.0 98.7 85.7	(6/7) 
Gongshan 5 4.0 (1–5) 0.0 (0–5) 100.0 100.0 100.0	(1/1) 
Mangshi 112 3.0	(1–4) 0.0 (0–2) 100.0 92.0 96.2	(25/26) 
Tengchong 525 2.0 (1–4) 0.0 (0–2) 100.0 95.6 98.0	(48/49) 
Yingjiang 895 2.0 (1–4) 0.0	(0) 100.0 88.4 98.5	(256/261) 
Ruili 362 2.5	(1–5) 0.0	(0) 100.0 97.2 100.0	(19/19) 
*IQR,	interquartile	range,	–, no focus reported. 
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multisectoral collaboration, and cross-border coop-
eration are of high priority to reduce the risk for ma-
laria reintroduction and sustain its elimination.
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Elimination Program of China and the Fifth Round of 
Three-Year Public Health Action Plan of Shanghai  
(No. GWV-10.1-XK13).
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As coronavirus disease (COVID-19) continued to 
spread globally, studies of transmission mainly fo-

cused on clusters of >2 epidemiologically linked cases. 
Some governments, including those of New Zealand 
and Hong Kong, China, put specifi c focus on sizable 
infection clusters (i.e., clusters of >10 epidemiologically 
linked case-patients who are not all part of the same 
household) to detect widespread human-to-human 
COVID-19 infections with potentially greater numbers 
of successive transmission generations (1,2). These siz-
able infection clusters are closely linked to COVID-19 
superspreading; as many as 7 superspreading events 
were related to the fi rst few sizable infection clusters 
in Hong Kong (3). Given the widely observed higher 
COVID-19 incidence associated with socioeconomic 
disadvantages (4–7), determining whether the risk for 
sizable infection clustering is socioeconomically pat-
terned is of public health signifi cance. Such a pattern 
would imply not only higher risk for exposure to the 
virus but also increased risk of spreading the disease 
among socioeconomically disadvantaged communities.

Unlike many other parts of the world, Hong 
Kong has had a relatively low COVID-19 incidence, 

which made comprehensive contact tracing to identi-
fy sizable infection clusters possible and meaningful. 
In this study, we examined the association of socio-
economic position with sizable infection clustering in 
Hong Kong and explored the potential heterogeneity 
by case classifi cation and different activity categories 
of clusters. For this study, we used data collected by 
the Centre for Health Protection (CHP), the Planning 
Department, and the Census and Statistics Depart-
ment of the Hong Kong Government in compliance 
with the Declaration of Professional Ethics of the In-
ternational Statistical Institute.

The Study
We collected data on individual laboratory-con-
fi rmed cases from CHP  (1) and a COVID-19 informa-
tion website (8), which shows compiled information 
released by the CHP. During January 23–October 31, 
2020, a total of 5,324 cases and 30 sizable infection 
clusters were identifi ed (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/27/11/20-4840-App1.
pdf). We included 3,587 local cases with recognizable 
residential addresses in this study; 778 of those cases 
were linked to sizable infection clusters (Table 1).

We assigned as the dependent variable whether 
a case belonged to a sizable infection cluster. These 
sizable infection cluster cases included the earliest 
identifi ed unlinked source cases and their subse-
quent epidemiologically linked cases. We catego-
rized these clusters as living, working, dining, or en-
tertainment (>100 cases each) on the basis of the type 
of activities most closely associated with the venues 
at which the source cases of each corresponding 
cluster were identifi ed.

We adopted self-reported residential addresses 
of the confi rmed case-patients (8) to generate 2 proxy 
socioeconomic measures (Appendix). First, we calcu-
lated the area-level income poverty rates as the pro-
portion of households living at <50% of the median 
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Although	 coronavirus	 disease	 (COVID-19)	 outbreaks	
have	been	relatively	well	controlled	in	Hong	Kong,	con-
tainment remains challenging among socioeconomically 
disadvantaged	persons.	They	are	at	higher	risk	for	wide-
spread	COVID-19	transmission	through	sizable	cluster-
ing, probably because of exposure to social settings in 
which	existing	mitigation	policies	had	diff	erential	socio-
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monthly household income for the corresponding 
household size in each of the 154 small-area Tertiary 
Planning Units (9); we then grouped these rates into 
quartiles. Second, we categorized the individual-level 
housing type into public rental housing, subsidized 
home ownership, private housing, residential care 
homes, and others (e.g., villages, industrial and com-
mercial buildings, and staff quarters).

Results of multilevel binary logistic regres-
sion with random intercepts at area level showed 
that case-patients living in the wealthiest areas (i.e., 
1st quartile) were 65% less likely to be cases in siz-
able infection clusters (adjusted OR [aOR] 0.35, 95% 
CI 0.19–0.65) than those living in the poorest areas 
(i.e., 4th quartile), after adjusting for confounding fac-
tors (Table 2). Area-level socioeconomic patterns of 
sizable clustering were more apparent among case-
patients epidemiologically linked to previously con-
firmed cases (aOR 0.34, 95% CI 0.18–0.66) than among 

unlinked source cases (aOR 0.61, 95% CI 0.19–1.97). 
Such patterns were more pronounced for those in liv-
ing and working clusters than in dining and enter-
tainment clusters. At the individual level, persons 
living in residential care homes tended to be part of 
living-related sizable infection clusters. We observed 
stark variations in the effect of private housing across 
cluster categories; case-patients living in private 
housing had lower odds of being in working clusters 
(aOR 0.66, 95% CI .45–0.96) but increased odds of be-
ing in entertainment clusters (aOR 3.20, 95% CI 1.79–
5.72) compared with case-patients living in public 
rental housing.  

Conclusions
This study showed that socioeconomic disadvantage 
was associated with a wider COVID-19 transmission 
in the form of sizable infection clustering regardless 
of epidemic waves (Appendix Table 2); we observed a  

 
Table 1. Characteristics of local coronavirus disease case-patients	with	a	valid	residential	address,	Hong	Kong,	2020* 

Characteristic 
Total sample, N 

=	3,587 
Area-level income poverty rate† 

1st quartile  2nd quartile 3rd	quartile 4th quartile  
Mean	age,	y	(SD) 47.92	(19.96) 44.20	(19.17) 47.66	(18.65) 49.93	(20.86) 46.63	(19.60) 
Sex 

     

 M 1,750	(48.8) 158	(51.6) 348	(47.4) 712	(50.6) 532	(46.6) 
 F 1,837	(51.2) 148	(48.4) 386	(52.6) 694	(49.4) 609	(53.4) 
Sizable	infection clustering  

   

 Noncluster cases 2,809	(78.3) 275	(89.9) 617	(84.1) 1,033	(73.5) 884	(77.5) 
 Cluster cases‡ 778	(21.7) 31	(10.1) 117	(15.9) 373	(26.5) 257	(22.5) 
  Living clusters 159	(4.4) 0	(0.0) 3	(0.4) 99	(7.0) 57	(5.0) 
  Working clusters 225	(6.3) 8	(2.6) 42	(5.7) 77	(5.5) 98	(8.6) 
  Dining clusters 248	(6.9) 15	(4.9) 35	(4.8) 137	(9.7) 61	(5.3) 
  Entertainment clusters 114	(3.2) 8	(2.6) 27	(3.7) 48	(3.4) 31	(2.7) 
  Others§ 33	(0.9) 1	(0.3) 10	(1.4) 12	(0.9) 10	(0.9) 
Case classification 

     

 Infection source cases 1,455	(40.6) 133	(43.5) 317	(43.2) 528	(37.6) 477	(41.8) 
  Probable local cases 95	(2.6) 29	(9.5) 31	(4.2) 24	(1.7) 11	(1.0) 
  Local cases 1,360	(37.9) 104	(34.0) 286	(39.0) 504	(35.8) 466	(40.8) 
 Cases epidemiologically linked to 
 infection source cases 

2,132	(59.4) 173	(56.5) 417	(56.8) 878	(62.4) 664	(58.2) 

  Linked to probable local cases 62	(1.7) 12	(3.9) 20	(2.7) 22	(1.6) 8	(0.7) 
  Linked to local cases 2,070	(57.7) 161	(52.6) 397	(54.1) 856	(60.9) 656	(57.5) 
Presence of symptoms 

     

 Asymptomatic 590	(16.4) 44	(14.4) 89	(12.1) 262	(18.6) 195	(17.1) 
 Symptomatic 2,997	(83.6) 262	(85.6) 645	(87.9) 1144	(81.4) 946	(82.9) 
Type of housing 

     

 Public rental housing 1,479	(41.2) 6	(2.0) 243	(33.1) 591	(42.0) 639	(56.0) 
 Subsidized	home	ownership	 409	(11.4) 6	(2.0) 137	(18.7) 171	(12.2) 95	(8.3) 
 Private housing 1,377	(38.4) 261	(85.3) 307	(41.8) 469	(33.4) 340	(29.8) 
 Residential	care	homes 116	(3.2) 3	(1.0) 6	(0.8) 86	(6.1) 21 (1.8) 
 Other 206	(5.7) 30	(9.8) 41	(5.6) 89	(6.3) 46	(4.0) 
Area-level population density# 

     

 1st quartile 409	(11.4) 82	(26.8) 165	(22.5) 102	(7.3) 60	(5.3) 
 2nd quartile 752	(21.0) 91	(29.7) 177	(24.1) 275	(19.6) 209	(18.3) 
 3rd	quartile 888 (24.8) 55	(18.0) 200	(27.2) 310	(22.0) 323	(28.3) 
 4th quartile 1,538	(42.9) 78	(25.5) 192	(26.2) 719	(51.1) 549	(48.1) 
*Values are no.	(%)	except	as	indicated.	We used data current to October	31,	2020.	 
†The 1st quartile is the wealthiest group and 4th quartile the poorest group. 
‡The number of cluster cases differed from the sum of cluster cases across cluster types because one case was involved in both dining and working 
clusters.  
§Traveling, religious, grocery shopping activities. 
#The 1st quartile is lowest population density and 4th quartile the highest density. 
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stronger socioeconomic pattern in clusters of more es-
sential activities (i.e., living and working) than in clus-
ters of less essential activities (i.e., dining and entertain-
ment). The more apparent socioeconomic pattern of 
sizable COVID-19 clustering among epidemiologically 
linked cases suggested that the socioeconomically dis-
advantaged were not necessarily more prone to con-
tracting the disease from random infection sources but 
that, once they contracted the disease, their communi-
ties were at higher risk for wide transmission of disease.

The stringent social distancing policies im-
posed by the Hong Kong government seriously 
disrupted social activities and confined residents to 
their own homes or local communities. The socio-
economically disadvantaged are particularly likely 
to be infected if they live in small, overcrowded 
apartments with poorer ventilation (10,11). Resi-
dential-care homes constituted 6 of 7 living-related 
infection clusters; these care homes tend to be lo-
cated in socioeconomically disadvantaged areas, 
and sizable infection clusters involving care homes 
started to form when community outbreaks of lo-
cal transmission became severe in early July 2020 
(1,12). This observation implies that residential care 
home clusters are usually not only sporadic but 
also possibly concomitant with an outbreak in the 
disadvantaged community (13).

Work arrangement is another major COVID-19 
containment measure with differential socioeconomic 
impacts. Despite advocacy for the work-from-home 
arrangement, the socioeconomically disadvantaged 
often could hardly benefit from this option (5). These 
persons also tend to work in occupations demanding 
longer hours and more intense social interactions and 
rely heavily on public transport, which inevitably in-
creased their risk of having contact with infected per-
sons and subsequently spreading the disease within 
their community. Moreover, the lack of financial 
subsidies to confirmed case-patients before late No-
vember 2020 may have kept these workers or the self-
employed, who had no paid sick leave, from opting 
for necessary COVID-19 testing, thereby hampering 
early transmission containment. Altogether, we were 
not surprised to see several sizable infection clusters 
in the construction, transport, and direct-selling in-
dustries in Hong Kong.

Our results shed light on the pervasive social in-
equalities deeply entrenched in society. The socioeco-
nomically disadvantaged have limited resources and 
opportunities to overcome structural constraints of 
the social environment (14) and are the ones hardest 
hit in emergencies or adverse events. The wealthier 
groups are at risk for infection through entertain-
ment activities, given the propensity for widespread  

 
Table 2. Associations	of	poverty	rate	and	housing	type	with	sizable	coronavirus	disease	clustering,	Hong	Kong,	2020* 

Category 

aOR (95% CI)† 
Total 

samples‡ 
Case classification 

 
Specific activity categories‡ 

Unlinked‡ Linked‡ Living§ Working§ Dining§ Entertainment§ 
Area-level income poverty rate¶  

       

 4th quartile Referent Referent Referent 
 

Referent Referent Referent Referent 
 3rd	quartile 0.89 

(0.58–1.37) 
1.27 

(0.73–2.19) 
0.81 

(0.50–1.29) 

 
0.61 

(0.14–2.71) 
0.83 

(0.46–1.49) 
1.00 

(0.55–1.81) 
1.13 

(0.54–2.34) 
 2nd quartile 0.67 

(0.42–1.06) 
0.85 

(0.42–1.74) 
0.64 

(0.39–1.07) 

 
0.18 

(0.02–1.52) 
0.70 

(0.37–1.34) 
0.82 

(0.43–1.56) 
0.92 

(0.42–2.06) 
 1st quartile 0.35 

(0.19–0.65) 
0.61 

(0.19–1.97) 
0.34 

(0.18–0.66) 

 
NA# 0.33 

(0.13–0.87) 
0.85 

(0.37–1.92) 
0.47 

(0.16–1.35) 
Individual-level housing type 

      

 Public rental  
 housing 

Referent Referent Referent 
 

Referent Referent Referent Referent 

 Subsidized	home	 
 ownership 

0.97 
(0.72–1.31) 

1.26 
(0.63–2.52) 

0.99 
(0.69–1.40) 

 
1.22 

(0.33–4.49) 
0.72 

(0.44–1.17) 
1.06 

(0.70–1.59) 
1.27 

(0.53–3.06) 
 Private housing 0.99 

(0.77–1.26) 
0.86 

(0.49–1.51) 
1.05 

(0.79–1.39) 

 
1.12 

(0.46–2.72) 
0.66 

(0.45–0.96) 
0.90 

(0.62–1.32) 
3.20 

(1.79–5.72) 
 Residential	care	 
 homes 

27.20 
(14.16–52.26) 

4.69 
(0.88–24.97) 

22.35 
(10.00–49.96) 

 
720.16 

(224.14–
2,313.84) 

NA** NA# NA# 

 Other 0.82 
(0.51–1.33) 

0.70 
(0.22–2.27) 

0.84 
(0.49–1.46) 

 
3.34 

(0.87–12.81) 
1.03 

(0.53–1.99) 
0.27 

(0.09–0.82) 
1.90 

(0.71–5.09) 
*Clustering	for	these	data	refers	to	>10 epidemiologically linked case-patients who are not all part of the same household, grouped by case classification 
and	activity	categories	of	clusters.	aOR,	adjusted	odds	ratio;	NA,	not	available;	Ref,	reference. 
†Variables	in	the	regression	model	were	age	(continuous),	sex,	presence	of	symptoms,	type	of	housing,	area-level	income	poverty	rate	(by	quartiles),	and	
area-level	population	density	(by	quartiles). 
‡With reference to confirmed cases who were not classified into any sizable infection clusters. 
§With reference to confirmed cases who were not classified into the corresponding activity category of sizable infection clusters. 
¶The 1st quartile is the wealthiest group and 4th quartile the poorest group. 
#No living cluster cases in the 1st quartile of area-level income poverty rate. 
**No	cases	living	in	residential	homes	for	respective	types	of	clusters. 
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dispersion and difficulty in COVID-19 containment 
in these settings (15). Infection control may thus work 
better for the wealthier groups through restriction of 
entertainment activities.

A limitation of this study lies in the potential re-
sidual confounding as a result of the limited infor-
mation the CHP released on the confirmed cases. In 
addition, case-patients who experienced symptoms 
after COVID-19 diagnosis may have been misclassi-
fied as asymptomatic. Moreover, we categorized the 
sizable infection clusters by social activities; there-
fore, infected case-patients epidemiologically linked 
to the source of one cluster were classified into the 
same activity category of the cluster regardless of 
their involvement with the specific activities.

In summary, despite relatively low COVID-19 
incidence in Hong Kong, transmission containment 
among socioeconomically disadvantaged persons 
and communities remains challenging. Consideration 
of social inequalities is crucial to deploying equitable 
containment and exit strategies.
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Severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) has spread rapidly worldwide 

during 2020–2021, but incidence has been highly 
variable in different countries and is diffi cult to 
estimate. In Portugal, which has ≈10.3 million in-
habitants, the burden of disease, cases, and deaths 
was similar to or less than that for neighboring 
countries during the fi rst wave of the coronavirus 
disease (COVID-19) pandemic, through September 
2020 (Appendix Figure, https://wwwnc.cdc.gov/
EID/article/27/11/21-0636-App1.pdf). However, 
it is diffi cult to estimate the true extent of SARS-
CoV-2 infections in Portugal, although a previous 
study of clinical patients indicated a seropositiv-
ity <2.9% (1). We report a national, cross-sectional, 
epidemiologic survey that used quota sampling to 
quantify more accurately the cumulative number of 
infected persons in Portugal.

The Study
We used a convenience quota sampling, quasi-pro-
portional to the population of Portugal in 9 strata: age 
group (<18, 18–54, and >55 years of age), each sub-
divided by population density of place of residence 
(<60, 60–500, and >500 persons/km2) (Appendix). Af-
ter a widespread media campaign, we recruited par-
ticipants by using voluntary registration on a website 
specifi cally designed for this study. We obtained in-
formed consent from all participants >16 years of age 
and from legal guardians for participants <18 years of 
age. The study was approved by the Ethics Commit-
tee of the Centro Académico de Medicina de Lisboa 
(#350/20, July 30, 2020).

Blood collections and serologic tests were per-
formed by Centro de Medicina Laboratorial Ger-
mano de Sousa (Lisbon, Portugal) by using standard 
procedures. We determined total antibodies against 
SARS-CoV-2 by using a chemiluminescent immuno-
assay test (COV2T; Advia Centaur Siemens, https://
www.siemens-healthineers.com), which targets the 
spike protein. This antibody test has a sensitivity of 
98.1% and a specifi city of 99.9% (2), which we used to 
correct the seroprevalence estimates by using the Ro-
gan–Gladen estimator (3). We used sample weights 
and poststratifi ed by sex to adjust the seroprevalence, 
extrapolating from the strata to the whole popula-
tion (Appendix Tables 1–4). Participants completed a 
questionnaire with demographic, clinical, and epide-
miologic questions regarding SARS-CoV-2 exposure 
(Appendix). We use standard statistical analyses to 
compare results at an α = 0.05 signifi cance.

We enrolled 13,398 participants (55.3% women, 
age range 1–92 years) (Appendix Figure 2). Our sam-
ple refl ected approximately the characteristics of the 
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In	September	2020,	we	tested	13,398	persons	in	Portugal	
for antibodies against severe acute respiratory syndrome 
coronavirus	2	by	using	a	quota	sample	stratifi	ed	by	age	
and population density. We found a seroprevalence of 
2.2%,	3–4	times	larger	than	the	offi		cial	number	of	cases	
at	the	end	of	the	fi	rst	wave	of	the	pandemic.
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population in Portugal, except for overrepresentation 
of women, persons who had higher levels of educa-
tion, persons living in households that had >1 person, 
and workers in the education and health sectors (Ap-
pendix Tables 5–7).

We obtained blood samples during September 
8–October 14, 2020; a total of ≈90% were obtained by 
September 19. Overall seroprevalence was 2.2% (95% 
CI 2.0%–2.5%; n = 296 positive participants) (Table 
1). The differences seen among age groups did not 
reach statistical significance. We found a higher se-
roprevalence in regions of high population density 
(2.9%, 95% CI 2.5%–3.4%) versus regions of medium 
population density (1.6%, 95% CI 1.4%–2.1%) and 
low population density (1.4%, 95% CI 1.1%–2.2%) 
(Appendix Figure 3).

Comparing the seroprevalence (2.2% corre-
sponds to ≈226,000 persons in Portugal) with the 
number of official cumulative confirmed cases 
(55,720 on August 24 and 76,396 on October 1) 
(4), we found a 3–4-fold larger number of persons 
who had antibodies than those reported infected. 
This factor varied across age groups; we found an 
≈9-fold difference for young participants versus 
a 2–5-fold difference (depending on sex and age) 
in middle-age and older participants (Figure 1). 
With our estimate of cumulative cases, we calcu-
lated that the infection-fatality rate varied from 
<0.2% in younger persons to up to 9.0% in men >80 
years of age (Figure 2). The estimated proportion of  

asymptomatic persons among seropositive persons 
was 17.4% (95% CI 14.1%–22.9%); this proportion 
was much higher for persons <18 years of age (Ap-
pendix Table 8).

We found no difference between seropositivity 
levels in men and women (2.3% vs. 2.1%) (Table 2; 
Appendix Table 9). There were small differences in 
seroprevalence by occupation and professional sec-
tor; and teleworkers had a lower seroprevalence 
(1.4%) than nonteleworkers (2.4%) (Table 2). We also 
did not find differences in seroprevalence for persons 
who had chronic conditions versus persons who did 
not (Appendix Table 10). One of the largest differ-
ences was between nonsmokers and smokers (2.4% 
vs. 1.0%) (Table 2).

Of the seropositive participants, 50.0% had never 
been given a diagnosis as being a case or a suspect-
ed case of infection (Appendix Table 11). However, 
5% (n = 669) of participants were considered as hav-
ing a suspected case of COVID-19 before the study 
(Table 2). This number is consistent with the number 
of suspected cases, which the national health authori-
ties reported until August 16, 2020, two weeks before 
the start of our study, when there were a cumulative 
468,937 suspected cases (only 54,102 confirmed), cor-
responding to 4.6% of the population of Portugal.

Conclusions
We found a seroprevalence of 2.2% for antibodies 
against SARS-CoV-2 in the population of Portugal, 

 
Table 1. Prevalence of antibodies against severe acute respiratory syndrome coronavirus 2, by person age, adjusted for sensitivity 
and specificity, Portugal, September 8‒October 14, 2020 

Population density 
Seroprevalence,	%	(95%	CI),	by	age,	y 

<18, n = 2,108 18–54,	n	=	6,495 >55,	n	=	4,795 Overall,	n	=	13,398 
Low,	n	=	2,298 0.6 (0.2‒2.8) 1.5	(0.9‒2.6) 1.7 (1.0‒2.9) 1.4 (1.1‒2.2) 
Medium,	n	=	5,006 1.4 (0.8‒2.7) 1.7	(1.3‒2.4) 1.7 (1.2‒2.5) 1.6 (1.4‒2.1) 
High,	n	=	6,094 3.5	(2.5‒5.0) 3.1	(2.6‒3.9) 2.2 (1.7‒3.1) 2.9	(2.5‒3.4) 
Overall 2.4	(1.9‒3.3) 2.3	(2.0‒2.8) 1.9	(1.6‒2.4) 2.2 (2.0‒2.5) 

 

Figure 1.	Seroprevalence	
of antibodies against severe 
acute respiratory syndrome 
coronavirus 2, Portugal, 
compared	with	official	reported	
confirmed	cases,	by	sex	and	
age.	A)	Female;	B)	male.	
Adjusted seroprevalence 
measured in this study 
(numbers	above	light	gray	bars)	
is	compared	with	confirmed	
cases (numbers above dark 
gray	bars)	as	a	fraction	of	
the corresponding population 
group	(on	September	1,	2020).	
Error	bars	indicate	95%	CIs	for	
estimates.	This	figure	includes	different	age	ranges	for	consistency	with	the	official	data	on	number	of	cases	by	age.
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which was lower than that in a previous smaller 
study (1). Our results suggest that 3–4-fold as many 
persons were infected by SARS-CoV-2 than was of-
ficially reported by health authorities. This factor is 
consistent with, albeit somewhat smaller than, results 
reported in other national seroprevalence studies (5–
7) and varied across age groups.

The higher seroprevalence in younger partici-
pants is in contrast to the official number of confirmed 
cases in Portugal, where there is a higher prevalence 
in older persons (4), possibly because younger per-
sons tend to have milder disease, often asymptomatic 
(8,9). We found that ≈40% of infections were asymp-
tomatic in persons <18 years of age, whereas this pro-
portion was much lower in older persons. Overall, if 
only ≈20% of cases are asymptomatic, a question is 
why so many cases go undetected even with higher 
testing rates, as in Portugal before our study (10). This 
discrepancy highlights the public health relevance of 
conducting seroprevalence studies.

Despite a similar prevalence, we found that 
the infection-fatality rate for men was higher than 
that for women, particularly in persons >40 years 
of age. The rate was more than twice as large for 
persons 60–79 years of age (2.16%) than for the 
overall group (0.81%). These values are consistent 
with those reported in Spain (11) and include only 
confirmed COVID-19 deaths, not all excess deaths 
during this period (12).

A limitation of our study is that we used quota 
sampling, relying on volunteers for the study. We 
chose our method of recruitment to achieve a fast 
enrollment process because, during a pandemic, the 
number of persons positive for antibodies is chang-
ing continuously. We reasoned that such changes 
could bias the study more than the method of re-
cruitment. In addition, even studies with a fully ran-
dom sample often have a large fraction of persons 
refusing to participate or unable to be contacted 
(6,13). Another limitation is that we used relatively 
large intervals for age groups. A more fine-grained 
stratification, along with other variables (e.g., sex), 
would be more representative of epidemiologic and 
clinical aspects of SARS-CoV-2, but would require 
a larger sample. We also did not correct for poten-
tial seroreversion (14), which reduces the fraction of 
seropositive results in relation to the actual number 
of infections and lowers the estimated infection-fa-
tality rate. However, we expect seroreversion over 
the short 6-month period covered by our study to 
be minimal (15). These potential limitations are com-
mon to most seroprevalence studies but do not limit 
the need for conducting these studies during the 
evolving pandemic.

Overall, our results demonstrate a low incidence 
of SARS-CoV-2 during the first wave (spring and 
summer 2020) of the pandemic in Portugal. This in-
cidence probably resulted from control measures that 
were relatively successful, in comparison with other 
countries with higher seroprevalence over similar (or 
shorter) periods (6).
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Figure 2.	Inferred	infection-fatality	rate	from	seroprevalence	
estimates for antibodies against severe acute respiratory 
syndrome coronavirus 2, Portugal. We used the registered 
number	of	deaths	(on	September	21,	2020)	by	age	and	sex	and	
our prevalence estimates based on seropositivity to infer the 
infection-fatality	rate	(Appendix,	https://wwwnc.cdc.gov/EID/
article/27/11/21-0636-App1.pdf)	for	more	details.	Numbers	above	
bars indicate deaths per 1,000 persons.
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In 2020, multiple outbreaks of coronavirus disease 
(COVID-19), the disease caused by infection with se-

vere acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), were documented in institutions of higher ed-
ucation (IHEs; e.g., colleges and universities) across the 
United States (1–5). Before students returned to cam-
pus, IHEs implemented measures to reduce the spread 
of SARS-CoV-2 on campus (6–8). The congregate na-
ture of on-campus residence halls might increase the 
odds of contracting SARS-CoV-2 because of close-
contact exposure, but the association has not been well 
studied. We describe characteristics of on-campus stu-
dents associated with having a SARS-CoV-2 infection, 
including if they shared living spaces, during the fall 
semester at a Wisconsin, USA, university. 

The Study
The Centers for Disease Control and Prevention (CDC) 
partnered with the Wisconsin Division of Health Ser-
vices (WDHS; Madison, WI, USA) and University of 
Wisconsin—Oshkosh to investigate COVID-19 among 
on-campus residents during the fall 2020 semester

(September 2–December 19). On-campus residents were 
housed in 8 dormitories (dorms A–H). In 7 dormitories, 
students resided in double-occupancy rooms (dorm C 
included 4 triple-occupancy rooms) and shared bath-
rooms along with a common area per fl oor. Dorm D 
was the only dormitory made up of suites in which <4 
students lived in either 4 single-occupancy or 2 double-
occupancy bedrooms with the suite’s own bathroom, 
common area, and kitchen. Not all bedrooms were oc-
cupied at their full capacity. After a positive COVID-19 
diagnosis, on-campus residents were housed in an 
isolation dormitory. Students who might have been 
exposed were housed in a separate quarantine dormi-
tory (9,10). (Appendix, https://wwwnc.cdc.gov/EID/
article/27/11/21-1000-App1.pdf).

Data provided by the university included the 
number of available rooms, dormitory room types, 
student housing contracts, serial testing records, and 
a list of all student COVID-19 cases. For our study, 
we defi ned students sharing a bedroom with another 
student at the start of the semester as having a shared 
bedroom. Students sharing a suite or defi ned as having 
a shared bedroom were classifi ed as having a shared 
living space. In addition, we defi ned dormitory fl oor-
level occupancy as the number of occupied rooms di-
vided by the number of rooms per fl oor. We defi ned 
a laboratory-confi rmed case as a positive SARS-CoV-2 
antigen or reverse transcription PCR test result for any 
on-campus student during the fall semester (11).

All data were analyzed using R version 4.0.2 
(R Foundation for Statistical Computing, https://
www.r-project.org). We used χ2 tests, Fisher exact 
tests, and t-tests to determine differences between 
COVID-19 cases and noncases. We modeled the as-
sociation between student characteristics and a lab-
oratory-confi rmed COVID-19 case using univariable 
and multivariable logistic regression; covariates were 
age, sex, race, ethnicity, all dormitories, and dormi-
tory fl oor level occupancy. The dormitory with the 
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We describe characteristics associated with having 
coronavirus	 disease	 (COVID-19)	 among	 students	 re-
siding	on	a	university	campus.	Of	2,187	students,	528	
(24.1%)	received	a	COVID-19	diagnosis	during	fall	se-
mester	2020.	Students	sharing	a	bedroom	or	suite	had	
approximately	twice	the	odds	of	contracting	COVID-19	
as those living alone.
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Table 1. Demographics of on-campus	university	students	in	study	of	coronavirus	disease	transmission,	Wisconsin,	USA,	September	
2–December	19,	2020 
Characteristic Overall COVID-19	cases* Non–COVID-19	cases p value 
Total no. persons 2,187 528 1,659  
Age,	y,	mean	(SD) 19.3	(1.1) 19.3	(1.2) 19.2	(0.9) <0.001 
Sex,	no.	(%)     
 F 1,326 (60.6) 324 (61.3) 1,002 (60.4) 0.641 
 M 820 (37.5) 192 (36.4) 628 (37.8)  
 Unknown 41 (1.9) 12 (2.3) 29 (1.8)  
Race,	no.	(%)    0.017 
 Alaska Native or Native American 13 (0.6) 5 (0.9) 8 (0.5)  
 Asian 86 (3.9) 13 (2.5) 73 (4.4)  
 Black or African American 99 (4.5) 20 (3.8) 79 (4.8)  
 Native	Hawaiian	or	other	Pacific	Islander 33 (1.5) 1 (0.2) 32 (1.9)  
 White 1,737 (79.4) 434 (82.2) 1,303 (78.5)  
 Other 23 (1.1) 2 (0.4) 21 (1.3)  
 Unknown/declined 196 (9.0) 53 (10.0) 143 (8.6)  
Ethnicity,	no.	(%)     0.014 
 Hispanic	or	Latino 127 (5.8) 17 (3.2) 110 (6.6)  
 Not	Hispanic	or	Latino 1,744 (79.7) 431 (81.6) 1,313 (79.2)  
 Unknown/declined 316 (14.5) 80 (15.2) 236 (14.2)  
Dormitory,	no.	(%)    <0.001 
 Dorm A 176 (8.1) 33 (6.2) 143 (8.6)  
 Dorm B† 206 (9.4) 40 (7.6) 166 (10.0)  
 Dorm C 313 (14.3) 78 (14.8) 235 (14.2)  
 Dorm D‡ 269 (12.3) 83 (15.7) 186 (11.2)  
 Dorm E 264 (12.1) 45 (8.5) 219 (13.2)  
 Dorm F† 405 (18.5) 126 (23.9) 279 (16.8)  
 Dorm G† 204 (9.3) 53 (10.0) 151 (9.1)  
 Dorm	H 350 (16.0) 70 (13.3) 280 (16.9)  
Shared	bedroom,	no.	(%)§    0.001 
 Yes 1,630 (74.5) 423 (80.1) 1,207 (72.8)  
 No 557 (25.5) 105 (19.9) 452 (27.2)  
Shared living space, no. (%)†    <0.001 
 Yes 1,787 (81.7) 472 (89.4) 1,315 (79.3)  
 No 400 (18.3) 56 (10.6) 344 (20.7)  
*A	laboratory-confirmed	case	was	defined	as	a	positive	SARS-CoV-2 antigen or reverse transcription	PCR	test	result	for	any	on-campus student during 
the fall semester. 
†First-year student dormitories. 
‡Only suite-style dormitory made up of suites where <4 students were housed in either 4 single-occupancy or 2 double-occupancy bedrooms with the 
suite’s own bathroom, common area, and kitchen. 
§Students	who	share	a	bedroom	with	>1 students. 

 
 
Table 2. Characteristics of living situations for on-campus students at a university in study of coronavirus disease transmission, 
Wisconsin,	USA,	September	2–December	19,	2020 

Characteristic 
Dormitory* 

A B† C D‡ E F† G† H Overall 
Suite-style dormitory‡ No No No Yes No No No No NA 
No. occupied floors 4 4 4 5 7 8 4 4 40 
No. rooms 122 120 234 264 259 240 115 253 1,607 
No. occupied bedrooms 107 110 202 216 186 218 108 223 1,307 
Overall	dormitory	occupancy	rate,	% 87.7 91.7 86.3 81.8 71.8 90.8 93.9 88.1 81.3 
Dormitory floor occupancy rate,§	mean	%	(SD) 87.7 

(0.5) 
90.1	
(15.9) 

86.3	
(6.0) 

82.1 
(6.7) 

72.2 
(14.9) 

86.8 
(9.3) 

89.9	
(7.7) 

88.1 
(2.9) 

85.4	
(8.0) 

No. student population 176 206 313 269 264 405 204 350 2,187 
Students	per	dormitory	floor,	mean	(SD) 44.0  

(6.6) 
51.5	
(15.2) 

78.3	
(14.1) 

53.8	
(5.9) 

37.7	
(10.6) 

50.6	
(12.0) 

51.0	
(12.7) 

87.5	
(14.8) 

54.7	
(11.5) 

No.	COVID-19	cases¶ 33 40 78 83 45 126 53 70 528 
%	Students	positive 18.8 19.4 24.9 30.9 17.0 31.1 26.0 20.0 24.1 
*Each	dormitory	floor	had	a	shared	common	space	and	bathrooms	except	dorm D. 
†First-year student dormitories. 
‡Only suite-style dormitory comprised of suites where <4 students were housed in either 4 single- or 2 double-occupancy bedrooms with the suite’s own 
bathroom, common area, and kitchen. 
§Dormitory floor-level occupancy was defined as the number of occupied rooms divided by the number of rooms per floor. 
¶A laboratory-confirmed case was defined as a positive severe acute respiratory syndrome coronavirus	2	antigen	or	reverse	transcription	PCR	test	result	
for any on-campus student during the fall semester. 
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lowest COVID-19 positivity for the semester was the 
reference group. Sharing a bedroom or living space 
were analyzed in separate models. We conducted our 
investigation consistent with applicable federal laws 
and CDC policy (e.g., 45 C.F.R. part 46.102(l)(2), 21 
C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. 145 §552a; 
44 U.S.C. §3501 et seq.). CDC and WDHS reviewed 
the investigation; in addition, the university’s ethics 
review board determined the activities to be nonre-
search public health surveillance.

At the start of the fall semester, 2,187 students 
had on-campus housing contracts. The median age of 
on-campus students was 19 years; 60.5% were female, 

79.4% White, and 79.7% non-Hispanic/Latino (Table 
1). Dormitory student populations range was 176–405 
students per dormitory, with a mean of 55 students 
per occupied dormitory floor and a mean floor oc-
cupancy of 85% (Table 2) at semester start. Overall, 
74.5% of students shared a bedroom and 81.7% of stu-
dents shared a living space.

During the semester, 528 (24.1%) COVID-19 cases 
were identified among on-campus students. The per-
centage of students diagnosed with COVID-19 was 
17.0%–31.1% across dormitories for the fall semester; the 
lowest percent positivity was in dorm E. All dormitories 
saw a rise in cases in mid- to late September (Figure 1).

Figure 1.	Epidemic	curves	of	daily	coronavirus	disease	cases	in	each	of	8	dormitories	(A–H)	and	overall	(I)	for	a	total	of	528	cases	at	
a	university	in	Wisconsin,	USA,	September	2–December	19,	2020.	Vertical	dotted	lines	indicate	the	change	in	testing	requirement	from	
biweekly	to	weekly.	On-campus	students	returning	after	the	Thanksgiving	break	(November	25–29,	2020;	vertical	dashed	lines)	were	
required	to	test	before	leaving	campus	and	twice	>48	hours	apart	upon	returning	to	campus.	Dorms	A,	B,	F,	and	G	house	first-year	
students.	Dorm	D	is	made	up	of	suites	of	4	single-	or	2	double-occupancy	bedrooms	with	a	shared	bathroom,	common	area,	and	kitchen.
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Using a univariable regression model, we 
found that students who shared a bedroom had 
1.52 (95% CI 1.19–1.92) times the odds of receiving a  
COVID-19 diagnosis as students who lived alone 
(Figure 2). The effect estimate remained unchanged 
in the adjusted multivariable regression model (Ap-
pendix Table 1). However, in the adjusted model, 
students with a shared living space (e.g., suites and 
bedrooms) had 1.80 (95% CI 1.28–2.55) times the 
odds of testing positive for COVID-19 compared 
with students living alone. After controlling for 
shared living status, students from 2 dormitories, 
dorms D and F, had higher odds for COVID-19 than 
dorm E students in both models.

CDC has provided guidance on prevention mea-
sures to reduce the transmission of SARS-CoV-2 at 
IHEs (6,8). Similar to other IHE outbreak reports from 
the United States, the university saw a surge in cases 
during September (1,3–5). After the surge, the univer-
sity updated their COVID-19 prevention plan such 
that residential students were tested weekly instead 
of biweekly for SARS-CoV-2, messaging on COVID-19 

prevention measures increased, and on-campus dining 
was limited to takeout only for 2 weeks.

Conclusions
Despite this university’s updated COVID-19 preven-
tion plan, students sharing a suite or bedroom had 
higher odds of being diagnosed with COVID-19. 
SARS-CoV-2 household transmission studies have 
shown that households are a significant transmis-
sion source for both symptomatic and asymptomatic 
persons (12,13). For example, a meta-analysis found 
that the household SARS-CoV-2 secondary attack rate 
was 16.6% (8,12). Reducing the number of students 
with roommates or those in suite-style units is needed 
to limit SARS-CoV-2 transmission.

After adjusting for sharing bedrooms or living 
spaces, students from 2 dormitories still had higher 
odds of having COVID-19 than students from the 
dormitory with the lowest percentage of positive 
students. This finding could be associated with dif-
fering student attitudes and social behaviors towards  
COVID-19 (14).

Figure 2. Associations between 
shared living spaces and coronavirus 
disease	(COVID-19)	at	a	university	
(N	=	2,187),	Wisconsin,	USA,	
September	2–December	19,	2020.	
Black	boxes	indicate	odds	ratios;	gray	
bars	indicate	95%	CIs.	Models	were	
adjusted for age, sex, race, ethnicity, 
dormitories,	and	floor	level	occupancy	
(%).	Shared	living	space	was	defined	
as one in which >2 students share 
either a bedroom or suite. Dorms 
A,	B,	F,	and	G	housed	first-year	
students. Dorm E was selected as the 
reference group because it had the 
lowest	semester	COVID-19	positivity	
among	on-campus	residents.	Dorm	
D	is	composed	of	suites	of	4	single-
occupancy	or	2	double-occupancy	
bedrooms with a shared bathroom, 
common	area,	and	kitchen.	aOR,	
adjusted	odds	ratio;	OR,	odds	ratio.
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Racial and ethnic disparities in COVID-19 inci-
dence have been found in persons <25 years of age 
in the United States (15). However, we found that 
Native Hawaiian or other Pacific Islander students 
had lower odds of having COVID-19 compared with 
White students, and Hispanic students had lower 
odds than non-Hispanic students: adjusted odds ratio 
for Native Hawaiian or other Pacific Islander students 
was 0.13 (95% CI 0.01–0.63) and for Hispanic students 
it was 0.56 (95% CI 0.31–0.96). We observed no other 
associations by age, sex, race category, and dormitory 
floor occupancy. These results should be interpreted 
with caution; our findings could be the result of low 
sample sizes in some groups or residual confounding.

The first limitation of our study is that findings 
from this IHE may not be generalizable for all IHEs. 
Second, these results characterize an association be-
tween sharing a living space and COVID-19 and do 
not necessarily indicate roommate transmission. 
Third, students may have moved out of the dormi-
tory during the semester, causing an underestimation 
of attack rates and misclassification of those students 
with roommates or suitemates for the term. Last, be-
cause this investigation was cross-sectional in design, 
a causal relationship cannot be determined.

In summary, sharing a living space or bed-
room was associated with increased odds of having  
COVID-19 even with COVID-19 prevention poli-
cies at a Wisconsin university. Reducing the number 
of students sharing living spaces could further pre-
vent the spread of SARS-CoV-2 on-campus as part of  
COVID-19 prevention practices at IHEs.
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Accurate detection of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infection is 

critical for patient management and infection control 
(1). Molecular diagnostics are highly sensitive in the 
acute phase of coronavirus diseases (COVID-19), but 
viral RNA remains detectable long after replicating 
virus can be isolated from respiratory samples (1–5). 
Antigen diagnostics, though often less sensitive, are 
touted as providing accurate detection during peak 
infectivity, thereby identifying persons most likely to 
transmit SARS-CoV-2 (6,7).

Prolonged SARS-CoV-2 RNA detection has led 
to evaluation of molecular assays to detect sub-
genomic RNA (sgRNA) or negative-strand RNA, 
which are produced during active viral replication 

(2–5,8–10). sgRNA detection has predominant-
ly been studied in hospitalized adults who have 
COVID-19 (2,3,5,8,9); published reports have not 
compared sgRNA and antigen detection, which 
should be highly correlated. We compared real-time 
reverse transcription PCR (rRT-PCR) detection of 
nucleocapsid sgRNA, the most abundant sgRNA in 
SARS-CoV-2–infected cells (2), with nucleocapsid 
antigen detection among symptomatic outpatients 
who had SARS-CoV-2 infections.

The Study
We obtained 88 nasal midturbinate and 39 nasopha-
ryngeal swab specimens (PurFlock Ultra Flocked 
Swabs; Puritan Medical Products, https://www.pu-
ritanmedproducts.com) from 127 persons who came 
to COVID-19 testing centers affi liated with Emory 
University and Children’s Healthcare of Atlanta (At-
lanta, GA, USA) during January 2021. Inclusion crite-
ria were a symptomatic respiratory illness for <7 days 
and a positive, routine-care SARS-CoV-2 molecular 
test (nasopharyngeal swab specimen). The study was 
approved by the Emory University Institutional Re-
view Board and Children’s Healthcare of Atlanta.

We extracted total nucleic acids from 500 μL of 
sample and eluted them into a volume of 50 μL by 
using an EMAG Instrument (bioMérieux, https://
www.biomerieux.com). We tested eluates side-
by-side in rRT-PCRs for sgRNA and total SARS-
CoV-2 RNA (genomic plus sgRNA). For sgRNA, 
we combined a forward primer in the leader se-
quence (5′-CGATCTCTTGTAGATCTGTTCTC-3′) 
with the nucleocapsid 2 (N2) target reverse primer 
and probe (11).

Correlation of SARS-CoV-2 
Subgenomic RNA with Antigen 
Detection in Nasal Midturbinate 

Swab Specimens
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Among	 symptomatic	 outpatients,	 subgenomic	 RNA	 of	
severe	acute	respiratory	syndrome	coronavirus	2	in	na-
sal midturbinate swab specimens was concordant with 
antigen	detection	but	remained	detectable	in	13	(82.1%)	
of	 16	 nasopharyngeal	 swab	 specimens	 from	 antigen-
negative	 persons.	 Subgenomic	 RNA	 in	 midturbinate	
swab specimens might be useful for routine diagnostics 
to identify active virus replication.
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We performed the sgRNA assay in 20-μL reac-
tions using the Luna Probe One-Step RT-qPCR Kit 
(New England Biolabs, https://www.neb.com) with 
500 nmol/L of each primer, 250 nmol/L of probe, and 
5 μL of eluate by using the following conditions: 55°C 
for 15 min, 95°C for 2 min, and 45 cycles of 95°C for 
15 s and 60°C for 60 s. We detected total SARS-CoV-2 
RNA by using a duplex N2-RNase P rRT-PCR per-
formed as described (12). We obtained an anterior 
nares swab specimen for nucleocapsid antigen detec-
tion with the Abbott BinaxNOW COVID-19 Ag Card 
(swabs supplied with the BinaxNOW kit; Abbott Lab-
oratories, https://www.abbott.com) performed per 
the package insert.

The first 73 participants had a midturbinate 
swab specimen available for molecular testing 

(evaluation group) and have been described (13). 
The subsequent 54 participants had dedicated mid-
turbinate (n = 15) or residual nasopharyngeal (n = 
39) swab specimens for molecular testing and avail-
able antigen test results (antigen testing group) (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/11/21-1135-App1.pdf).

We estimated nucleocapsid sgRNA as a percent-
age of total RNA by calculating copies per microliter 
of sgRNA and total RNA for each sample based on a 
standard curve for each target and then calculating 
the percentage of sgRNA. We used unpaired t-tests 
to compare continuous variables and the Fisher exact 
test for testing categorical variables. We performed 
simple linear regression to compare cycle threshold 
(Ct ) values for sgRNA and total RNA. We conducted 

 
Table 1. Demographic and clinical variables of study participants who had MT swab specimens in antigen-testing group analyzed for 
SARS-CoV-2	subgenomic	RNA,	Atlanta,	Georgia,	USA* 
Variable Overall,	n	=	15 Antigen positive, n = 8 Antigen negative, n = 7 p value 
Mean	age,	y	(SD) 54.35	(14.49) 53.98	(16.12) 54.78	(13.65) 0.921 
Female	sex 9	(60.00) 5	(62.50) 4	(57.14) 1.000 
Mean	days	after	symptom	onset	(SD)† 4.14	(2.44) 3.88	(2.23) 4.50	(2.88) 0.655 
MT	swab	specimen,	rRT-PCR	positive 12	(80.0) 8	(100.0) 4 (57.1) 0.077 
Race‡     
 White 2	(14.3) 0 3	(33.3) 0.026 
 Black/African American 11	(78.6) 8	(100.0) 3	(50.0) NA 
 Asian 11	(78.6) 8	(100.0) 3	(50.0) NA 
*Values	are	no.	(%)	unless	indicated	otherwise.	MT,	nasal	midturbinate;	NA,	not	available;	rRT-PCR,	real-time	reverse	transcription	PCR;	SARS-CoV-2, 
severe acute respiratory syndrome coronavirus 2. 
†Day sample was collected. 
‡One	participant	did	not	identify	race;	none	identified	as	Hispanic. 

 

Figure 1.	Correlation	of	sgRNA	levels	with	total	SARS-CoV-2	RNA	in	samples	from	study	participants	in	Atlanta,	Georgia,	USA.	A)	N2	
Ct	values	for	samples	in	which	sgRNA	was	detectable	(gray	dots)	or	not	detectable	(red	dots).	Horizontal	bars	indicate	means,	and	
error	bars	indicate	SDs.	B)	sgRNA	Ct values versus corresponding Ct values	for	the	N2	target.	Results	of	simple	linear	regression	(black	
line)	and	error	bars	(dotted	lines)	are	shown.	Line	of	identity	(gray	line)	is	shown	for	reference.	Ct,	cycle	threshold;	N2,	nucleocapsid	2;	
SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2;	sgRNA,	subgenomic	RNA.
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analyses by using GraphPad version 9.02 (https://
www.graphpad.com) and SAS version 9.4 (https://
support.sas.com).

The evaluation group included midturbinate 
swab specimens from 36 adults and 37 children. All 
samples (73/73) were positive for SARS-CoV-2 by 
rRT-PCR. Samples with detectable sgRNA (62/73, 
84.9%) had significantly lower Ct values, indicative 
of higher viral loads, than samples without detect-
able sgRNA (mean Ct  25.1, SD 5.5, vs. mean Ct 35.5, 
SD 2.6; p<0.0001) (Figure 1, panel A). sgRNA was 
detectable in all samples (49/49) that had N2 Ct val-
ues <30 compared with 13 (54.2%) of 24 samples that 
had Ct values >30 (p<0.0001). Although sgRNA rRT-
PCR amplification efficiency was slightly lower than 
that for the N2 assay, there was a strong linear cor-
relation between sgRNA and N2 Ct values (Figure 1, 
panel B), and the assay provided linear sgRNA detec-
tion across the range of N2 Ct values observed in this 
study (Appendix Figure 2). sgRNA Ct values were a 
mean of 4.8 (SD 1.8) cycles higher than corresponding 
N2 Ct values, and nucleocapsid gene sgRNA account-
ed for a mean of 1.4% (SD 1.1%) of SARS-CoV-2 RNA. 
Samples from children had higher viral loads than 
samples from adults, although the relative amount of 
sgRNA did not differ (Appendix Figure 3).

We complied characteristics of participants in the 
antigen-testing group who had midturbinate (n = 15) 
swab specimens (Table 1) and nasopharyngeal (n = 
39) swab specimens (Table 2). All midturbinate swab 
specimens from participants who had detectable an-
tigen (n = 8) were also positive for sgRNA, whereas 
0/4 samples from antigen-negative persons were 
positive (κ 1.0). Samples that had detectable sgRNA 
had significantly lower Ct values (mean 25.8, SD 2.7) 
than samples that did not have detectable sgRNA 
(mean 36.3, SD 1.8; p = 0.002) (Figure 2).

All (20/20) nasopharyngeal swab specimens 
from antigen-positive participants were positive 

for sgRNA. N2 Ct values were significantly lower 
among antigen-positive participants (mean 18.2, SD 
5.0) than antigen-negative participants (mean 27.8, 
SD 4.5; p<0.0001) (Figure 2). sgRNA was detectable 
in 13 (81.2%) of 16 nasopharyngeal swab specimens 
from antigen-negative persons. Days after symptom 
onset (when the sample was collected) did not differ 
significantly between antigen-positive and sgRNA-
positive/antigen-negative participants (mean 3.4, 
SD 1.9 days, vs. mean 3.8, SD 2.4 days; p = 0.6). 

 
Table 2. Correlation	of	SARS-CoV-2	subgenomic	RNA	with	nucleocapsid	detection	in	NP	specimens	from	study	participants	analyzed	
for	SARS-CoV-2	subgenomic	RNA,	Atlanta,	Georgia,	USA	* 
Variable Overall,	n	=	39 Antigen positive, n = 20 Antigen negative,	n	=	19 p value 
Mean	age,	y	(SD) 8.6	(5.8) 9.8	(5.6) 7.4	(5.8) 0.148 
Female	sex 16	(41.0) 8	(40.0) 8	(42.1) 0.894 
Mean	days	after	symptom	onset	(SD)† 3.7	(2.2) 3.0	(1.4) 4.5	(2.7) 0.227 
Repeat	NP	swab	specimen,	rRT-PCR	positive 36	(92.3) 20 (100.0) 16	(84.2) 0.106 
Race     
 White 26	(66.67) 13	(65.0) 13	(68.42) 0.077 
 Black/African American 6	(15.38) 3	(15.0) 3	(15.79) NA 
 Asian 4	(10.26) 4	(20.0) 0 NA 
 Biracial 3	(7.69) 0 3	(15.79) NA 
Hispanic	ethnicity 19	(48.72) 6	(30.0) 13	(68.42) 0.016 
*Values	are	no.	(%)	unless	indicated	otherwise.	NA,	not	available;	NP,	nasopharyngeal;	rRT-PCR,	real-time	reverse	transcription	PCR;	SARS-CoV-2, 
severe acute respiratory syndrome coronavirus 2. 
†Day sample was collected. One participant	was	asymptomatic	(did	not	report	symptoms	in	the	past	14	days). 

 

Figure 2.	Concordance	of	SARS-CoV-2	sgRNA	with	nucleocapsid	
antigen detection in MT swab specimens, but not NP swab 
specimens,	from	study	participants	in	Atlanta,	Georgia,	USA.	
sgRNA	remains	detectable	in	NP	swab	specimens	for	persons	
who	showed	negative	results	for	nucleocapsid	antigen.	Symbols	
represent	MT	(blue)	and	NP	(purple)	swab	specimens	for	persons	
with	(filled	circles)	and	without	(open	circles)	detectable	sgRNA.	
Horizontal	bars	indicate	means,	and	error	bars	indicate	SDs.	Ct, 
cycle	threshold;	MT,	nasal	midturbinate;	NP,	nasopharyngeal;	N2,	
nucleocapsid	2;	SARS-CoV-2,	severe	acute	respiratory	syndrome	
coronavirus	2;	sgRNA,	subgenomic	RNA.
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Nucleocapsid gene sgRNA accounted for a smaller 
percentage of total SARS-CoV-2 RNA in antigen-
negative participants (mean 0.6%, SD 0.4%) vs. an-
tigen-positive participants (mean 1.0%, SD 0.5%; p = 
0.012) (Appendix Figure 4). Compared with midtur-
binate swab specimens, nasopharyngeal swab speci-
mens had lower Ct values for RNase P (Appendix 
Figure 5).

Conclusions
SARS-CoV-2 sgRNA was detected in all samples from 
antigen-positive participants (28/28 total), consistent 
with identification of active viral replication and po-
tential shedding (4,5,8). However, among antigen-
negative participants, sgRNA detection varied be-
tween SARS-CoV-2 RNA-positive midturbinate (0/4) 
and nasopharyngeal (13/16) swab specimens. Al-
though nasopharyngeal swab specimens are expected 
to have higher viral loads (14), this difference did not 
appear to be the sole explanation. sgRNA represent-
ed a smaller proportion of total SARS-CoV-2 RNA 
in discordant nasopharyngeal swab specimens, and 
overall, nasopharyngeal swab specimens had higher 
amounts of human cellular material (lower RNase P 
Ct values) than midturbinate swab specimens. There-
fore, discordant sgRNA and antigen results in naso-
pharyngeal swab specimens probably resulted from 
persistent detection of waning SARS-CoV-2 infec-
tions with low levels of detectable sgRNA, which is 
only found in infected cells but insufficient viral repli-
cation to yield detectable nucleocapsid antigen in the 
anterior nares.

Nucleocapsid antigen was detected by using 
the widely available BinaxNOW COVID-19 Ag 
Card. This card demonstrates similar performance 
to other rapid antigen tests, which commonly de-
tect nucleocapsid protein, and maintains analytical 
sensitivity against SARS-CoV-2 variants (7). There-
fore, it provided a useful and relevant comparator 
for sgRNA detection.

Limitations of our study include a relatively 
small number of midturbinate swab specimens tested 
in the antigen-testing group, which was affected by 
the need for multiple swab specimens at a single time 
point. The race/ethnicity makeup of groups that had 
midturbinate and nasopharyngeal swab specimens 
differed (Tables 1, 2), although this limitation is not 
expected to have affected our findings (15).

In conclusion, sgRNA detection in midturbinate 
swab specimens correlates with nucleocapsid antigen 
and could be implemented as a molecular test to eval-
uate infectivity. Given the strong correlation between 
sgRNA, nucleocapsid antigen, and total SARS-CoV-2 

RNA, these data also support use of antigen testing 
or establishment of rRT-PCR Ct values as markers of 
active replication.
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Incidence of coronavirus disease (COVID-19)–
associated pulmonary aspergillosis (CAPA) in 

hospital intensive care units (ICUs) is 3.8%–33.3% 
(1–9). Variations might be explained by differences in 
patient populations and CAPA defi nitions used, com-
plicating direct comparisons between studies.

Diagnosing CAPA is complex because cases fre-
quently lack typical radiologic features and European 
Organization for Research and Treatment of Cancer 
and the Mycoses Study Group Education and Re-
search Consortium (EORTC/MSGERC) host factors 
( 10) and because mycologic evidence is diffi cult to ob-
tain. Serum galactomannan (GM) detection has low 
sensitivity in CAPA (7,10). 

The European Confederation of Medical Mycology 
and International Society for Human and Animal My-
cology (ECMM/ISHAM) published consensus criteria 
for a CAPA defi nition (11). We used these criteria to 
perform an observational cohort study to assess CAPA 
incidence in patients with COVID-19 admitted to ICUs 
during the fi rst wave of the COVID-19 pandemic.

The Study
We collected partially prospective and partially retro-
spective data for 823 patients in 2 cohorts. The discov-
ery cohort comprised patients with PCR-confi rmed or 
clinically presumed COVID-19 admitted to 4 ICUs in 
the Netherlands and 4 ICUs in Belgium during Febru-
ary 28–May 27, 2020. The validation cohort comprised 
patients with PCR-confi rmed COVID-19 admitted 
because of respiratory insuffi ciency to 3 participating 
ICUs in France during April 7–May 31, 2020 (Appen-
dix Methods, Table 1, https://wwwnc.cdc.gov/EID/
article/27/11/21-1174-App1.pdf).
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We	performed	an	observational	study	 to	 investigate	 in-
tensive care unit incidence, risk factors, and outcomes of 
coronavirus disease–associated pulmonary aspergillosis 
(CAPA).	 We	 found	 10%–15%	 CAPA	 incidence	 among	
823	patients	in	2	cohorts.	Several	factors	were	indepen-
dently associated with CAPA in 1 cohort and mortality 
rates	were	43%–52%.
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Table 1. Demographic,	clinical,	and	mycologic	characteristics	of	the	discovery	cohort	in	a	multinational	observational	study	of	COVID-
19–associated	pulmonary	aspergillosis	in	3	countries	in	Europe,	2020* 
Characteristics Total population,	n	=	519 CAPA, n = 42 CAPA	excluded,	n	=	237 p value 
Age, y 64	(55–72) 68 (61–73) 65	(57–71) 0.12 
Sex     
    F 141	(27) 8	(19) 58	(24)  
 M 378	(73) 34	(81) 179	(76) 0.56 
BMI, kg/m2 27.2 (24.4–31.0);	n	=	507 27.4	(23.6–30.2);	n	=	40 26.9	(24.4–30.9);	n	=	231 0.72 
Underlying	conditions     
 Cardiovascular disease† 291	(56) 25	(60) 130	(55) 0.62 
 Diabetes mellitus 139	(27) 9	(21) 61	(26) 0.70 
 Asthma 37	(7) 1	(2) 19	(8) 0.33 
 COPD 44	(9) 8	(19) 19	(8) 0.042 
 Liver cirrhosis 6	(1) 0 2	(0.8) 1.00 
 Rheumatological	disease 31	(6) 5	(12) 14	(6) 0.18 
 HIV/AIDS 6	(1) 3	(7) 1	(0.4) 0.011 
 Solid	organ	malignancy 28	(5) 3	(7) 11	(5) 0.45 
EORTC/MSGERC	host	factors     
 Any‡ 70	(16);	n	=	426 13	(33);	n	=	39 31	(19);	n	=	166 0.053 
 Recent	neutropenia§  7	(2);	n	=	413 1	(3);	n	=	38 5	(3);	n	=	156 1.00 
 Hematologic	malignancy 18	(4) 4	(10) 9	(4) 0.11 
 Receipt	of	allogeneic	SCT 4	(0.8);	n	=	516 0 3	(1);	n	=	236 1.00 
 Receipt	of	SOT 6	(1) 1	(2) 2	(0.8) 0.39 
 Systemic	corticosteroids	<30	d	before 
 ICU	admission,	any	dose 

38	(9);	n	=	430 7	(18);	n	=	39 14	(9);	n	=	160 0.14 

 T or B cell immunosuppressants other  
 than corticosteroids <90	d	before	ICU	 
 admission 

31	(6);	n	=	514 
 

7	(17) 
 

12	(5);	n	=	233 
 

0.014 
 

 Inherited severe immunodeficiency 0;	n	=	517 0 0;	n	=	236 NA 
ICU	treatment	data     
 Invasive mechanical ventilation 423	(82);	n	=	517 40	(98);	n	=	41	 225	(95) 0.70 
  No. invasive ventilation days¶ 14	(9–24);	n	=	395 16	(13–27);	n	=	37 18 (11–30);	n	=	212 0.98 
 RRT	during	ICU	admission 93	(18);	n	=	516 17	(41) 44	(19);	n	=	236 0.004 
 Systemic	corticosteroids	during	ICU	 
 admission 

216	(42);	n	=	516 
 

20	(48) 
 

131	(56);	n	=	236 
 

0.40 
 

Outcome	data     
 ICU	death 154	(30);	n	=	518 22 (52) 81	(34) 0.036 
 ICU	LOS,	d# 14 (8–24);	n	=	491 18 (12–27);	n	=	39 20 (12–32);	n	=	222 0.84 
Mycologic diagnostic tests     
 Serum	GM	OD	>0.5,	no.	positive	(%);	 
 no. values reported/no. performed 

3	(2);	134/176 3	(11);	28/28 0;	106/148 NA 

 Serum	GM	OD** 0.10 (0.10–0.10);	n	=	134 0.10 (0.06–0.14);	n	=	28 0.10 (0.10–0.10);	n	=	106 0.95 
 Positive	BALF/BL	culture 17	(10);	n	=	166 17	(42);	n	=	41 0;	n	=	125 NA 
 BALF/BL	GM	OD	>1.0, no. positive  
 (%);	no.	OD	values	reported/no.	 
 BL/BALF	performed	 

32	(19);	90/166	 32	(78);	34/41	 0;	55/125	 NA 

 BALF/BL	GM	OD** 0.20 (0.10–1.50);	n	=	90 1.80 (1.00–3.90);	n	=	35 0.10 (0.10–0.20);	n	=	55 <0.001 
 Positive	BALF/BL	PCR,	any	Ct, no.  
 positive	(%);	no. reported/no. tested 

9	(5);	11/166 7	(17);	7/41 2	(2);	4/125†† NA 

Days	between	ICU	admission	and	first	
positive mycologic test‡‡ 

NA 6	(3–9);	n	=	41 NA NA 

*Data are presented as no. (%)	or	median	(IQR)	unless	otherwise	indicated.	Continuous	variables	were	compared	by	Mann-Whitney	U	test,	categorical	
variables	by	Fisher	exact	test	with	omission	of	missing	data,	unless	stated	otherwise. Total percentages might not equal 100% because of rounding. Bold 
text indicates statistical significance. BAL,	bronchoalveolar	lavage;	BALF,	BAL	fluid;	BL,	bronchial	lavage; BMI, body mass index;	CAPA, COVID-19–
associated	pulmonary	aspergillosis;	COPD,	chronic	obstructive	pulmonary	disease;	COVID-19,	coronavirus	disease;	Ct, cycle	threshold;	CT,	computed	
tomography;	ECMO,	extracorporeal	membrane	oxygenation;	EORTC/MSGERC, European	Organization	for	Research	and	Treatment	of	Cancer	and	the	
Mycoses	Study	Group	Education	and	Research	Consortium;	GM,	galactomannan;	ICU, intensive care unit; IQR,	interquartile	range;	LOS,	length	of	stay;	
NA,	not	applicable;	NBL,	nonbronchoscopic	lavage;	OD,	optical	density;	RRT,	renal	replacement	therapy;	SCT, stem cell transplantation; SOT,	solid	
organ transplant. 
†Includes hypertension 
‡Includes	any	use	of	systemic	corticosteroids	before	ICU	admission;	If	data	on	one	or	more	EORTC	host	factors	were	missing,	then data were regarded 
as missing for this variable. 
§Neutropenia	includes	absolute	neutrophil	count	of	<0.5	×	109 cells/L for >10 d. 
¶If	transferred	to	another	hospital	from	ICU	and	still	on	ventilatory	support	of	any	kind,	duration	of	invasive	mechanical	ventilatory support was regarded 
as missing data and not included in the analyses. The same holds true for those who received a tracheostomy for a prolonged weaning trajectory. 
#Data	on	ICU	LOS	were	regarded	as	missing	if	transfer	to	another	hospital	was	the	reason	for	ICU	discharge	because	exact	ICU	LOS	was	unknown. 
**When multiple values were reported for 1 patient, the median of these values was used for further calculations. 
††Positive	PCR	with	Ct values >36	as	only	positive	mycologic	criterion. 
‡‡Mycologic test considered a criterion for proven, probable, or possible CAPA according to the 2020 European Confederation for Medical 
Mycology/International	Society	for	Human	and	Animal	Mycology classification (11). 

COVID-19–Associated	Pulmonary	Aspergillosis



DISPATCHES

2894 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 11, November 2021

We applied ECMM/ISHAM classification crite-
ria for CAPA (11). We considered bronchial lavage 
(BL) equivalent to bronchoalveolar lavage (BAL). We 
assumed all CAPA classified patients demonstrated 
clinical factors and radiographic abnormalities. We 
defined 3 patient groups: CAPA, CAPA-excluded, 
and CAPA not classifiable (Figure 1; Appendix).

We included 519 patients in the discovery cohort; 
median age was 64 years, 73% were male, and 82% 
required invasive mechanical ventilation during ICU 
admission (Table 1; Appendix Table 2, 3, 4). Among 
patients in the discovery cohort, 279 (54%) were clas-
sifiable: 6 (2%) as CAPA proven, 32 (12%) as probable 
CAPA, and 4 (1%) as possible CAPA (Figure 1, panel A; 
Appendix Results, Tables 5, 6). CAPA incidence among 
classifiable patients was 15% (42/279); 85% were CAPA-
excluded. Among patients in the discovery cohort, 46% 
(240/519) were not classifiable, including 3 who did not 
fulfill the criteria for possible CAPA (Figure 1, panel 
A). In patients with any EORTC/MSGERC host factor, 
CAPA incidence was 30% (13/44), compared with 16% 
(26/161) in patients with no host factors (p = 0.053).

Chronic obstructive pulmonary disease (COPD; 
p = 0.04) and HIV/AIDS (p = 0.01) were more  

prevalent in CAPA patients (Table 1; Appendix Ta-
ble 2). Among CAPA patients, 33% had >1 EORTC/
MSGERC host factor, compared with 19% of CAPA-
excluded patients (p = 0.053). Corticosteroid use was 
not more prevalent in the CAPA group (p = 0.14), 
in contrast to other immunosuppressant drugs (p = 
0.01). In logistic regression analysis, corticosteroid 
use at any dose before or during ICU admission was 
not independently associated with CAPA develop-
ment. However, COPD, HIV/AIDS, and use of other 
immunosuppressant drugs before ICU admission 
were associated with CAPA (Appendix Figure 1, 
panel A).

Among CAPA patients who underwent BAL or BL, 
Aspergillus culture was positive in 42%, GM was posi-
tive (optical density [OD] >1.0) in 78%, and Aspergillus 
PCR was positive in 17%. Among CAPA patients who 
underwent nonbronchoscopic lavage, 67% had positive 
cultures. Serum GM was positive in 11% of tested CAPA 
patients. Median time between ICU admission and first 
positive mycologic test was 6 (interquartile range [IQR] 
3–9) days (Table 1; Appendix Table 7).

The proportion of patients receiving sys-
tematic corticosteroid treatment in ICUs was not  

Figure 1.	Flowchart	of	the	study	inclusion	process	for	a	multinational	observational	study	of	CAPA	in	3	countries	in	Europe,	2020.	 
A)	Discovery	cohort;	B)	validation	cohort.	For	further	analyses,	patients	with	proven,	probable,	and	possible	CAPA	were	designated	to	
the	CAPA	group.	Patients	were	classified	to	the	CAPA	excluded	group	when	they	had	>1 negative mycological test according to 2020 
ECMM/ISHAM	classification	consensus	criteria	(11).	Patients	who	did	not	undergo	any	of	the	mycological	tests	were	designated	to	
the	CAPA	not	classifiable	group.	*Value	includes	6	patients	in	whom	CAPA	was	excluded	at	the	time	of	autopsy.	CAPA,	COVID-19–
associated	pulmonary	aspergillosis;	COVID-19,	coronavirus	disease;	ECMM/ISHAM,	European	Confederation	for	Medical	Mycology/
International	Society	for	Human	and	Animal	Mycology;	ICU,	intensive	care	unit.
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significantly different between CAPA and CAPA-
excluded groups (p = 0.40), nor was corticosteroid 
dose (p = 0.88) (Table 1; Appendix Table 4). Antifun-
gal treatment was administered to 16% (83/519) of 
patients, 88% of CAPA patients, and 15% of CAPA-
excluded patients (Appendix Table 8). ICU mortality 
rates were significantly higher in CAPA patients (52%) 
than in CAPA-excluded patients (34%) (p = 0.04; Table 
1; Appendix Table 4); mortality rates were 67% for pa-
tients with positive serum GM. CAPA patients dem-
onstrated reduced survival (p = 0.02) (Figure 2, panel 
A); estimated median survival was 42 days after ICU 
admission. When correcting for covariates, CAPA was 
not independently associated with ICU mortality rates, 
but older age and acute kidney injury (AKI) during 
ICU stay were (Appendix Figure 1, panel B).

We included 304 patients in the validation co-
hort (Figure 1, panel B); median age was 63 years, 
25% were male, and 76% required invasive mechani-
cal ventilation (Table 2; Appendix Tables 9, 10). Ulti-
mately, 209/304 (69%) patients were classifiable for 
CAPA: 21 (10%) probable CAPA and 188 (90%) CAPA 
excluded (Figure 1, panel B; Appendix Results, Tables 
5, 11). Among patients with EORTC/MSGERC host 
factors, CAPA incidence was 13% (3/23), compared 
with 10% (18/186) among patients without host fac-
tors (p = 0.71).

All 21 probable CAPA patients were female; 
cardiovascular disease, excluding hypertension (p 
= 0.02), and bronchiectasis (p = 0.03) were more 
prevalent in this group (Table 2; Appendix Table 9). 
Use of corticosteroids before or during ICU admis-
sion or other immunosuppressant drugs before ICU 
admission were not independently associated with 
CAPA (Appendix Figure 1, panel C). In the vali-
dation cohort, 19% received antifungal treatment; 

57% of the CAPA group received antifungal treat-
ment (Appendix Table 8).

Corticosteroid use during ICU stay was not sig-
nificantly different between the CAPA and CAPA-
excluded groups (p = 0.82) in the validation cohort. 
ICU mortality rates were higher in the CAPA group 
than the CAPA-excluded group (43% vs. 25%; p = 
0.12) (Table 2; Figure 2, panel B; Appendix Table 
10). The ICU mortality rate was 50% in patients with 
positive serum GM. CAPA was not independently 
associated with ICU death, but older age and AKI 
during ICU admission were (Appendix Table 10, 
Figure 1, panel D).

Conclusions
We found CAPA incidence was 10%–15%, corre-
sponding to the 14%–19% reported in other studies 
(8,9). Discovery cohort CAPA incidence was simi-
lar to influenza-associated pulmonary aspergillosis 
(IAPA) incidence in ICUs (12,13). CAPA seems to de-
velop later after ICU admission than IAPA. Median 
time to first positive mycologic test in our study was 
6 days after ICU admission, similar to other studies 
reporting 4–8 days (7–9) but in contrast to the median 
3 days reported for IAPA (12,14).

Corticosteroids were not associated with CAPA 
in our study, consistent with previous reports (7–9), 
but contrasting associations seen with invasive pul-
monary aspergillosis (IPA) and IAPA (12). This find-
ing might be explained by possible dual effects of cor-
ticosteroids in COVID-19, impairing anti-Aspergillus 
immunity while simultaneously ameliorating the hy-
perinflammatory immune dysregulation and associ-
ated tissue damage conducive to IPA.

We found CAPA ICU mortality rates were 
43%–52%, in line with previous reports (7–9) and 

Figure 2.	Kaplan-Meier	survival	curves	comparing	patients	with	CAPA	and	those	classified	as	CAPA	excluded	in	a	multinational	
observational	study.	A)	Discovery	cohort;	B)	validation	cohort.	Survival	analysis	performed	by	using	Mantel-Cox	log	rank	test.	Survival	
over	time	differs	significantly	in	the	discovery	cohort	(n	=	279);	median	estimated	survival	in	the	CAPA	group	is	42.0	days	(p	=	0.015	by	
log	rank	test).	In	the	validation	cohort	(n	=	209),	survival	over	time	is	not	significantly	different	between	the	2	groups	(p	=	0.065	by	log	
rank	test).	CAPA,	COVID-19–associated	pulmonary	aspergillosis;	COVID-19,	coronavirus	disease;	ICU,	intensive	care	unit.
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comparable to those for IAPA (12). We could  
not assess antifungal treatment effects on mortality 
rates, but CAPA patients in the validation cohort 

who received antifungal treatment demonstrated  
a trend toward improved survival (Appendix  
Figure 2).

 
Table 2. Demographic,	clinical,	and	mycologic	characteristics	of	the	validation	cohort	in	a	multinational	observational	study	of	COVID-
19–associated	pulmonary	aspergillosis	in	3	countries	in	Europe,	2020* 
Characteristics Total	population,	n	=	304 CAPA, n = 21 CAPA excluded, n = 188 p value 
Age, y 63	(55–71) 67	(59–75) 62	(53–69) 0.06 
Sex     
 F 227	(75) 21	(100) 141	(75)  
 M 77	(25) 0 47	(25) 0.005 
BMI, kg/m2 30.0	(26.0–34.4);	n	=	296 30.2	(26.1–32.8);	n	=	20 30.0	(26.4–34.5);	n	=	185 0.84 
Underlying	conditions     
 Active hematologic malignancy 10	(3) 0 6	(3) 1.00 
 Cardiovascular disease† 185	(61) 17	(81) 112	(60) 0.06 
 Diabetes mellitus 92	(30) 9	(43) 62	(33) 0.47 
 Asthma 22	(7) 2	(10) 12	(6) 0.64 
 COPD 20	(7) 2	(10) 12	(6) 0.64 
 Liver cirrhosis‡ 5	(2) 2	(10) 2	(1) 0.051 
 Autoimmune disease 16	(5) 2	(10) 11	(6) 0.63 
 HIV/AIDS 3	(1) 0 1	(0.5) 1.00 
 Active solid organ malignancy 4	(1) 1	(5) 3	(2) 0.35 
 Bronchiectasis 5	(2) 2	(10) 1	(0.5) 0.027 
EORTC/MSGERC	host	factors     
 Any§ 35	(12) 3	(14) 20	(11) 0.71 
 Recent	neutropenia¶ 0;	n	=	303 0 0;	n	=	187 NA 
 Hematological	malignancy 10	(3) 0 6	(3) 1.00 
 Receipt	of	SOT 9	(3) 1	(5) 5	(3) 0.48 
 Corticosteroids >0.3	mg/kg	for	 
 >3	wks	within previous 60 d 

17	(6) 
 

2	(10) 
 

10 (5) 
 

0.34 
 

 Other	immunosuppressants	 
 <90	d	before	ICU	admission 

23	(8) 2	(10) 16	(9) 0.70 

ICU	treatment	data     
 Invasive mechanical ventilation 228	(76);	n	=	302 19	(95);	n	=	20 168	(89) 0.70 
 No. invasive ventilation days 15	(9–25);	n	=	212 18 (13–25);	n	=	17 15	(9–25);	n	=	157 0.21 
 RRT 64	(21);	n	=	303 11	(55);	n	=	20 47	(25) 0.008 
 Systemic	corticosteroids	during	 
 ICU	admission 

147	(49);	n	=	303 11	(52) 106	(57);	n	=	187 0.82 

Outcome	data     
 ICU	death 69	(23);	n	=	299 9	(43) 46 (25);	n	=	185 0.12 
 ICU	LOS,	d#	 14 (8–26);	n	=	295 22 (12–35);	n	=	20 18 (10–28);	n	=	183 0.27 
Mycologic diagnostic tests     
 Serum	GM	OD	>0.5 4	(2);	n	=	172** 4	(22);	n	=	18 0;	n	=	154†† NA 
 Serum	GM	OD	 0.07 (0.04–0.12);	n	=	172** 0.10 (0.06–0.34);	n	=	18 0.06 (0.04–0.11);	n	=	154†† 0.008 
 Positive	BALF	culture 11	(8);	n	=	135 11	(52)	n	=	21 0;	n	=	114 NA 
 BALF	GM	OD	>1.0 13	(11);	n	=	123 13	(62)	n	=	21 0;	n	=	102 NA 
 BALF	GM	OD‡‡ 0.12	(0.05–0.32);	n	=	123 1.10 (0.12–3.06);	n	=	21 0.11	(0.05–0.18);	n	=	102 <0.001 
Positive	BALF	PCR,	any	Ct 8	(13);	n	=	64 8	(53);	n	=	15 0;	n	=	49 NA 
 Serum	β-D-glucan value  
 ≥80 pg/mL 

37	(20);	n	=	184 8	(42);	n	=	19 29	(18);	n	=	160 0.030 

 Serum β-D-glucan value§§ 31	(13–60);	n	=	184 34	(31–156);	n	=	19 31	(10–59);	n	=	160 0.055 
*Data	are	presented	as	no.	(%)	or	median	(IQR),	unless	stated	otherwise.	Continuous	variables	were	compared	by	Mann-Whitney	U	test,	categorical	
variables	by	Fisher	exact	test	with	omission	of	missing	data,	unless	stated	otherwise.	Total percentages might not equal 100% because of rounding. Bold 
text	indicates	statistical	significance.	BAL,	bronchoalveolar	lavage;	BALF,	BAL	fluid;	BL,	bronchial	lavage;	BMI,	body	mass	index;	CAPA,	COVID-19–
associated	pulmonary	aspergillosis;	COPD,	chronic	obstructive	pulmonary	disease;	COVID-19,	coronavirus	disease;	Ct,	cycle	threshold;	CT,	computed	
tomography;	ECMO,	extracorporeal	membrane	oxygenation;	EORTC/MSGERC,	European	Organization	for	Research	and	Treatment	of	Cancer and the 
Mycoses	Study	Group	Education	and	Research Consortium;	ICU,	intensive	care	unit;	IQR,	interquartile	range;	GM,	galactomannan;	LOS,	length	of	stay;	
NA,	not	applicable;	OD,	optical	density;	RRT,	renal	replacement	therapy;	SAPS,	simplified	acute	physiology	score;	SOT,	solid	organ	transplant;	TBA,	
tracheobronchial aspirate. 
†Includes	Factor	V	Leiden	mutation	and	hypertension. 
‡Includes hemochromatosis. 
§Includes use of any systemic corticosteroids. We did not assess receipt of an allogeneic stem cell transplant, presence of an inherited severe 
immunodeficiency, and presence of acute graft-versus-host disease. 
¶Neutropenia	includes	absolute	neutrophil	count	of	<0.5	×	109/L for >10 d. 
#Data	on	ICU	LOS	were	regarded	as	missing	if	still	admitted	at	the	time	of	data	entry	or	if	transfer	to	another	hospital	was	the	reason	for	ICU	discharge. 
**Serum	GM	performed	in	173	patients,	including	1 patient with an unknown result. 
††Serum	GM	values	known	for	154	patients,	unknown	value	in	1	patient. 
‡‡One	value	of	>6.0	entered	as	6.0. 
§§One	value	of	>500	pg/mL	entered	as	500	pg/mL. 
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The first limitation of our study is that assum-
ing clinical and imaging factors were available for all 
patients classified with CAPA possibly led to overre-
porting of CAPA. Excluding CAPA based on 1 nega-
tive mycologic test might have led to underreporting. 
Another limitation was that patients undergoing my-
cologic workup were likely more severely ill, which 
becomes apparent when comparing baseline and 
outcome data of the CAPA not classifiable group to 
the other 2 groups (Appendix Tables 5–12). Several 
classifications have been published or updated after 
we initiated this study; therefore, not all diagnostic 
modalities were evaluated, and we used some terms, 
such as BAL and BL, interchangeably (11,15).

In conclusion, we report CAPA incidence of 10%–
15% in COVID-19 patients admitted to ICUs, CAPA 
ICU mortality rates of 43%–52%, and decreased sur-
vival over time. Clinicians should be aware of CAPA 
and that underlying factors, including COPD, immu-
nosuppressant drugs other than corticosteroids, and 
HIV/AIDS, can increase the risk for CAPA.
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Genomic surveillance is key to elucidate corona-
virus disease (COVID-19) transmission chains 

and to monitor emerging severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) variants as-

sociated with partial or complete immune escape (1). 
Intense transmission likely promotes the emergence 
of variants, including mutations in the gene encoding 
the spike (S) protein, which is a major component of 
all available COVID-19 vaccines (2). Genomic surveil-
lance is notoriously weak in sub-Saharan Africa (Ap-
pendix Figure, panel A, https://wwwnc.cdc.gov/
EID/article/27/11/21-1353-App1.pdf). A total of 55 
SARS-CoV-2 lineages were described in West Africa 
as of May 25, 2021, considerably fewer than the >350 
lineages in affl uent regions (Appendix Figure, panel 
B). We previously described 2 diverse lineages (A.4 
and B.1) in Benin early in the pandemic (3). In this 
study, we analyzed SARS-CoV-2 genomic diversity 
in Benin ≈1 year later and assessed the ability of vac-
cinee-derived and patient-derived serum samples to 
neutralize SARS-CoV-2 variants.

The Study
We used 378 SARS-CoV-2–positive diagnostic respi-
ratory samples tested at the reference laboratory in 
Benin during January 30–April 2, 2021, for genomic 
surveillance. All samples with cycle threshold <36 
(Sarbeco E-gene assay; TIB Molbiol, https://www.
tib-molbiol.de) were used for this study. To enable 
rapid prescreening of mutations known to affect the 
viral phenotype, we used 4 reverse transcription PCR 
(RT-PCR)–based single-nucleotide polymorphism 
(SNP) assays (VirSNiP; TIB Molbiol) targeting 9 hall-
mark mutations in 7 S codons of variants of concern 
(VOCs): B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), 
and B.1.617.2 (Delta) (Table 1). A total of 374 (98.9%) 
samples selected for the study tested positive for >1 
mutation. Of those, ≈67.5% (255/378) showed the 
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Intense	 transmission	 of	 severe	 acute	 respiratory	 syn-
drome	 coronavirus	 2	 (SARS-CoV-2)	 in	 Africa	 might	
promote	emergence	of	variants.	We	describe	10	SARS-
CoV-2	lineages	in	Benin	during	early	2021	that	harbored	
mutations	associated	with	variants	of	concern.	Benin-de-
rived	SARS-CoV-2	strains	were	more	effi		ciently	neutral-
ized by antibodies derived from vaccinees than patients, 
warranting accelerated vaccination in Africa.
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69/70 deletion, 58.9% (223/378) the E484K mutation, 
33.9% (128/378) the N501Y mutation, 30.4% (115/378) 
the P681H mutation, 14.8% (56/378) the L452R muta-
tion, and 0.3% (1/378) the K417N or P681R mutation. 
The K417T or V1176F mutations associated with the 
Beta and Gamma VOCs were not detected. Approxi-
mately 22.2% (84/378) of samples were typeable to 
1 of the lineages covered by the VirSNiP assays. Ac-
cording to SNP-based analyses, 14.8% (56/378) of 
the overall samples showed the mutation pattern of 
the Alpha variant, B.1.1.7, and 7.4% (28/378) of the 
B.1.525 variant. Frequent occurrence of the mutations 
under study suggests that earlier SARS-CoV-2 lineag-
es not carrying those mutations have been replaced 
in Benin.

Definite lineage designation relies on the full 
genome sequence. We selected 68 (9 typeable and 
59 nontypeable) samples according to unique muta-
tional patterns covering the complete period of the 
study for a NimaGen/Illumina-based whole-genome 
sequencing workflow (Appendix Table 1). All near-

full genomes generated within this study were depos-
ited into GISAID (https://www.gisaid.org; accession 
nos. EPI_ISL_2932532–84 and EPI_ISL_2958658–72). 
Lineage assignment using the Pangolin COVID-19 
Lineage Assigner version 3.0.2 (https://pangolin.
cog-uk.io) confirmed SNP-based lineage prediction in 
all 9 typeable samples selected for whole-genome se-
quencing (Appendix Table 2). Despite robust lineage 
prediction based on unambiguous SNP-based results, 
our data demonstrate the limited use of VirSNiP as-
says for strain designation; however, these assays 
can detect relevant mutations of currently circulat-
ing variants. The 68 Benin-derived near-complete 
genomes were designated to 10 unique lineages, sug-
gesting higher genetic diversity in Benin than ≈1 year 
before (3). During early 2021, lineages B.1.1.7 (22%), 
A.27 (19.1%), B.1.525 (17.6%), and B.1.1.318 (16.2%) 
were most prominent in Benin (Appendix Table 3). 
Despite presence of the mutation P681R (associated 
with the Delta VOC) in 1 sequence, that strain was 
typed as A.23.1, and no Delta variant was found. 

 
Table 1. Screened	mutations,	potential	effects,	and	occurrence	in	severe	acute	respiratory	syndrome	coronavirus	2	variants,	 
Benin, 2021 

SNP	
assay 

Spike	protein	
variation Potential effects 

SARS-CoV-2 variant 
B.1.1.7 
Alpha† B.1.525 

B.1.351	
Beta† 

P.1 
Gamma† P.2 P.3 

B.1.617.2 
Delta† 

1 del	HV69/70 Immune escape and enhanced viral 
infectivity (4) 

x x      

E484K Antibody resistance (4)  x x x x x  
N501Y Increased transmission (4) x  x x  x  

2 V1176F Higher mortality rates‡    x x   
3 L452R Antibody resistance (4)       x 
4 K417T No data    x    

K417N Immune escape (5)   x     
P681H No data x       
P681R No data       x 

*SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2;	SNP	single-nucleotide polymorphism. 
†Variants of concern according to the World Health Organization. 
‡G. Hahn et al., unpub. data, https://www.biorxiv.org/content/10.1101/2020.11.17.386714v2. 

 

Figure 1. Genomic	surveillance	of	severe	acute	respiratory	syndrome	coronavirus	2	(SARS-CoV-2)	lineages	in	Benin,	2021.	A)	
Nonsynonymous	mutations	of	Benin-derived	SARS-CoV-2	sequences	across	the	full	genome.	B)	Spike	mutations	occurring	in	the	
SARS-CoV-2	lineages	circulating	in	Benin.	Hallmark	mutations	of	variants	of	concern	are	shown	in	color.	Other	mutations	occurring	in	
the	Benin-derived	sequences	are	depicted	in	gray	and	summarized	as	others.	ORF,	open	reading	frame;	RBD,	receptor-binding	domain.



	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	27,	No.	11,	November	2021	 2901

SARS-CoV-2	Variants	of	Concern,	Benin,	Early	2021

These data are consistent with recent online sequence 
reports from West Africa (A.E. Augustin, unpub. 
data, https://www.medrxiv.org/content/10.1101/
2021.05.06.21256282v1; E.A. Ozer et al., unpub. data, 
https://www.medrxiv.org/content/10.1101/2021
.04.09.21255206v3). A 100% consensus sequence of 
all 68 Benin-derived sequences showed 229 nonsyn-
onymous nucleotide substitutions across the whole 
genome; 57 (24.9%) occurred in the S protein (Figure 
1, panel A). Of note, variants with mutations in the S 
protein might alter the transmissibility and antigenic-
ity of the virus (4). Internationally recognized VOCs 
to date share 16 S mutations in unique combinations 
(https://covariants.org/shared-mutations). The Be-
nin-derived SARS-CoV-2 strains shared 10 unique S 
mutations reported in VOCs, although most of those 

strains were not defined as any VOC other than Alpha 
(Figure 1, panel B), suggesting convergent evolution 
of key mutations across different lineages (D.P. Mar-
tin et al., unpub. data, https://www.medrxiv.org/
content/10.1101/2021.02.23.21252268v3; S. Cherian, 
unpub. data, https://www.biorxiv.org/content/10.1
101/2021.04.22.440932v2). Putative higher fitness me-
diated by genomic change was consistent with more 
mutations in predominant lineages than in lineages 
found at lower frequencies (Figure 1, panel B).

Because S mutations, individually or in com-
bination, have been shown to afford viral escape 
to antibody-mediated immune responses, the high 
prevalence of variants with large numbers of these 
mutations circulating in Benin was cause for con-
cern. To investigate whether and to what extent 

Figure 2.	PRNT	results	of	severe	
acute respiratory syndrome 
coronavirus	2	(SARS-CoV-2)	
variants from Benin, 2021. Graphs 
compare results of neutralization 
tests for naturally infected persons 
(A)		and	persons	who	received	
the	Pfizer-BioNTech	vaccine	
(BNT162b2;	https://www.pfizer.
com)	(B)	against	the	B.1.153	
lineage from January 2020 
(Munich/ChVir929/2020	strain;	
GISAID	[http://www.gisaid.org]	
accession	no.	EPI_ISL_406862;	
Pangolin	version	2021–05–19),	the	
Beta	strain	(Baden-Wuertemberg/
ChVir22131/2021;	accession	
no.	EPI_ISL_862149;	B.1.351;	
Pangolin	version	2021–05–19)	
and the B.1.1.7, B.1.214.2, B.1, 
and A.27 lineages isolated from 
patients from Benin. Lines denote 
the	mean	PRNT50 endpoint 
titer.	Statistical	significance	was	
determined	by	the	Dunn’s	multiple	
comparisons	test.	Nonsignificant	
values are not shown for clarity of 
presentation.	PRNT50,	50%	plaque	
reduction neutralization test. 
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SARS-CoV-2 variants circulating in Benin and West 
Africa (5) evade neutralizing antibody responses, we 
isolated 4 lineages with unique mutational patterns 
(Table 2): an A.27 lineage isolate harboring the N501Y 
mutation; a B.1 isolate harboring the 69/70 deletion 
and the E484K and D614G mutations; a B.1.1.7 lineage 
isolate harboring the 69/70 deletion and the N501Y, 
D614G, and P681H mutations; and a B.1.214.2 lineage 
harboring the Q414K and D614G mutations (Figure 
2). Additional isolation attempts of strains belong-
ing to the frequently detected B.1.525 and B.1.318 
lineages failed, likely because of degradation after re-
peated freeze-thaw cycles under tropical conditions. 
We tested neutralization potency of 6 serum samples 
from patients in Benin taken ≈8 days after RT-PCR–
confirmed SARS-CoV-2 infection during early 2020 
(6) and another 7 serum samples from persons in 
Europe 4 weeks after receiving the second dose of 
the Pfizer/BioNTech vaccine (BNT162b2; https://
www.pfizer.com) (Appendix Table 4). Sampling was 
approved by the ethics committee of the Benin Min-
istry of Health (approval no. 030/MS/DC/SGM/
DNSP/CJ/SA/027SGG2020) and of Charité-Uni-
versitätsmedizin Berlin (approval nos. EA1/068/20 
and EA4/245/20). We compared neutralization ti-
ters with a SARS-CoV-2 strain (B.1.153) from January 
2020 and the Beta strain (B.1.351) known to evade an-
tibody-mediated neutralization (7). Despite the early 
sampling time after RT-PCR confirmation of SARS-
CoV-2 infection, all 6 serum specimens from patients 
in Benin efficiently neutralized the early SARS-CoV-2 
isolate carrying only the D614G mutation. In contrast, 
only 3 of those 6 serum specimens neutralized the B.1 
isolate, the only isolate with the E484K mutation (Fig-
ure 2, panel A). Among the serum specimens from 
vaccinated persons, all neutralized the B.1 isolate, 
albeit at 1.5-fold lower titers than the early lineage 

B.1.153 isolate (by Friedman test and Dunn’s multiple 
comparisons test; p>0.99) (Figure 2, panel B). Those 
data were consistent with a recent report describing 
efficient neutralization of a B.1.525 strain from Nige-
ria by vaccinee-derived serum specimens (8). Of note, 
another strain classified as B.1.214.2 was neutralized 
more efficiently than all other tested lineages (Figure 
2), highlighting that not every mutation in circulating 
lineages affords reduced antibody-mediated neutral-
ization. Other hypothetically present fitness advan-
tages of such strains will require detailed virologic 
investigation.

Our study is limited by patient-derived samples 
taken an average of 8 days after infection (7), which 
could imply incomplete maturation of antibodies. 
However, similar neutralization patterns between 
patient-derived and vaccinee-derived serum speci-
mens suggest robustness of our data. Another limita-
tion is that vaccinee-derived serum samples originat-
ed exclusively from Europe. Vaccine responses vary 
between populations, possibly influenced by genetic 
background and immune-modulating diseases (e.g., 
malaria or HIV) (9), highlighting the importance of 
testing serum samples from vaccinees in Africa for 
future studies. Of note, the efficacy trial of the Pfizer/
BioNTech vaccine enrolled ≈40,000 participants, only 
≈800 of whom were from Africa, and all of those from 
South Africa (10).

Conclusions
Our data highlight the importance of ongoing 
monitoring of population immunity to emerging 
SARS-CoV-2 variants in Africa and of using serum 
specimens from local settings for phenotypic charac-
terizations. Vaccination programs in Africa should be 
accelerated urgently, emphasizing the importance of 
global access to vaccines.

 
Table 2. Hallmark	mutations	and	PRNT50 results of Benin-derived severe acute respiratory syndrome coronavirus 2 lineages, Benin, 
2021 
Sample	no. 251307 314235 251455 312541 
Lineage B.1 B.1.1.7 A.27 B.1.214.2 
Mutations Q52R,	Del	HV69/70,	Del	

Y144, E484K,	D614G,	
Q677H,	F888L 

Del	HV69/70,	Del	Y144,	
F490S,	N501Y,	A570D,	
D614G,	P681H,	T716I,	

S982A,	D1118H 

L18F,	L452R,	N501Y,	
A653V,	H655Y,	D796Y,	

G1219V 

Ins	R214TDR,	Q414K,	
D614G, T716I 

Patient-derived samples 
 Mean	titer	(95%	CI) 23	(–12.4 to 58.4) 35.5	(–12 to 83) 65.6	(–46.6	to	177.7) 148.9	(–86.59	to	384.3) 
 No.	(%)	neutralized 3/6	(50) 5/6	(83.3) 4/6	(66.7) 6/6	(100) 
 Titer difference† 52.2	(1.5-fold) 39.7 9.7 –73.6‡ 
Vaccinee-derived samples 
 Mean	titer	(95%	CI) 180.5	(102.8–258.1) 156.2	(33.6–278.7) 293.7	(57.1–530.2) 698.3	(446.8–949.9) 
 No.	(%)	neutralized	 7/7	(100) 7/7	(100) 7/7	(100) 7/7	(100) 
 Titer difference† 136.7 161 23.5 –381.1‡ 
*PRNT50,	50%	plaque	reduction	neutralization	test. 
†Compared to variant	B.1.153. 
‡Lower titers against the early isolate compared with this Benin-derived isolate. 
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Since the December 2019 beginning of the coro-
navirus disease (COVID-19) pandemic, caused 

by severe acute respiratory syndrome coronavirus 
(SARS-CoV-2), there have been >180 million cases 
and >3.9 million deaths worldwide (1). Severe bacte-
rial and fungal co-infections are a major concern with 
COVID-19 and increase disease mortality (2). 

The genus Bordetella comprises >10 known spe-
cies of small, gram-negative coccobacilli, the most 
common of which is Bordetella pertussis (3). Bordetella 
hinzii was fi rst identifi ed as a cause of respiratory in-
fection in poultry and more rarely in rodents (4). It 
was fi rst reported as a human infection in a patient 
with HIV infection in 1994 as a cause of bacteremia 
(5) and has subsequently been identifi ed as a cause of 
soft tissue infections, pneumonia, cholangitis, urinary 
tract infections, bacteremia, and endocarditis, most 
often in immunocompromised patients (4–15; Appen-
dix references 16,17, https://wwwnc.cdc.gov/EID/
article/27/11/21-1468-App1.pdf). We report a case of 
B. hinzii pneumonia and bacteremia in a patient with 
SARS-CoV-2 infection. 

The Study
A 77-year-old man with medical history notable for 
uncontrolled type 1 diabetes mellitus and coronary ar-
tery disease and who was receiving hemodialysis for 

end-stage renal disease sought treatment with wors-
ening shortness of breath and 3 days of chest pain. He 
also reported cough, nausea, fever, and back pain. He 
lived at a nursing home and had no known poultry or 
pet exposure. At initial examination, he was afebrile; 
had a blood pressure of 165/83 mm Hg; heart rate of 
92 beats/min, and respiratory rate of 18 breaths/min; 
was severely hypoxic with oxygen saturation of 50% 
on room air, requiring a nonrebreather mask; and had 
decreased breath sounds on chest auscultation. Blood 
test results (reference ranges) showed hemoglobin, 
10 g/dL (12–16 g/dL); leukocytes, 4,300 cells/mm3 
(4,000–11,000 cells/mm3), 78% neutrophils; platelets, 
238,000/mm3 (140,000–440,000/mm3); serum creati-
nine level, 4.3 mg/dL (0.5–1.1 mg/dL); procalcitonin, 
3.3 ng/mL (0.00–0.30 ng/mL); lactate dehydrogenase, 
169 U/L (100–230 U/L); C-reactive protein, 213 mg/L 
(0.0–3.0 mg/L); and ferritin, 2,492 ng/mL (22.0–322.0 
ng/mL). A SARS-CoV-2 nasopharyngeal swab sam-
ple test was positive by PCR. A computed tomogra-
phy scan of his chest revealed multiple rib fractures, a 
large right-side pleural effusion, and right upper-lobe 
pulmonary infi ltrate. 

We started the patient on dexamethasone. We 
considered remdesivir therapy but did not start it 
because of his renal disease. We also empirically 
initiated treatment with piperacillin/tazobactam 
and levofl oxacin for bacterial pneumonia. We per-
formed right-side thoracentesis and drained 725 mL 
of transudative fl uid; fl uid culture was negative for 
growth of bacteria. He was intubated on day 7 af-
ter admission because of worsening hypoxemia but 
subsequently extubated on day 9. On day 13, acute 
respiratory failure (oxygen saturation ≈70%) and bra-
dycardia (heart rate ≈40 beats/min) developed, and 
he was hypotensive with agonal breathing. He was 
emergently reintubated and given atropine, which 
improved his heart rate. We initiated broad-spectrum 
antimicrobial treatment with intravenous vancomy-
cin and cefepime.
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Patients	with	severe	acute	 respiratory	syndrome	coro-
navirus	 2	 infection	 may	 have	 bacterial	 co-infections,	
including pneumonia and bacteremia. Bordetella hinzii 
infections are rare, may be associated with exposure to 
poultry,	and	have	been	reported	mostly	among	immuno-
compromised patients. We describe B. hinzii pneumonia 
and bacteremia in a severe acute respiratory syndrome 
coronavirus 2 patient.
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Blood cultures drawn on day 13 after admission 
grew gram-negative rods in routine blood, choco-
late, and MacConkey agar media. A computed to-
mography scan of the chest revealed bilateral patchy 
ground glass opacities, dense consolidations in both 
lung bases, and a small right pleural effusion (Fig-
ure). The patient underwent a bronchoalveolar la-
vage (BAL) on day 14; the BAL fluid grew >100,000 
CFUs of the same gram-negative bacilli, which we 
had not yet identified, along with 20,000–50,000 CFUs 
of Klebsiella pneumoniae. Gram stain of the BAL fluid 
showed many leukocytes and few gram-negative 
rods. We continued treatment with vancomycin and 
cefepime. On day 17, we extubated then reintubated 
him the same day because of ongoing hypotension 
and poor mentation. Because of worsening hemody-
namic status, continued poor mentation, and overall 
poor prognosis, we changed goals of care to comfort 
measures only, and the patient died soon after. 

On day 18 after the patient’s admission, we 
identified the gram-negative rod in the blood cul-
ture and BAL fluid as Bordetella hinzii on the basis of 
an excellent score (2.43) in matrix-assisted laser de-
sorption/ionization-time of flight mass spectrome-
try testing. We measured antimicrobial sensitivities 
by broth microdilution using the Vitek 2 system 
(bioMérieux; https://www.biomerieux.com) and 
MIC, interpreting breakpoints using Clinical and 
Laboratory Standards Institute (https://clsi.org) 
guidelines. The isolate was sensitive only to me-
ropenem, levofloxacin, amikacin, and gentamicin 
and showed high MICs of 32 μg/mL to ceftazidime 
and 64 μg/mL to cefepime (Table 1).

Conclusions
B. hinzii is a strictly aerobic gram-negative bacillus 
that was first identified as a cause of respiratory ill-
nesses, mostly rhinotracheitis, in poultry (3). Mani-
festations from reported human cases include skin 
infection, urinary tract infection, pneumonia, and 
infective endocarditis, with or without bacteremia 
(4–15; Appendix references 16,17) (Table 2). Human 
infection with B. hinzii is very uncommon; the 18 
cases thus far reported suggest that B. hinzii behaves 
like an opportunistic pathogen in humans. Underly-
ing conditions in patients from those cases included 
HIV, malignancy, liver disease, ulcerative colitis, 
diabetes, and liver transplantation; 3 of the patients 
had no underlying medical conditions. There was 
often known poultry exposure, unlike in this case. 
It is possible that this pathogen colonizes the respi-
ratory tract then is activated to cause infection later 
when the host becomes immunocompromised (7; 

Appendix reference 16). B. hinzii was isolated from 
wild rodents in Southeast Asia, raising the possibil-
ity that they might serve as reservoirs that could 
transmit the pathogen to humans or pets (Appendix 
reference 18). Most patients recovered when treated 
with appropriate antimicrobial drugs, but this infec-
tion can lead to death, especially in severely immu-
nocompromised patients (10,13). 

B. hinzii is frequently resistant to many antimi-
crobial drugs, including β-lactams, cephalosporins, 
and quinolones. Reported isolates have been suscep-
tible to piperacillin/tazobactam, ceftazidime, tigecy-
cline, and meropenem (4–11). The interpretation of 
antimicrobial sensitivity testing is not established. 
Choice of antimicrobial drugs and treatment dura-
tion are also not standardized. The cases of bacte-
remia and endocarditis identified were treated with 

Figure. Computed tomography image of the chest showing 
bilateral	dense	consolidations	and	right-sided	pleural	effusion	
in	77-year-old	man	with	severe	acute	respiratory	syndrome	
coronavirus	2	who	was	later	found	to	be	co-infected	with	
Bordetella hinzii.	A,	anterior;	P,	posterior

 
Table 1. Antimicrobial susceptibility of Bordetella hinzii isolate by 
broth dilution 
Drug MIC* Interpretation 
Amikacin 8 μg/mL Sensitive 
Aztreonam ≥64 μg/mL Resistant 
Cefepime ≥64 μg/mL Resistant 
Ceftazidime ≥32 μg/mL Resistant 
Ciprofloxacin ≥8 µg/ml Resistant 
Gentamicin 4 μg/mL Sensitive 
Levofloxacin 2 μg/mL Sensitive 
Meropenem 2 μg/mL Sensitive 
Piperacillin/tazobactam ≥128/4 μg/mL Resistant 
Ticarcillin/clavulanic acid ≥256/2 μg/mL Resistant 
Tobramycin 16 μg/mL Resistant 
*MIC	breakpoints	were	interpreted	using	CLSI	guidelines	(https://clsi.org). 
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ceftazidime and ticarcillin/clavulanate. The patient 
we describe had received only a short course of van-
comycin and cefepime before we identified B. hinzii 
in cultures from samples he provided. The isolate of 
B. hinzii identified had a high MIC to cefepime, 64 
μg/mL, suggesting inadequate antimicrobial cov-
erage before his death. This high MIC to third- and 
fourth-generation cephalosporins had been reported 
in only 1 previous case (11). 

The cause of death in this case was likely mul-
tifactorial and included respiratory infection with 
SARS-COV-2 and the hemodynamic compromise that 
ensued. The role of Klebsiella isolated from BAL fluid 
seems unclear, but this bacterium was found only in 
very small quantities from the respiratory tract and 
was treated with appropriate antimicrobial drugs. 

In summary, B. hinzii has multiple clinical mani-
festations and outcomes in both immunocompetent 
and immunocompromised patients. Reports of pa-
tients with B. hinzii infections seem to be increas-
ing in recent years, which may be because of the 
availability of better identification methods, such as 
matrix-assisted laser desorption/ionization-time of 
flight mass spectrometry and gene sequencing, as 
well as an increase in the number of immunocom-
promised persons who have underlying conditions 

such as HIV, malignancy, or transplantation or who 
are taking immunosuppressive agents. Our patient 
likely had untreated lung B. hinzii infection that led 
to bacteremia. He had uncontrolled diabetes and 
received dexamethasone as part of his treatment, 
which may have resulted in dissemination through 
bacteremia. In addition, SARS-CoV-2 co-infection 
rendered him more susceptible to infection. Our 
findings add to the growing knowledge of emerging 
secondary infectious complications, including from 
opportunistic pathogens, concurrent with or after 
SARS-CoV-2 infection. The increasing case reports 
of invasive B. hinzii may indicate its emergence as a 
pathogen in humans.
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Table 2. Characteristics of previously reported Bordetella hinzii infections* 

Ref.† Type of infection Age, y Underlying	conditions 
Animal 

exposure Antimicrobial drugs 
Patient 

outcome 
(5) Bacteremia 24 HIV/AIDS None Ceftazidime Recovered 
(4) Pneumonia NA HIV/AIDS None NA NA 
(6) Bacteremia and 

cholangitis 
69 None None Ticarcillin/sulbactam, 

ciprofloxacin 
Died 

(7) Cholangitis 29 Primary sclerosing cholangitis, liver 
transplant recipient 

None Meropenem Died 

(8) Bacteremia 79 Myelodysplastic syndrome None Ceftazidime Recovered 
(9) Bacteremia 36 EBV associated diffuse large cell lymphoma None Meropenem Died 
(10) Pneumonia 43 AML, transplant, diabetes bronchiectasis Poultry Piperacillin/tazobactam, 

ciprofloxacin 
Recovered 

(10) Pneumonia 74 Laryngeal cancer, prostate cancer, 
diabetes,	COPD 

None Piperacillin/tazobactam Recovered 

(11) Urinary	tract	
infection 

55 None Possible 
poultry 

Trimethoprim/ 
sulfamethoxazole 

Recovered 

(11) Liver abscess 58 Hypothyroidism,	cholecystectomy None None Recovered 
(12) Bacteremia and 

infective 
endocarditis 

79 Aortic valve replacement, diabetes, 
cirrhosis, colon cancer, kidney disease 

None Meropenem Recovered 

(13) Bacteremia and 
infective 

endocarditis 

53 Ulcerative	colitis None Ceftazidime Recovered 

(14) Soft	tissue	
abscess 

63 None None Sitafloxacin Recovered 

(15) Pancreatic 
abscess 

42 Alcoholic liver disease None Tigecycline Recovered 

(16) Urinary	tract	
infection 

37 Chronic alcohol use None Trimethoprim/ 
sulfamethoxazole 

Recovered 

(17) Pneumonia 67 Diabetes mellitus None Cefmetazole Recovered 
*AML,	Acute	myeloid	leukemia;	COPD,	chronic	obstructive	pulmonary	disease;	EBV,	Epstein-Barr	virus;	NA,	not	available;	ref.,	reference. 
†References 16,17 in	Appendix,	https://wwwnc.cdc.gov/EID/article/27/11/21-1468-App1.pdf. 
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After infection with eastern equine encephalitis virus, 
the immune system races to clear the pathogen from 
the body. Because the immune response occurs so 
quickly, it is difficult to detect viral RNA in serum or 
cerebrospinal samples. 

In immunocompromised patients, the immune re-
sponse can be decreased or delayed, enabling the vi-
rus to continue replicating. This delay gave researchers 
the rare opportunity to study the genetic sequence of 
isolated viruses, with some surprising results.

In this EID podcast, Dr. Holly Hughes, a research micro-
biologist at CDC in Fort Collins, Colorado, describes a 
fatal case of mosquitoborne disease.
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Essential workers, who conduct a range of opera-
tions and services to ensure the continuity and vi-

ability of critical infrastructure functions, have more 
coronavirus disease (COVID-19) exposures and expe-
rience greater risk for severe illness and death than do 
nonessential workers (1–4). In December 2020, the US 
Advisory Committee on Immunization Practices is-
sued recommendations prioritizing healthcare person-
nel (HCP), nonhealthcare frontline essential workers, 
and other essential workers for COVID-19 vaccina-
tion (5) (Appendix, https://wwwnc.cdc.gov/EID/
article/27/11/21-1557-App1.pdf). Previous fi ndings 
indicate that <50% of essential workers intended to 
get vaccinated: 37.1% in September 2020 and 49.1% in 
December 2020 (6,7). Assessing vaccination coverage 
and intent among essential workers, who continue to 
face increased risk because of their public-facing roles 
can help tailor messages and strategies to increase 
vaccination uptake and confi dence among this high-
risk group. We analyzed data from surveys to assess 
COVID-19 vaccine coverage and intent and knowledge, 
attitudes, and beliefs (KABs) among essential workers.

The Study
We analyzed data from 2 nationally representative 
household surveys collected over 6 COVID-19 waves 
during March 5–June 2, 2021, Ipsos KnowledgePanel 
(8) and NORC AmeriSpeak (9) (Appendix). Because 
of the small sample sizes, to bolster the strength of 
the study’s estimates and increase the reliability of 
results, we combined data for analysis from each sur-
vey during the 6 waves of data collection.

The total sample size was 7,734 respondents; 
5,303 were essential workers and 2,426 nonessential 
workers. We used the American Association for Pub-
lic Opinion Research defi nition for cooperation rates 
(10), the proportion of all respondents interviewed of 
all eligible units ever contacted. Among respondents, 
cooperation rates were 20.3%–60.1%.

We categorized respondents as essential or nones-
sential workers. The essential worker category com-
prised the HCP, nonhealthcare frontline, and other 
essential worker groups (Appendix).  We examined so-
ciodemographic characteristics, including age group, 
sex, race and ethnicity, annual household income, 
health insurance status, marital status, urban versus 
rural status, and underlying conditions (Appendix).

We assessed vaccination status, intent, and KABs 
by worker group (Appendix). We categorized respon-
dents as reachable or reluctant; reachable respondents 
said they probably would get or were unsure about 
getting a vaccine, whereas reluctant respondents said 
they probably or defi nitely would not get a vaccine. 
We assessed the following KABs about COVID-19 
vaccination: reasons for not getting vaccinated, barri-
ers to getting vaccinated, motivators for getting  vac-
cinated, concerns about getting vaccinated, and con-
cerns about vaccine side effects.

We weighted all surveys to ensure US popula-
tion representation (Appendix). We used contrast 
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We assessed coronavirus disease vaccination and intent 
and knowledge, attitudes, and beliefs among essential 
workers during March–June 2021. Coverage was 67%; 
18% reported no intent to get vaccinated. Primary con-
cerns were potential side eff ects, safety, and lack of trust 
in vaccines, highlighting the importance of increasing 
vaccine confi dence in this population.
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tests for differences in percentages to compare 
reachable versus reluctant groups among each of 
the worker categories. This activity was reviewed by 
the Centers for Disease Control and Prevention and 
was conducted consistent with applicable federal 

law and Centers for Disease Control and Prevention 
policy (Appendix).

Vaccination coverage among essential workers in-
creased from 25.5% in March 2021 to 69.8% in June 2021 
(Figure 1). Average vaccination coverage during the 

Figure 1. Trends in COVID-19 vaccination status and intent among essential workers, United States, March 5–June 2, 2021. *Data 
collected by Ipsos KnowledgePanel (8). †Data collected by NORC AmeriSpeak (9). COVID-19, coronavirus disease. 

Figure 2. Average prevalence of 
COVID-19 vaccination status and 
intent by essential and nonessential 
worker groups, United States, 
March 5–June 2, 2021. Asterisk 
(*) indicates statistically significant 
(p<0.05) differences between 
vaccination coverage and intent 
among each essential worker 
group versus vaccination coverage 
and vaccination intent among 
nonessential workers. COVID-19, 
coronavirus disease.

COVID-19 Vaccination among Essential Workers, USA
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study period was higher for HCP (66.6%) and frontline 
essential workers (56.1%) and lower for other essen-
tial workers (44.6%) and nonessential workers (49.8%) 
(Figures 1, 2). The percentage of reluctant persons was 
lowest among HCP (18.3%) and highest among other 
essential workers (25.5%) (Figure 2). In addition, the 
percentage of reluctant adults was highest (25.0%) 
among persons 18–34 years of age; those who had a 
high school education or less (28.1%), income <$25,000 
(26.3%), or no health insurance (32.3%); and those who 
lived in rural areas (29.3%) (Appendix Table 1).

Among all unvaccinated essential workers, rea-
sons for not getting vaccinated included concern for 
possible side effects (58.0%), vaccine safety (42.9%), 
and distrust of the vaccine (41.9%) (Table 1). Higher 
percentages of the reachable group than the reluctant 

group planned to wait to see if the vaccine is safe (54.4% 
vs. 35.2%) and believed that other persons need the 
vaccine more (28.7% vs. 12.2%). A higher percentage 
of the reluctant group reported a lack of trust in CO-
VID-19 vaccines compared with the reachable group 
(56.2% vs. 22.3%). More respondents in the reluctant 
group also did not believe a vaccine is needed (36.6% 
vs. 10.5% of reachable group), did not think COVID-19 
is much of a threat (25.9% vs. 8.6%), and did not know 
whether a vaccine will work (27.8% vs. 19.9%).

Concern about COVID-19 disease was lower 
(38.5%) than concern about side effects from the vac-
cine (46.4%) among all essential workers (Appendix 
Table 2). Among reachable groups, 42.5% reported 
concern about getting COVID-19 compared with 
21.8% of those in reluctant groups. Among HCP, 

 
Table 1. Reasons for not getting a COVID-19 vaccine, by essential worker group and vaccination intent, United States, March– 
June 2021* 

Reason 
All groups, n = 5,308 

 

Healthcare personnel,  
n = 1,308 

 

Frontline workers,  
n = 2,300 

 

Other workers, n = 1,700 

Total 
R, n = 
714 

RL, n = 
1,059 Total 

R, n = 
121 

RL, n = 
197 Total 

R, n = 
316 

RL, n 
= 437 Total 

R, n = 
277 

RL, n = 
425 

Possible side 
effects 

58.0 
(55.0–
60.9) 

59.5 
(54.7–
64.2) 

57.3 
(53.4–
61.1) 

 58.3 
(50.6–
65.7) 

55.5 
(44.1–
66.4) 

60.4 
(50.2–
69.9) 

 57.9 
(53.3–
62.3) 

58.4 
(51.0–
65.5) 

57.6 
(51.5–
63.5) 

 58.0 
(53.3–
62.6) 

62.3 
(54.5–
69.7) 

55.1 
(49.2–
60.9) 

Wait and see if it is 
safe 

42.9 
(40.1–
45.8) 

54.4 
(49.5–
59.3) 

35.2 
(31.6–
38.9) 

 46.3 
(39.1–
53.7) 

57.7 
(46.3–
68.5) 

41.0 
(31.6–
50.9) 

 41.4 
(37.3–
45.7) 

50.4 
(43.5–
57.3) 

35.0 
(29.9–
40.4) 

 43.0 
(38.2–
47.9) 

57.6 
(49.2–
65.7) 

32.1 
(26.9–
37.8) 

Do not trust the 
vaccine 

41.9 
(39.0–
44.8) 

22.3 
(18.6–
26.4) 

56.2 
(52.3–
59.9) 

 45.2 
(37.7–
52.8) 

21.2 
(13.3–
31.1) 

57.9 
(48.2–
67.2) 

 41.3 
(37.0–
45.6) 

24.9 
(19.1–
31.5) 

54.2 
(48.2–
60.2) 

 41.0 
(36.6–
45.5) 

19.8 
(14.4–
26.3) 

57.3 
(51.4–
63.0) 

Vaccine is not 
needed 

25.7 
(23.1–
28.5) 

10.5 
(7.8–
13.7) 

36.6 
(32.8–
40.5) 

 23.7 
(17.3–
31.1) 

8.5 
(4.2–
15.0) 

31.8 
(22.6–
42.1) 

 24.2 
(20.5–
28.2) 

10.8 
(7.1–
15.6) 

34.4 
(29.0–
40.2) 

 28.3 
(24.1–
32.8) 

10.9 
(6.3–
17.2) 

41.8 
(36.0–
47.7) 

Concern about 
allergic reaction 

25.0 
(22.6–
27.5) 

26.7 
(22.8–
31.0) 

23.9 
(20.8–
27.2) 

 23.0 
(17.7–
29.0) 

32.6 
(22.5–
44.1) 

17.3 
(11.9–
24.0) 

 26.1 
(22.4–
30.0) 

23.5 
(18.3–
29.4) 

28.4 
(23.2–
33.9) 

 24.9 
(20.8–
29.2) 

28.1 
(21.3–
35.8) 

22.6 
(18.0–
27.7) 

Vaccine might not 
work 

24.3 
(21.8–
27.0) 

19.9 
(16.3–
23.9) 

27.8 
(24.2–
31.5) 

 28.5 
(21.6–
36.2) 

17.7 
(11.1–
26.3) 

34.3 
(24.8–
44.8) 

 22.6 
(19.3–
26.3) 

17.1 
(12.3–
22.9) 

27.1 
(22.3–
32.4) 

 24.2 
(20.2–
28.6) 

23.8 
(17.6–
30.9) 

24.8 
(19.6–
30.5) 

Others need 
vaccine more 

19.0 
(16.8–
21.4) 

28.7 
(24.8–
32.9) 

12.2 
(9.8–
14.9) 

 14.9 
(9.8–
21.3) 

19.7 
(11.9–
29.8) 

12.6 
(6.3–
21.7) 

 18.2 
(15.1–
21.6) 

26.0 
(20.1–
32.5) 

12.4 
(9.2–
16.1) 

 21.8 
(18.1–
26.0) 

35.1 
(27.9–
42.9) 

11.8 
(8.3–
16.2) 

COVID-19 is not a 
threat 

18.7 
(16.5–
21.0) 

8.6 
(5.9–
12.0) 

25.9 
(22.9–
29.2) 

 16.3 
(11.0–
22.8) 

3.1 
(0.8–
7.9)† 

23.3 
(15.5–
32.6) 

 17.6 
(14.6–
21.0) 

10.4 
(6.2–
16.1) 

23.2 
(18.9–
28.0) 

 21.0 
(17.4–
24.9) 

8.6 
(4.3–
15.0) 

30.4 
(25.3–
35.9) 

Do not like needles 10.4 
(8.6–
12.5) 

12.3 
(9.1–
16.1) 

9.2 
(6.9–
11.9) 

 8.7 
(4.5–
14.8) 

6.6 
(1.7–

16.7)† 

9.8 
(4.3–

18.4)† 

 11.2 
(8.5–
14.5) 

14.7 
(9.9–
20.6) 

8.8 
(5.6–
13.0) 

 10.4 
(7.5–
13.9) 

11.8 
(7.0–
18.3) 

9.3 
(6.1–
13.6) 

Obstacles prevent 
vaccination 

5.1 
(3.8–
6.8) 

6.7 
(4.4–
9.6) 

4.0 
(2.4–
6.3) 

 6.5 
(2.8–

12.6)† 

7.5 
(3.2–

14.5)† 

6.0 
(1.4–

15.9)† 

 4.9 
(3.2–
7.2) 

6.2 
(3.7–
9.7) 

3.8 
(1.7–
7.2)† 

 4.7 
(2.7–
7.6) 

6.8 
(3.0–

13.1)† 

3.1 
(1.6–
5.5) 

Concerned about 
cost 

4.6 
(3.2–
6.5) 

7.2 
(4.5–
10.8) 

2.8 
(1.5–
5.0) 

 3.8 
(1.4–
8.0)† 

7.0 
(1.6–

18.2)† 

2.1 
(0.4–
6.2)† 

 3.6 
(2.0–
6.0) 

5.8 
(3.0–
10.1) 

2.0 
(0.5–
5.3) 

 6.2 
(3.4–
10.2) 

8.8 
(3.9–

16.7)† 

4.2 
(1.5–
9.1)† 

Community 
members are not 
getting vaccinated 

3.1 
(2.2–
4.2) 

2.6 
(1.6–
4.1) 

3.4 
(2.2–
5.1) 

 1.2 
(0.3–
3.2) 

1.3 
(0.1–
5.5)† 

1.2 
(0.2–
3.9) 

 4.0 
(2.5–
6.1) 

2.9 
(1.3–
5.4) 

4.9 
(2.6–
8.4) 

 2.9 
(1.7–
4.6) 

2.9 
(1.3–
5.6) 

3.0 
(1.3–
5.6) 

*Values are reported as % respondents (95% CI). n values indicate unweighted sample size/denominator. Bold text indicates statistical significance 
(p<0.05) between reachable and reluctant groups; reluctant group is the referent. R respondents were defined as adults who probably would or were 
unsure about getting a COVID-19 vaccine. RL respondents were defined as adults who probably or definitely would not get a COVID-19 vaccine. COVID-
19, coronavirus disease; R, reachable; RL, reluctant. 
†Estimates do not meet the National Center for Health Statistics standards of reliability (https://www.cdc.gov/nchs/data/series/sr_02/sr02_175.pdf). 
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85.5% of reachable respondents were concerned about 
vaccine side effects compared with 68.8% of those in 
reluctant groups.

Among all essential workers, the main motiva-
tors for getting vaccinated were protection from 
spreading COVID-19 to family and friends (51.4%), 

receiving more information on effectiveness of  
COVID-19 vaccines (44.4%), and reducing spread 
of COVID-19 in the community (41.9%) (Table 2). 
Motivators that were higher among the reachable 
than the reluctant groups were increased informa-
tion on vaccine safety (39.8% vs. 20.8%) and effica-

 
Table 2. Motivators for getting a COVID-19 vaccine, by essential worker group and vaccination intent, United States, March– 
June 2021* 

Reason 
All groups, n = 5,308 

 

Healthcare personnel,  
n = 1,308 

 

Frontline workers,  
n = 2,300 

 

Other workers, n = 1,700 

Total† 
R, n = 
714 

RL, n = 
1,059 Total 

R, n = 
121 

RL, n = 
197 Total 

R, n = 
316 

RL, n = 
437 Total 

R, n = 
277 

RL, n = 
425 

Prevent COVID-
19 spread to 
family and friends 

51.4 
(49.6–
53.2) 

26.0 
(22.0–
30.3) 

4.7 
(3.1–
6.9) 

 58.0 
(54.4–
61.4) 

30.5 
(20.3–
42.3) 

7.7 
(2.5–

17.2)† 

 50.5 
(47.7–
53.3) 

30.7 
(24.4–
37.5) 

4.1 
(2.2–
6.8) 

 47.6 
(44.7–
50.5) 

19.1 
(13.7–
25.4) 

3.7 
(2.0–
6.3) 

More information 
on vaccine 
effectiveness 

44.4 
(42.7–
46.2) 

31.1 
(26.7–
35.7) 

14.1 
(11.6–
16.9) 

 46.0 
(42.6–
49.4) 

26.4 
(17.6–
36.8) 

13.7 
(8.5–
20.5) 

 44.9 
(42.3–
47.5) 

29.1 
(23.5–
35.2) 

17.1 
(13.1–
21.7) 

 42.6 
(39.7–
45.6) 

35.0 
(27.7–
42.9) 

11.0 
(7.4–
15.6) 

Reduce COVID-
19 spread in 
community 

41.9 
(40.2–
43.6) 

19.4 
(15.9–
23.2) 

2.9 
(1.7–
4.7) 

 45.8 
(42.3–
49.4) 

14.5 
(8.3–
23.0) 

3.0 
(1.1–
6.5)† 

 42.5 
(39.8–
45.2) 

20.9 
(16.0–
26.6) 

3.2 
(1.0–
7.3)† 

 37.9 
(35.0–
40.9) 

19.4 
(13.5–
26.4) 

2.6 
(1.1–
5.2) 

Ability to resume 
social activities 

36.7 
(35.0–
38.3) 

15.5 
(12.3–
19.2) 

2.2 
(1.3–
3.3) 

 38.5 
(35.1–
42.0) 

9.0 
(4.5–
15.7) 

1.2 
(0.2–
3.8) 

 37.7 
(35.3–
40.2) 

14.3 
(9.9–
19.6) 

3.6 
(1.9–
6.1) 

 33.8 
(31.1–
36.5) 

19.3 
(13.4–
26.3) 

1.2 
(0.4–
2.8) 

More severe 
COVID-19 cases 

33.4 
(31.8–
35.0) 

13.7 
(10.8–
17.0) 

4.8 
(3.4–
6.6) 

 36.2 
(32.9–
39.5) 

14.4 
(7.8–
23.6) 

2.2 
(0.7–
5.4) 

 33.6 
(31.2–
36.1) 

13.1 
(9.1–
18.1) 

6.2 
(3.5–
10.0) 

 30.9 
(28.3–
33.6) 

14.0 
(9.3–
19.9) 

4.7 
(2.7–
7.5) 

Ability to travel 31.3 
(29.8–
32.8) 

16.9 
(13.8–
20.5) 

6.9 
(5.1–
9.1) 

 32.5 
(29.2–
35.9) 

15.0 
(8.1–
24.5) 

7.4 
(3.2–

14.2)† 

 32.4 
(30.1–
34.7) 

16.4 
(12.1–
21.6) 

6.4 
(4.1–
9.4) 

 28.8 
(26.2–
31.4) 

18.3 
(12.7–
24.9) 

7.1 
(4.3–
10.8) 

Someone I know 
became seriously 
ill or died from 
COVID-19 

22.1 
(20.8–
23.5) 

9.4 
(6.8–
12.6) 

6.4 
(4.6–
8.5) 

 24.1 
(21.4–
27.0) 

11.7 
(5.6–

21.0)† 

2.7 
(0.8–
6.6)† 

 21.7 
(19.7–
23.9) 

11.5 
(6.9–
17.8) 

8.0 
(5.2–
11.6) 

 21.0 
(18.7–
23.4) 

6.1 
(3.6–
9.6) 

6.6 
(3.9–
10.4) 

Recommend by a 
healthcare 
provider 

17.2 
(16.0–
18.5) 

14.1 
(10.9–
17.9) 

3.6 
(2.2–
5.5) 

 19.9 
(17.4–
22.6) 

13.5 
(6.3–

24.2)† 

3.9 
(0.8–

11.0)† 

 16.8 
(14.9–
18.7) 

15.5 
(10.8–
21.2) 

4.2 
(2.2–
7.4) 

 15.7 
(13.7–
17.9) 

12.9 
(7.7–
19.8) 

2.8 
(1.2–
5.5) 

Workplace or 
school 
requirement 

14.9 
(13.8–
16.1) 

29.1 
(25.0–
33.5) 

14.2 
(11.8–
17.0) 

 19.9 
(17.2–
22.9) 

39.5 
(28.6–
51.2) 

10.8 
(6.5–
16.7) 

 13.7 
(12.0–
15.4) 

27.2 
(21.6–
33.5) 

17.1 
(13.0–
21.9) 

 12.8 
(10.8–
15.0) 

27.4 
(20.9–
34.7) 

13.0 
(9.4–
17.4) 

Vaccine safety 
information 
available 

14.8 
(13.4–
16.3) 

39.8 
(35.4–
44.5) 

20.8 
(17.9–
24.1) 

 11.7 
(9.3–
14.6) 

46.6 
(35.6–
57.9) 

21.2 
(14.7–
28.9) 

 14.2 
(12.2–
16.4) 

36.8 
(30.5–
43.3) 

21.7 
(17.1–
26.8) 

 18.0 
(15.2–
21.1) 

40.7 
(33.3–
48.6) 

19.7 
(15.1–
25.1) 

Enables children 
back to school 

14.8 
(13.6–
16.0) 

8.1 
(5.9–
10.9) 

1.5 
(0.7–
2.8) 

 16.5 
(13.9–
19.3) 

12.6 
(5.6–

23.3)† 

2.0 
(0.6–
5.1) 

 16.0 
(14.2–
17.8) 

8.5 
(5.4–
12.4) 

2.2 
(0.6–
5.2) 

 11.8 
(10.0–
13.8) 

6.1 
(3.3–
10.1) 

0.4 
(0.0–
1.6) 

Enables me to get 
back to work or 
school 

12.4 
(11.2–
13.7) 

4.8 
(3.2–
7.0) 

1.4 
(0.7–
2.7) 

 14.3 
(11.7–
17.3) 

2.2 
(0.4–
6.7)† 

1.7 
(0.4–
4.6) 

 14.9 
(13.0–
16.8) 

6.4 
(3.7–
10.3) 

2.0 
(0.5–
5.1) 

 7.5 
(6.1–
9.2) 

4.1 
(1.9–
7.5)† 

0.7 
(0.1–
2.1) 

Recommended by 
a family member 
or friend 

11.9 
(10.8–
13.0) 

5.4 
(3.7–
7.7) 

1.3 
(0.6–
2.4) 

 11.2 
(9.0–
13.7) 

7.6 
(2.3–

17.8)† 

2.2 
(0.6–
5.3) 

 13.0 
(11.4–
14.8) 

5.9 
(3.4–
9.4) 

1.7 
(0.5–
4.4) 

 10.8 
(9.1–
12.6) 

4.2 
(2.1–
7.2) 

0.3 
(0.0–
1.3) 

See community 
members getting 
vaccinated 

10.3 
(9.1–
11.5) 

5.2 
(3.4–
7.5) 

2.6 
(1.3–
4.6) 

 10.5 
(8.2–
13.2) 

10.2 
(3.7–

21.3)† 

2.1 
(0.6–
5.2) 

 11.7 
(9.8–
13.8) 

5.3 
(3.0–
8.6) 

4.5 
(1.7–
9.4)† 

 8.2 
(6.7–
9.9) 

3.2 
(1.4–
6.0) 

0.7 
(0.1–
2.2) 

Large increase in 
COVID-19 cases 
in my area 

3.1 
(2.5–
3.9) 

10.1 
(7.7–
13.0) 

3.2 
(2.0–
4.9) 

 2.3 
(1.2–
4.1) 

13.5 
(6.4–

24.1)† 

2.1 
(0.5–
5.3) 

 3.2 
(2.2–
4.4) 

7.8 
(5.1–
11.4) 

5.1 
(2.6–
8.8) 

 3.7 
(2.5–
5.4) 

11.4 
(7.2–
17.1) 

1.8 
(0.7–
3.7) 

None of the above  19.9 
(18.3–
21.5) 

14.1 
(11.1–
17.6) 

55.9 
(52.1–
59.6) 

 15.6 
(12.3–
19.4) 

10.7 
(5.8–
17.7) 

54.1 
(44.3–
63.6) 

 17.7 
(15.4–
20.1) 

11.9 
(8.1–
16.7) 

52.7 
(46.6–
58.7) 

 26.2 
(23.3–
29.2) 

17.8 
(12.1–
24.9) 

60.5 
(54.5–
66.3) 

*Values are reported as % respondents (95% CI). n values indicate unweighted sample size/denominator. Bold text indicates statistical significance 
(p<0.05) between reachable and reluctant groups; reluctant group is the referent. R respondents were defined as adults who probably would or were 
unsure about getting a COVID-19 vaccine. RL respondents were defined as adults who probably or definitely would not get a COVID-19 vaccine. COVID-
19, coronavirus disease; R, reachable; RL, reluctant. 
†Estimates do not meet the National Center for Health Statistics standards of reliability (https://www.cdc.gov/nchs/data/series/sr_02/sr02_175.pdf). 
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cy (31.1% vs. 14.1%), requirement by workplace or 
school (29.1% vs. 14.2%), and protection for family 
and friends (26.0% vs. 4.7%).

Conclusions
Despite their increased risk for COVID-19 exposure, 
only about 70% of essential workers included in the 
sample received >1 vaccine dose by early June 2021, 
similar to the 69% of all adults in the sample popula-
tion during the same time period (data not shown). 
Over the 6 waves of data collection, HCP had the 
highest vaccination coverage (66.6%); those in the 
other essential worker group had the lowest vacci-
nation coverage (45%) during March–June 2021, and 
one quarter were reluctant to get COVID-19 vaccina-
tions. Consistent with another study (11), we found 
that younger adults and those who have lower edu-
cation or income levels are more vaccine hesitant. 

The first limitation of our study is that although the 
panel recruitment survey methodology and data weight-
ing were designed to produce nationally representative 
results, respondents might not be fully representative 
of the general US adult population. Vaccination cover-
age among respondents was self-reported and could 
be subject to recall or social desirability bias. Data were 
combined across multiple survey waves, which might 
overaverage any recent changes in vaccination coverage 
and intent. Finally, state-specific vaccine prioritization 
varied during the data collection period, which might 
have affected vaccination coverage responses to items 
related to attitudes, behaviors, and perceptions.

Among essential workers in this sample, pre-
dominant motivators for getting vaccinated were 
protecting family and friends, gaining more informa-
tion about the safety and effectiveness of vaccinates, 
and preventing community spread. These data sug-
gest that clear, consistent messages from healthcare 
providers, public health officials, and immunization 
partners about the safety and effectiveness of the vac-
cine could increase vaccination coverage and vaccine 
confidence more broadly (12). In addition, framing 
messages in terms of benefits such as protecting fam-
ily and friends; being able to travel; and resuming 
work, school, and social activities might further boost 
immunization coverage and confidence (12). 

Among unvaccinated essential workers, nearly 
60% were worried about vaccine side effects. Con-
necting employers and employees to credible re-
sources on vaccine safety and expected side effects 
might improve vaccination coverage among essential 
workers. Implementing interventions to mitigate bar-
riers to vaccination, such as flexible scheduling, paid 
time off for vaccination and illness resulting from 

side effects, on-site vaccination, and walk-in clinics, 
also could improve vaccination coverage. 

In conclusion, our findings suggest public health 
officials and other leaders should differentiate be-
tween continued challenges in accessing vaccines for 
all populations from behavioral factors associated with 
vaccination. To reach vaccination goals for essential 
workers and everyone in the community, healthcare 
providers, public health officials, and immunization 
partners should consider KABs when tailoring mes-
sages and strategies to increase vaccination uptake and 
confidence, especially at local community levels.
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A multisystem infl ammatory syndrome in chil-
dren (MIS-C) and adults (MIS-A) occurring 

after coronavirus disease (COVID-19) has been 
identifi ed; onset is ≈4–6 weeks after severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection (1–3). A case defi nition for MIS-A has 
been developed by the Centers for Disease Control 
and Prevention (CDC) (4); MIS-A after vaccina-
tion is rare and remains of great clinical and public 
health interest (5). We report a case study and his-
topathologic fi ndings from a fatal MIS-A case after 
SARS-CoV-2 infection and subsequent complete 
COVID-19 vaccination.

The Patient
The patient was a healthcare worker in his 30s with 
no notable medical history. In December 2020, he 
experienced mild COVID-19–like illness symptoms, 
including fatigue and loss of taste and smell. He did 
not undergo testing for SARS-CoV-2 at that time and 
was unaware of the need for isolation. Six days af-
ter onset of COVID-19–like symptoms, and when 
fully recovered, the patient received the fi rst dose of 
Pfi zer/BioNTech (https://www.pfi zer.com) mRNA 
COVID-19 vaccine. He received the second dose 20 
days later. After the second dose, he reported fatigue 
and malaise, which resolved within 2 days.

Twenty-two days after receiving the second 
dose of the COVID-19 vaccine, he had onset of new 
fever, malaise, headache, and odynophagia. He was 
examined by an outpatient medical provider. Diag-
nostic testing was notable for a negative COVID-19 
test by reverse transcription PCR (RT-PCR), nega-
tive rapid infl uenza antigen, and negative rapid an-
tigen detection for group A Streptococcus. Four days 
later, the patient visited an emergency department 
because of worsening symptoms. Assessment of 
vital signs revealed a temperature of 37.2°C, heart 
rate 113 beats/min, and blood pressure of 117/66 
mmHg. Physical examination identifi ed right-sided 
cervical lymphadenopathy, marked bilateral con-
junctival erythema, and a faint papular rash on the 
pelvis and left fl ank. Laboratory testing revealed a 
peripheral-blood leukocyte count of 11,000 cells/
µL, 93.5% segmented neutrophils, and thrombocy-
topenia with a platelet count of 110,000/µL (Table). 
Portable chest radiograph results were without no-
table fi ndings.

On hospital day 2, the patient remained febrile 
and tachycardic (heart rate 90–135 beats/min) and 
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We	 describe	 a	 fatal	 case	 of	multisystem	 infl	ammatory	
syndrome in an adult with onset 22 days after a second 
dose	of	mRNA	coronavirus	disease	vaccine.	Serologic	
and	 clinical	 fi	ndings	 indicated	 severe	 acute	 respiratory	
syndrome	coronavirus	2	infection	occurred	before	vacci-
nation.	The	immunopathology	of	this	syndrome,	regard-
less of vaccination status, remains poorly understood.
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had a blood pressure of 92/56 mmHg. Diagnostic 
evaluation revealed a negative SARS-CoV-2 RT-PCR 
test but a positive serologic test for SARS-CoV-2 nu-
cleocapsid IgG. Additional diagnostic tests were 
conducted (Table). Inflammatory markers showed 
elevated C-reactive protein at 284.0 mg/L, serum fer-
ritin at 1434.9 ng/mL, and troponin-I at 18.0 ng/mL. 
On the evening of hospital day 2, the patient received 
75 g of intravenous immune globulin (IVIG).

Early morning on hospital day 3, the patient had 
an acute change in mental status, including confusion 
and global aphasia. An emergent computed tomogra-
phy scan of the head was negative for cerebrovascular 
accident and showed normal brain parenchyma and 

no evidence of acute infarction, mass, or hemorrhage. 
On completion of the scan, the patient was found 
nonresponsive and without a pulse. He underwent 
multiple rounds of advanced cardiac life support, re-
sulting in return of spontaneous circulation. A chest 
radiograph showed an enlarged cardiac silhouette, 
and an echocardiogram showed severe biventricular 
dysfunction, severe global hypokinesis of the left ven-
tricle, and left ventricular ejection fraction of 20%. The 
patient received a second dose of IVIg and intrave-
nous steroids and extracorporeal membrane oxygen-
ation support was initiated. On hospital day 4, severe 
multisystem organ failure continued to progress. The 
patient died on hospital day 4.

 
Table. Results	of	pertinent	laboratory	testing	completed	during	the	4-day hospitalization of a patient with fatal multisystem 
inflammatory	syndrome	in	adult,	Tennessee,	USA,	2021* 

Variable 
Hospital	day 

Reference	range Day 1 Day 2 Day 3† Day 4† 
Hematologic	testing 

     

 Peripheral leukocyte count, 1,000/L 11.0 14.4 28.1 8.8 4.2–10.2 
 Hemoglobin,	g/dL 13.7 11.7 10.8 9.5 12.8–16.4 
 Hematocrit,	% 39.6 33.8 34.3 27.7 38.8–48.1 
 Platelets, 1,000/L 110.0 86.0 45.0 17.0 150–400 
  Absolute neutrophils, 1,000/L 10.5 13.7 23.9  1.8–7.1 
  Absolute lymphocytes, 1,000/L 0.4 0.4 5.0  1.3–5.9 
  Segmented	neutrophil,	% 95.3 95.3 76.6  40.0–76.0 
  Lymphocytes, % 3.8 2.8 15.9  14.0–46.0 
  Monocytes, % 1.9 0.9 0.9  4.0–12.0 
Chemical testing 

     

 Creatinine, mg/dL 1.2 1.3 3.4 1.9 0.70–1.30 
 AST,	U/L  78.0 5,938.0 8,861.0 15–37 
 ALT,	U/L  61.0 3,386.0 3,421.0 16–61 
 Total bilirubin, mg/dL 1.9 1.4 1.6 

 
0.2–1.0 

 Alkaline	phosphatase,	U/L 76.0 74.0 295.0 202.0 45–117 
 Ferritin,	serum,	mg/dL 

 
1434.9 >40,000.0 

 
26.0–388.0 

Coagulation 
     

 aPTT, s 29.3  54.2 80.9 23.2–34.1 
 PT, s 13.9  39.6 

 
11.7–14.5 

 INR 1.1  4.2 3.6 0.9–1.0 
 Fibrinogen,	mg/dL 642.0  750.0  208–475 
 D-Dimer,	µg	FEU/mL 5.2 4.3 12.2  0.0–0.44 
Cardiac 

     

 Troponin-I, ng/mL 
 

18.0 15.5 
 

0.0–0.045 
Immunochemical testing 

     

 ESR,	mm/h 40.0    0–15 
 C-reactive protein, mg/L  284.0 174.0  <3.0 
 Procalcitonin level, ng/mL  4.9 

 
 0.50–2.0 

Microbiologic testing 
     

 SARS-CoV-2	RT-PCR,	index	value Negative    Negative 
 SARS-CoV-2 IgG antibody,‡ index value 4.96    <1.39 
 Adenovirus	DNA	PCR,	qualitative Not detected    Not detected 
 CMV	PCR,	quantitative Negative    Negative 
 Mononucleosis screen Negative    Negative 
 Ehrlichia chaffeensis DNA	PCR Not detected    Not detected 
 HIV-1 p24 Ag Nonreactive    Nonreactive 
 Peripheral blood culture, 2 sets No growth No growth No growth No growth No growth 
*Laboratory values represent pertinent laboratory results during the patient’s hospitalization. Not all laboratory studies completed during hospitalization 
are	represented	in	this	table.	Blank	cells	indicate	test	not	done.	ALT,	alanine	aminotransferase;	AST,	aspartate	aminotransferase;	aPTT,	activated	partial	
thromboplastin	time;	CMV,	cytomegalovirus;	ESR,	erythrocyte	sedimentation	rate;	FEU,	fibrinogen	equivalent	units;	INR,	international	normalized	ratio;	
PT:	prothrombin	time;	RT-PCR,	reverse	transcription	PCR;	SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Laboratory values indicate studies after cardiac arrest, which occurred at 3	a.m.	on	hospital	day	3.	Note	patient	was	initiated	on	extracorporeal	
membrane oxygenation shortly after return	of	spontaneous	circulation;	anticoagulation	treatments affect laboratory values. 
‡SARS-CoV-2 IgG test specific for nucleocapsid protein antibody. 
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We reviewed the patient’s medical history and 
clinical chart. We assessed serum samples collected 
during the hospital course before and after IVIg, 
and we determined endpoint titers to SARS-CoV-2 
nucleocapsid (IgM and IgG) and spike recep-
tor binding domain with neutralization functions 
against spike protein (6,7). The endpoint titer was 
a modified protocol based on Stadlbauer et al. (8). 
We completed an autopsy and sent formalin-fixed, 
paraffin-embedded tissues to CDC. Microscopic 
examination of lung, airways, pulmonary lymph 
node, liver, heart, spleen, kidneys and stomach tis-
sue samples was performed; LT-Gram stain was 
performed on lungs and heart. An RT-PCR assay 

for SARS-CoV-2 was performed on RNA extracted 
from formalin-fixed, paraffin-embedded tissues 
from lungs, airways, and heart by methods previ-
ously published (9). This activity was reviewed by 
CDC and was conducted consistent with applicable 
federal law and CDC policy.

Serum antibody results drawn before IVIg infu-
sion were negative for SARS-CoV-2 IgM but positive 
for IgG. Serum results had a high titer of anti-spike re-
ceptor binding domain antibody both before and af-
ter IVIg (1:75,000) compared with a naturally infected 
SARS-CoV-2–positive control (1:4,000). In addition, 
the pre-IVIG sample serum results demonstrated 
neutralizing function.

Figure.	Histopathologic	findings	
in a fatal case of multisystem 
inflammatory	syndrome	in	
adult after natural severe 
acute respiratory syndrome 
coronavirus 2 infection and 
coronavirus disease vaccination, 
Tennessee,	USA,	2021.	A)	
Lung tissue shows capillaritis 
characterized by neutrophilic 
inflammation	and	necrosis	within	
interalveolar	septa	(arrowhead).	
Fibrin	and	organizing	
intraluminal microthrombi in 
small arteries are also seen 
(arrows).	Original	magnification	
20×.	B)	Higher	magnification	
of	fibrin	microthrombus	within	
a	lung	vessel	(arrow).	Original	
magnification	63×.	C)	Heart	
tissue shows myocarditis with 
myocyte necrosis and mixed 
inflammatory	infiltrate.	Original	
magnification	20×.	D)	Higher	
magnification	cardiac	vessel	
showing microthrombus and 
perivascular mononuclear 
inflammatory	infiltrate	(arrow).	
Original	magnification	40×. 
E)	Stomach	tissue	shows	
submucosal microthrombi 
with perivascular lymphocytic 
infiltrate.	Original	magnification	
63×.	F)	Kidney	tissue	shows	
multiple	fibrin	thrombi	in	
glomerular	(arrow)	and	interstitial	
capillaries	(arrow).	Original	
magnification	40×.
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Notable findings on gross internal autopsy ex-
amination included a 525-mL pericardial effusion and 
cardiac enlargement, as well as a 5-L hemoperitoneum 
and a 20-cm diameter perisplenic hematoma. Micro-
scopic examination of the lungs showed diffuse conges-
tion, increased intra-alveolar macrophages, multifocal 
hemorrhage, capillaritis, and microthrombi through-
out (Figure, panels A, B). We observed no viral inclu-
sions or diffuse alveolar damage. Trachea and bronchi 
showed mild tracheobronchitis. Sections of the heart 
showed multifocal myocarditis with mixed inflamma-
tory infiltrate, myocyte necrosis, and numerous micro-
thrombi. We also identified disseminated microvascu-
lar thrombosis in the heart, stomach, kidneys, and liver 
(Figure, panels C–F). Gram stain results were negative 
on lung and heart tissue. SARS-CoV-2 RT-PCR was 
negative on lungs, trachea, bronchi, and heart.

Conclusions
This fatal case of MIS-A occurred after full COVID-19 
vaccination in a patient with prior natural SARS-
CoV-2 infection suspected 6 weeks before MIS-A 
symptom onset. Serum antibody results before IVIg 
infusion indicated the patient was previously in-
fected with SARS-CoV-2 and was vaccinated with a 
COVID-19 vaccine. Antibodies to the nucleocapsid 
protein are the most sensitive target for serologic di-
agnosis for natural infection (P.D. Burbelo et al., un-
pub. data, https://doi.org/10.1101/2020.04.20.20071
423), and these antibodies are not present following 
COVID-19 vaccination alone. In addition, clinical his-
tory was compatible with natural infection beginning 
6 days before the first mRNA vaccine dose and con-
sistent with negative SARS-CoV-2 nucleocapsid IgM 
on testing during hospitalization.

The patient demonstrated similar clinical findings 
to previously reported MIS-A cases, including fever 
for 3 consecutive days, laboratory evidence of inflam-
mation, neurologic and mucocutaneous clinical find-
ings, and severe cardiac illness that included systemic 
hypotension progressing to cardiogenic shock (1,5). 
These criteria meet the CDC case definition for MIS-A, 
as well as a definitive case at level 1 of diagnostic cer-
tainty by the Brighton collaboration case definition for 
MIS-A and MIS-C (10). In addition, the histopathologic 
findings of capillaritis and multiorgan microvascular 
thrombosis in association with clinical symptoms and 
laboratory findings are compatible with MIS-A (1,11). 
Substantial blood loss on gross examination may rep-
resent a diffuse intravascular coagulation–type picture 
in which diffuse microthrombosis depleted platelets 
and clotting factors. The etiology for clinical deterio-
ration was likely multifactorial, although considerable 

cardiac compromise in the setting of high fluid vol-
umes and intraperitoneal hemorrhage may have con-
tributed to multiorgan failure

Whether mRNA COVID-19 vaccination con-
tributed to MIS-A onset in this case is unclear, and 
future epidemiologic studies are needed to under-
stand whether an association exists. The immunopa-
thology leading to hyperinflammation causing MIS-
A after SARS-CoV-2 infection remains unknown, 
although postinfection immune dysregulation is 
consistent among reported cases. Notably, MIS-A 
has not been reported among adult participants of 
COVID-19 vaccine trials (10), and no direct evidence 
exists to support vaccine alone as the primary etiol-
ogy in this case. This article further emphasizes the 
importance of COVID-19 prevention, for which in-
fection prevention strategies and vaccination remain 
our greatest defense.
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Among the 1.2 million cases of nontyphoidal Salmonella
infections in the United States each year, only 23,000 

patients are hospitalized. Although most Salmonella cases 
resolve on their own, patients with severe illness might 

require treatment with antimicrobial drugs.

But what happens when treatment doesn’t work? 
Antimicrobial resistance among Salmonella is a growing 
threat, and public health officials at CDC and beyond are 

on a mission to curb its spread before it is too late.

In this EID podcast, Dr. Felicita Medalla, a CDC 
epidemiologist, investigates the rising incidence 

of AMR nontyphoidal Salmonella in the United States.

EID Podcast: 
AMR Nontyphoidal Salmonella Infec� ons, 

United States 

Visit our website to listen: h� ps://go.usa.gov/xFZyx
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In May 2021, the US Food and Drug Administration 
and the European Medicines Agency expanded 

existing authorization for BNT162b2 vaccine (Pfi zer-
BioNTech, https://www.pfi zer.com) against severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) to include its use in adolescents 12–15 years 
of age (1,2). On June 2, 2021, the Israel Ministry of 
Health declared the availability of BNT162b2 vaccine 
for adolescents 12–15 years of age (3) as a 2-dose regi-
men, given 21 days apart. By August 26, 2021, a total 
of 277,218 adolescents (46.1% of those eligible) had 
received 1 dose of the vaccine and 187,707 (31.2%) 
had received 2 doses (Figure 1, panel A). In mid-June 
2021, after a month of extremely low SARS-CoV-2 ac-
tivity in Israel, 2 local outbreaks erupted (4–6). These 
outbreaks marked the beginning of a new widespread 
SARS-CoV-2 outbreak in Israel (Figure 1, panel B), 
dominated by the B.1.617.2 (Delta) variant, which ac-
counted for 93%–99% of the sequenced viruses during 
July and August 2021 (7). We analyzed effectiveness 
of this vaccine among adolescents who had been vac-
cinated in the early stages of this outbreak in Israel. 

The study was approved by the superior ethical com-
mittee of the Israel Ministry of Health and included 
exemption from informed consent.

The Study
We performed a nationwide retrospective cohort 
study to estimate vaccine effectiveness against PCR-
confi rmed SARS-CoV-2 infections among adolescent 
Israel residents 12–15 years of age who had received 
the second vaccine dose during July 1–24, 2021. The 
data sources used are described in detail elsewhere 
(8). We estimated vaccine effectiveness and 95% CIs 
by using (1 – incidence rate ratio)  × 100 for 1–7, 8–14, 
15–21, and 22–28 days after the second vaccine dose. 
Incidence rate ratio denotes the ratio of the rate of 
PCR-confi rmed SARS-CoV-2 infections in the vacci-
nated and unvaccinated groups.

We excluded from analysis adolescents who had 
had a documented SARS-CoV-2–positive PCR result 
before the evaluation periods, regardless of their vac-
cination status. When several positive SARS-CoV-2 
test results were documented for the same person 
during the study period, we included only the fi rst 
result in our analysis.

We determined the number of unvaccinated con-
trols for each date during July 1–24, 2021, by omit-
ting the number of fully vaccinated adolescent Israel 
residents 12–15 years of age who had received the 
second BNT162b2 vaccine dose on a particular date 
from the total number of Israel residents who did not 
have a documented SARS-CoV-2–positive test result 
and had not received only a single vaccine dose by 
that date. We expressed the denominators of the vac-
cinated and unvaccinated groups in person-days.

After administration of the second vaccine dose, 
crude vaccine effectiveness against laboratory-con-
fi rmed SARS-CoV-2 infection was 55.3% (95% CI 

Eff ectiveness of BNT162b2 
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In	Israel,	the	BNT162b2	vaccine	against	severe	acute	re-
spiratory syndrome coronavirus 2 was approved for use 
in adolescents in June 2021, shortly before an outbreak 
of	B.1.617.2	(Delta)	variant–dominant	infection.	We	eval-
uated	 short-term	 vaccine	 eff	ectiveness	 and	 found	 the	
vaccine	 to	 be	highly	 eff	ective	among	 this	 population	 in	
this setting.
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41.3%–66.0%) in the first week, 87.1% (95% CI 81.0%–
91.2%) in the second week, 91.2% (87.4%–93.8%) in the 
third week, and 88.2% (95% CI 85.0%–90.7%) in the 
fourth week (Table; Figure 2). Vaccine effectiveness 
differed significantly between the first and subse-
quent weeks, but we found no statistically significant 
differences in vaccine effectiveness among the second, 
third, and fourth weeks. Because of the small number 
of cases of SARS-CoV-2 infection among vaccinated 
adolescents, we could not adjust for weekly vac-
cine effectiveness evaluation. However, adjustments 
for sex and epidemiologic week for days 8–28 after 
the second dose combined demonstrated adjusted  

vaccine effectiveness of 91.5% (95% CI 88.2%–93.9%) 
against SARS-CoV-2 infection (Table). We did not 
estimate vaccine effectiveness against symptomatic 
diseases because epidemiologic investigation was 
performed for 42% of vaccinated and 40% of unvac-
cinated adolescents in our cohort.

As of August 26, 2021, none of the vaccinated 
adolescents who became SARS-CoV-2–positive on 
days 1–28 after the the second vaccine dose had been 
hospitalized. By that same date, among unvaccinated 
adolescents, 7 (0.38%) of 1,825 who tested positive for 
SARS-CoV-2 on days 1–7 after vaccinated adolescents 
had received their second vaccine dose and 26 (0.32%) 

Figure 1. Vaccine doses among 
adolescents and total severe 
acute respiratory syndrome 
coronavirus 2 infections, Israel, 
June	1–August	26,	2021.	A)	
Daily frequency of administration 
of	first	and	second	dose	of	
BNT162b2	vaccine	(Pfizer-
BioNTech,	https://www.pfizer.
com)	among	adolescents	12–15	
years	of	age.	B)	Daily	cases	
of severe acute respiratory 
syndrome coronavirus 2 infection 
in persons of all ages.

 
Table. Effectiveness	of	BNT162B2	vaccine	against	PCR-confirmed SARS-CoV-2 infection in adolescents 12–15	years	of	age	after	
receipt	of	second	dose,	Israel,	2021* 

Period 
Days after 

second dose 

Unvaccinated, 
SARS-CoV-2–

positive, no. 
Unvaccinated	
person-days 

Vaccinated, 
SARS-CoV-2–

positive, no. 
Vaccinated 

person-days 

Crude vaccine 
effectiveness 
(95%	CI) 

Adjusted vaccine 
effectiveness 
(95%	CI) 

Week 1 1–7 1,825 10,148,829 53 673,129 55.3	(41.3–66.0) NA 
Week 2 8–14 2,923 9,750,816 26 672,790 87.1 (81.0–91.2) NA 
Week	3 15–21 4,906 9,386,429 31 672,624 91.2	(87.4–93.8) NA 
Week 4 22–28 7,510 8,905,457 67 672,328 88.2	(85.0–90.7) NA 
Weeks 2–4 8–28 8,144 13,623,714 124 2,034,591 89.8	(87.8–91.5) 91.5	(88.2–93.9) 
*BNT162B2 vaccine, Pfizer-BioNTech	(https://www.pfizer.com)	NA,	not	applicable;	SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
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of 8,144 who tested positive on days 8–28 were hos-
pitalized. Also by August 26, no vaccinated or unvac-
cinated SARS-CoV-2–positive adolescents had died. 

Conclusions
The BNT162b2 vaccination campaign for adolescents 
12–15 years of age in Israel coincided with the out-
break of the SARS-CoV-2 Delta variant. As such, the 
timing enabled estimation of vaccine effectiveness 
against SARS-CoV-2 infection for this age group dur-
ing predominant circulation of the Delta variant.

Our results demonstrate high vaccine effective-
ness against SARS-CoV-2 infection in this population 
starting the second week after the second vaccine 
dose. These estimates are somewhat lower than those 
that had been estimated for persons 16–39 years of 
age during the same time intervals after the second 
vaccine dose during circulation of the SARS-CoV-2 
Alpha variant and wild-type virus in Israel (8). Spe-
cifically, adjusted vaccine effectiveness against SARS-
CoV-2 infection for persons 16–39 years of age was 
93.2% (95% CI 91.9%–94.2%) at 8–14 days, 96.7% 
(95% CI 95.8%–97.4%) at 15–21 days, and 96.6 (95% 
CI 95.7%–97.3%) at 22–28 days after receipt of the 
second vaccine dose. Although vaccine effectiveness 
estimates and 95% CIs during the circulation of the 
Alpha variant and the wild-type virus were adjusted 
for age, sex, and epidemiologic week, only minor dif-
ferences in point estimates and 95% CIs were noted 
between crude and adjusted vaccine effectiveness (8).

The effectiveness estimate of 55.3% in the first 
week after the second dose probably reflects the ef-
fect of the first vaccine dose. This estimate is consis-
tant with previous estimates of vaccine effectiveness 
14–20 days after the first dose (8–10).

Our findings are consistent with those of a re-
cent study from the United Kingdom, which dem-
onstrated vaccine effectiveness of 88.0% (95% CI 
85.3%–90.1%) against symptomatic disease caused by 
the SARS-CoV-2 Delta variant (11), compared with 
vaccine effectiveness of 93.7% (95% CI 91.6%–95.3%) 
against disease caused by the Alpha variant among 
persons >16 years of age who had received 2 doses 
of BNT162b2 (11). However, that study addressed 
neither the interval between the 2 doses nor the exact 
interval between assessment of vaccine effectiveness 
and the date of the second dose (11).

As of September 2021, two controlled studies 
had assessed vaccine efficacy in adolescents, with-
out specifying the SARS-CoV-2 variant (12,13). One 
study reported BNT162b2 vaccine efficacy of 100% 
against laboratory-confirmed COVID-19 >7 days af-
ter receipt of the second vaccine dose at 21 days after 
the first dose (12). The other study reported that vac-
cine efficacy of the mRNA-1273 vaccine 14 days af-
ter the second dose was difficult to assess because of 
the low incidence of laboratory-confirmed COVID-19 
in the trial population (4 cases in the placebo group 
and 0 cases in the mRNA-1273 group) (13). Of note, 
the geometric mean ratio of neutralizing antibodies 
in adolescents receiving those vaccines was similar to 
or greater than that of young adults after receipt of 2 
doses (12,13).

Behavioral and testing policy factors can poten-
tially affect estimations of vaccine effectiveness. Be-
haviors that increase exposure to SARS-CoV-2 may be 
assumed by vaccinated or unvaccinated adolescents 
for different reasons and are difficult to measure. 
During the study period, SARS-CoV-2 testing was 
available in Israel regardless of vaccination status.

Figure 2. Vaccine 
effectiveness	against	severe	
acute respiratory syndrome 
coronavirus 2 infection in 
adolescents	12–15	years	of	
age, by time after second 
dose of BNT162b2 vaccine 
(Pfizer-BioNTech,	https://www.
pfizer.com),	Israel,	2021.	Error	
bars	indicate	95%	CIs.
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The recent rise in SARS-CoV-2 cases in Israel 
raised 2 concerns. The first concern was that BNT162b2 
vaccine–elicited immunity was waning. Waning of 
spike protein antibody levels was detected over time 
after receipt of a second dose of SARS-CoV-2 vaccines 
(14). The second concern was that the vaccine was not 
effective against the SARS-CoV-2 Delta variant. How-
ever, our findings indicate that the BNT162b2 vaccine 
provides adolescents with highly effective short-term 
protection against the SARS-CoV-2 Delta variant. 
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The public health community anticipated wide-
spread co-circulation of infl uenza and severe 

acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the virus that causes coronavirus disease 
(COVID-19), during the 2020–21 infl uenza season. 
However, infl uenza activity in California was un-
usually low (1). The California Department of Public 
Health (CDPH; Richmond, California, USA) matched 
positive infl uenza test results with SARS-CoV-2 test 
results to assess the occurrence of infl uenza and 
SARS-CoV-2 co-infections in California.

The Study
California laboratories and medical providers must 
report all positive and nonpositive (i.e., negative, in-
conclusive, or invalid) SARS-CoV-2 laboratory results 
to their local health jurisdictions (LHJs) (2). For infl u-
enza, only positive results that can be submitted elec-
tronically by laboratories are reportable. Most data 
are reported directly to CDPH’s web-based platform, 
California Reportable Diseases Information Exchange 
(CalREDIE). CalREDIE assigns electronic laboratory 
reports a unique identifi er, personID, that can be used 
to link the same person across different disease re-
ports. CalREDIE is used by 59 of California’s 61 LHJs 
for disease tracking and reporting. Two LHJs, Los 

Angeles and San Diego, which represent one third of 
California’s population, do not use CalREDIE direct-
ly; we excluded data from those LHJs.

We matched positive molecular infl uenza test 
results reported during September 1, 2020–April 
30, 2021, with positive and nonpositive molecular 
SARS-CoV-2 test results to identify co-infections. We 
matched positive infl uenza results with nonpositive 
SARS-CoV-2 results to determine whether persons in-
fected with infl uenza were negative for SARS-CoV-2 
or were potentially not tested for SARS-CoV-2. We 
deduplicated all positive infl uenza tests results and 
excluded antigen test results.

We matched laboratory results fi rst using Cal-
REDIE personID, then by name and date of birth, and 
fi nally by manual record review if positive infl uenza 
results did not match to SARS-CoV-2 results by per-
sonID or name and date of birth (Figure 1). If a per-
son had both positive and nonpositive SARS-CoV-2 
results within 7 days of a positive infl uenza result, 
we used the positive SARS-CoV-2 result in the analy-
sis. Persons with both positive infl uenza and SARS-
CoV-2 test results with ≤7 days between specimen 
collection dates met criteria for infl uenza and SARS-
CoV-2 co-infection. We analyzed co-infection data by 
week of illness onset and geographic distribution. We 
summarized co-infected persons by age, race and eth-
nicity, sex,  hospitalization, and survival status. We 
completed all analyses using SAS version 9.4 (SAS In-
stitute, http://www.sas.com). This study received a 
nonresearch determination from the California Com-
mittee for the Protection of Human Subjects.

CDPH received 258 positive infl uenza test results 
during September 1, 2020–April 30, 2021, and >21.1 
million SARS-CoV-2 total test results. Among positive 
infl uenza results, 255 (99%) matched with a SARS-
CoV-2 test result (positive or nonpositive). From 
these matches, 58 (23%) persons were co-infected 
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During	September	1,	2020–April	30,	2021,	the	California	
Department	of	Public	Health,	Richmond,	California,	USA,	
received	255	positive	infl	uenza	molecular	test	results	that	
matched	with	 severe	acute	 respiratory	 syndrome	coro-
navirus	2	molecular	test	results;	58	(23%)	persons	were	
co-infected.	Infl	uenza	activity	was	minimal	 in	California,	
and	co-infections	were	sporadic.
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with influenza and SARS-CoV-2 and 197 (77%) were 
positive for influenza and negative for SARS-CoV-2 
(Figure 1). Co-infections occurred sporadically in Cal-
ifornia beginning in mid-November 2020 (Figure 2). 
At least 1 positive influenza result was received from 
35 (59%) of 59 reporting LHJs, and ≥1 co-infections 
were identified in 21 (36%) LHJs throughout all re-
gions in California. Among the 258 persons with posi-
tive influenza tests, 170 (66%) had influenza B and 88 
(34%) influenza A. Influenza B was predominant (n = 
39; 67%) among co-infected persons. Fifty-two (90%) 
co-infected persons had influenza and SARS-CoV-2 
test specimens collected on the same date. 

Age distribution among co-infected persons was 
5 (9%) who were 0–17 years, 23 (40%) 18–49 years, 
12 (21%) 50–64 years, and 18 (31%) ≥65 years of age. 
Twenty-two (38%) persons were female and 35 (60%) 

were male; sex was unknown for 1 (2%) co-infected 
person. The racial/ethnic distribution of co-infected 
persons was 20 (34%) Latino, 20 (34%) White, 5 (9%) 
Asian, 3 (5%) African American, 1 (2%) American In-
dian or Alaskan Native, 1 (2%) Native Hawaiian or 
Pacific Islander, 2 (3%) other, 2 (3%) multirace, and 4 
(7%) unknown. Among 28 (48%) co-infected persons 
with available hospitalization status data, 11 (39%) 
were hospitalized. Five (9%) co-infected persons died, 
including 2 who were hospitalized; all who died were 
>50 years of age.

Conclusions
Influenza activity was minimal during the 2020–21 

influenza season in the United States and Northern 
Hemisphere, after low levels were reported in the 
Southern Hemisphere during the 2020 season there 

Figure 1. Matching process 
of	influenza	and	SARS-CoV-2	
molecular test results submitted 
to	CalREDIE,	California,	USA,	
September	1,	2020–April	30,	
2021.	CalREDIE,	California	
Reportable	Diseases	Information	
Exchange;	DOB,	date	of	birth;	
personID,	CalREDIE	individual	
identification	code;	SARS-CoV-2, 
severe acute respiratory 
syndrome coronavirus 2
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(3,4). Only 258 positive influenza test results were re-
ported to CDPH during September 1, 2020–April 30, 
2021, in contrast to the >1.77 million COVID-19 cases 
reported by the 59 LHJs included in this analysis. The 
low numbers of influenza infections in this report are 
consistent with California sentinel laboratory data 
and national trends (1,3). In addition, influenza activ-
ity in California during 2020–21 was at a historic low 
based on clinical sentinel laboratory data collected 
from 2009–2020 (5). Less than 1% of specimens tested 
were positive for influenza at California clinical sen-
tinel laboratories throughout the 2020–21 influenza 
season, compared with peaks in influenza specimen 
positivity of 24%–41% in prior seasons. Overall, 58 
(23%) of 255 persons with a positive influenza test re-
sult and a matching SARS-CoV-2 test result met our 
case definition for a co-infection.

Multiple factors likely account for the 2020–21 
influenza season trends we observed in California. 
Travel was substantially affected by shelter-in-place 
policies, and reduced travel might have interrupted 
traditional influenza transmission patterns in which 
travelers carry influenza viruses between regions. 
Adopting COVID-19 mitigation practices, including 
social distancing, wearing face coverings, and clos-
ing schools and businesses, might also have helped 
prevent the transmission of influenza in communi-
ties. Factors such as viral interference might have 
contributed to the uncharacteristically low influenza 
activity reported (6). It is not yet clear how much in-
fluenza vaccination contributed to the minimal levels 
of influenza activity reported. Preliminary data from 
the Centers for Disease Control and Prevention indi-
cate that overall, ≈53% of US adults had received the 

2020–21 seasonal influenza vaccine by January 2021, 
compared with 45% of adults who had received the 
2019–20 vaccine by January 2020. However, vacci-
nation percentages were lower among children, es-
pecially Black and Hispanic children, and pregnant 
women in 2021 (7).

The first limitation of our analysis is that the lack 
of influenza laboratory data from Los Angeles and 
San Diego LHJs likely underestimates the number 
of influenza infections and co-infections with SARS-
CoV-2 in California. However, Los Angeles and San 
Diego LHJs reported similarly low levels of influen-
za activity, and thus, including data from those LHJs 
is unlikely to have changed the main findings of this 
analysis (8,9). We could not assess whether medical 
providers and patients sought influenza testing dur-
ing this surveillance period as routinely as they did 
in years past because nonpositive influenza test re-
sults are not reportable to CDPH. It is possible that 
SARS-CoV-2 testing was prioritized over influenza 
virus testing, and infrequent or inaccessible influen-
za testing might have contributed to underestimates 
of influenza transmission in California. Finally, we 
did not require that test results reported by labora-
tories and medcal providers undergo confirmatory 
testing by public health laboratories for inclusion in 
this analysis.

Ongoing public health surveillance is needed to 
assess the burden of SARS-CoV-2 infection and inter-
actions with other respiratory viruses, including in-
fluenza. Healthcare providers should consider testing 
patients for influenza and SARS-CoV-2 on the basis 
of the local epidemiology of these infections and pub-
lic health guidance. Safe and effective vaccines are  

Figure 2. Number	of	influenza	infections	(n	=	258)	and	co-infections	with	SARS-CoV-2	(n	=	58)	by	week	of	onset,	California,	USA,	
September	1,	2020–April	30,	2021.	SARS-CoV-2,	severe	acute	respiratory	syndrome	coronavirus	2.
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available throughout the United States to prevent 
against both influenza and COVID-19 (10,11). Health-
care providers should encourage influenza and CO-
VID-19 vaccination as a primary prevention strategy 
for all community members, especially among per-
sons of color and low-income residents, who are dis-
proportionately affected by both diseases.
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The seventh cholera pandemic, caused by Vib-
rio cholerae O1 biotype El Tor (7PET), arrived in 

Africa during 1970 and became endemic in many 
countries on the continent (1). Cholera was fi rst re-
ported in South Africa in 1974 (2). However, South 
Africa is not considered a cholera-endemic area; out-
breaks typically are associated with importation, par-
ticularly from neighboring countries. The last cholera 
outbreak in South Africa was triggered by imported 
cases from an outbreak in Zimbabwe during 2008; 
South Africa reported 12,706 cases during November 
2008–April 2009 (3).

Globally, 7PET isolates are genetically homoge-
neous and linked to the Bay of Bengal in South Asia 
(4,5). Most 7PET isolates are multidrug-resistant se-
quence type (ST) 69 (6). Rarely, 7PET has a single-lo-
cus variant, ST515, in isolates from Africa belonging 
to lineage T10 (7). As of September 2021, all cholera 
isolates from South Africa have been characterized as 
7PET ST69 by multilocus sequence typing (MLST).

South Africa actively surveils for cholera. Since the 
2008–2009 outbreak, few cases have been identifi ed: 
5 during 2010–2014, most of which were imported, 
and none during 2015–2017. During 2008–2009, large 
outbreaks occurred in 3 provinces, Mpumalanga, 

Limpopo, and KwaZulu-Natal (3), but all were caused 
by imported cases from neighboring Zimbabwe and 
Mozambique. Therefore, given their experience, 
healthcare workers and laboratorians in these prov-
inces typically will test for cholera in all cases of acute 
watery diarrhea.

In South Africa, the National Institute for Com-
municable Diseases (NICD) is notifi ed of suspected 
cholera cases. NICD’s Centre for Enteric Diseases 
supports case investigations and receives all hu-
man and environmental V. cholerae isolates for fur-
ther investigation. The case defi nition for confi rmed 
cholera is isolation of V. cholerae O1 or O139 from a 
person with diarrhea. We investigated the molecular 
epidemiology of V. cholerae in South Africa during 
2018–2020.

The Study
During February 2018–January 2020, NICD received 
102 V. cholerae isolates for testing; 9 were identifi ed 
as V. cholerae O1. We characterized the bacteria by 
whole-genome sequencing, comparative genomics, 
and phylogenetic analysis (Appendix 1, https://
wwwnc.cdc.gov/EID/article/27/11/21-1144-App1.
pdf). The Human Research Ethics Committee of the 
University of the Witwatersrand (Johannesburg, 
South Africa) provided ethics approval for this study 
(protocol no. M160667).

Of 9 V. cholerae O1 isolates tested, we identifi ed 
2 ST69 (7PET) and 7 ST75 isolates. The ST69 iso-
lates were collected in October 2018 from 2 cholera 
patients in a family cluster. The index case-patient 
had traveled to Zimbabwe, where an outbreak was 
ongoing (8), within the 7-day cholera incubation pe-
riod before symptom onset. We confi rmed these ST69 
isolates belonged to the previously described highly 
antimicrobial-resistant Zimbabwe outbreak strain (8). 
The 7 ST75 isolates originated from KwaZulu-Natal 
and Limpopo Provinces. Five isolates were collected 
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from patients with cholera, all adults 37–57 years 
of age; 2 isolates were from environmental samples 
collected during case investigations, 1 from sew-
age in Limpopo Province and 1 from river water in 
KwaZulu-Natal Province (Table 1). The 3 KwaZulu-
Natal cases occurred ≈200–600 km apart; the first oc-
curred in February 2018 and the last in January 2020. 
The 2 Limpopo cases occurred ≈70 km apart in the 
same district during November 2018. The Limpopo 
cases were >900 km from the KwaZulu-Natal cases. 
Epidemiologic investigations involved interviewing 
case-patients by using a standard case investigation 
form; visiting case-patients’ residences to inspect wa-
ter and sanitation services and interview other house-
hold members; collecting stool samples from house-
hold members; and collecting environmental samples 
when indicated. Investigators found no evidence of 
importation from another country, epidemiologic 
links between cases, or secondary transmission.

The 7 ST75 isolates showed notable features 
(Table 2). In particular, all carried the cholera toxin 
(CTX) prophage resembling CTX-2 with ctxB1 geno-

type; Vibrio pathogenicity island 1 (VPI-1) encoding 
the toxin co-regulated pilus; and a variant form of 
Vibrio pathogenicity island 2 (VPI-2). However, iso-
lates did not contain Vibrio seventh pandemic island 
I (VSP-I) and VSP-II. We noted several genomic is-
lands (GIs), including VC-GI 119, but GI-05 was not 
present (Appendix 2, https://wwwnc.cdc.gov/EID/
article/27/11/21-1144-App2.xlsx). 

The only antimicrobial-resistance determinant 
found in all ST75 isolates was the qnrVC4 gene, lo-
cated in the chromosomal superintegron. Various 
qnrVC alleles previously have been reported in the 
Vibrionaceae family and sometimes are associated 
with fluoroquinolone resistance (10,11). However, all 
ST75 isolates we analyzed showed fluoroquinolone 
susceptibility, MIC of ciprofloxacin 0.06 µg/mL, and 
susceptibility to all other tested antimicrobial drugs. 
This pansusceptibility sharply contrasts antimicro-
bial resistance trends observed in 7PET isolates from 
Africa, which reportedly became increasingly antimi-
crobial resistant over time; after the 2000s, none were 
susceptible to antimicrobial agents (5).

 
Table 1. Clinical	and	demographic	characteristics	of	5	patients	hospitalized	with	Vibrio cholerae O1	ST75	diagnosed	from	stool	
cultures and risk factors for V. cholerae infection,	South	Africa,	2018–2020* 

Isolate 
no. Province 

 Sample	
collection date 

Patient 
age, 
y/sex 

Clinical 
manifestations 

Source	of	
drinking 
water Sanitation 

Linked 
environmental 

samples 

Type of 
environmental 

sample, isolate no. 
YA0008
5869 

KwaZulu-
Natal 

2018	Feb	8 37/F Acute watery 
diarrhea, 

dehydration 

Untreated	
river water 

NA N NA 

YA0013
2994 

Limpopo 2018	Nov	9  38/M Acute watery 
diarrhea, vomiting, 

dehydration 

Untreated	
borehole 

water 

Pit latrine 
and open 
defecation 

N NA 

YA0013
4463 

Limpopo 2018 Nov 20 45/M Acute watery 
diarrhea, 

dehydration 

Untreated	
borehole 

water 

Flush	toilets Y Sewage,	
OA01603367 

YA0019
2016 

KwaZulu-
Natal 

2019	Dec	29  49/M Acute watery 
diarrhea, 

abdominal cramps, 
dehydration 

Untreated	
river water 

Pit latrine Y River	water,	
CF00214281 

YA0019
3061 

KwaZulu-
Natal 

2020 Jan 12 57/F Acute watery 
diarrhea, 

dehydration 

NA NA N NA 

*All	cases	were	diagnosed	from	stool	cultures.	All	patients	survived.	NA,	Not	available;	ST,	sequence	type. 
†Environmental samples tested positive for V. cholerae O1	ST75. 

 

 
Table 2. Features	of	Vibrio cholerae O1	ST75	isolates,	South	Africa,	2018–2020* 

Strain	no. Serotype Biotype AMR	phenotype AMR	gene Plasmids ctxB allele tcpA 
wbeT 

mutation† Lineage‡ 
YA00085869 Ogawa El Tor Pansusceptible qnrVC4 None ctxB1 tcpAN16961 WT L3b.1 
YA00132994 Inaba El Tor Pansusceptible qnrVC4 None ctxB1 tcpAN16961 B08 L3b.1 
YA00134463 Inaba El Tor Pansusceptible qnrVC4 None ctxB1 tcpAN16961 B08 L3b.1 
OA01603367 Inaba El Tor Pansusceptible qnrVC4 None ctxB1 tcpAN16961 B08 L3b.1 
YA00192016 Ogawa El Tor Pansusceptible qnrVC4 None ctxB1 tcpAN16961 WT L3b.1 
CF00214281 Ogawa El Tor Pansusceptible qnrVC4 None ctxB1 tcpAN16961 WT L3b.1 
YA00193061 Ogawa El Tor Pansusceptible qnrVC4 None ctxB1 tcpAN16961 WT L3b.1 
*AMR,	antimicrobial	resistance; ST,	sequence	type; WT, wild-type. 
†Nomenclature	according	to	F.-X.	Weill	et al. (5). 
‡Nomenclature	according	to	H.	Wang	et al. (9). 
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Figure.	Maximum-likelihood	phylogenomic	tree	for	
Vibrio cholerae	O1	sequence	type	(ST)	75	isolates	
collected	from	South	Africa,	2018–2020.	The	tree	
represents phylogeny for 7 V. cholerae	O1	ST75	
isolates	from	South	Africa	(red	text);	144	sequences	
from	a	global	collection	of	ST75,	or	closely	related	
ST169,	ST170,	and	ST182	isolates;	and	1	7PET	
V. cholerae	O1	sequence.	The	7PET	genome	
N16961	(ST69)	was	used	as	an	outgroup.	For	
each	genome,	its	name;	year	of	collection,	when	
known;	and	country	of	isolation,	plus	province	of	
isolation	for	isolate	from	South	Africa,	are	shown	
at the tips of the tree. The lineages, presence of 
CTXɸ	prophage	or	its	variant	form,	and	types	of	
ctxB alleles are also shown. The 7PET outgroup 
genome,	N16961,	contains	CTXɸ	with	a	ctxB3 
allele	(not	represented	in	the	figure).	Red	dots	
indicate bootstrap values >95%.	Scale	bar	indicates	
the number of nucleotide substitutions per variable 
site. 7PET, seventh pandemic V. cholerae	O1	
El	Tor;	CTXɸ,	cholera	toxin	phi	prophage;	ctxB, 
cholera toxin B subunit gene.

Vibrio cholerae	O1	ST75,	South	Africa
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We further compared the ST75 isolates from 
South Africa with a larger global collection of 144 
ST75, or closely related ST169, ST170, and ST182, 
genomes (Appendix 2), and constructed a maxi-
mum-likelihood phylogeny by using 49,540 SNPs 
(Figure). Our phylogenetic analysis showed that 
the 7 isolates from South Africa clustered in the 
L3b.1 clade, defined by H. Wang et al. (9), with a 
maximum pairwise distance of 22 SNPs. Isolates 
from Limpopo Province had a maximum pairwise 
distance of 1–6, but KwaZulu-Natal Province iso-
lates had no SNP differences. Core-genome MLST 
showed Limpopo Province isolates differed from 
the KwaZulu-Natal Province isolates by 4–5 alleles 
(Appendix 1 Figure). The closest related isolates 
were collected in Russia from Rostov Oblast in 2005 
and Republic of Kalmykia in 2011 and from Turk-
menistan in Central Asia in 1965, but none of those 
isolates contained the CTX prophage. L3b.1 isolates 
from Taiwan containing the CTX prophage ctxB3 
allele were more distant.

Emergence of ST75 L3b.1 clade in South Africa 
is cause for concern. Recent studies on V. cholerae 
O1 isolated in Taiwan (12) and China (13) reported 
emerging and potential toxigenic ST75. Genomic 
signatures of these ST75 isolates closely resembled 
the US Gulf Coast V. cholerae O1 clone that emerged 
in 1973 (14). In particular, an investigation of V. chol-
erae O1 isolated during 2002–2018 in Taiwan showed 
that ST75 emerged there in 2009 and now is more 
prevalent than the ST69 pandemic clone (12). Our 
findings from South Africa align with the findings 
from Taiwan, showing that ST75 isolates outnumber 
ST69 isolates. 

One limitation of our study is that we used ref-
erence laboratory data and a review of published V. 
cholerae O1 data to conclude that all previous chol-
era isolates in South Africa characterized by MLST 
were V. cholerae O1 biotype El Tor ST69. However, 
we cannot exclude the possibility that V. cholerae 
O1 isolates not characterized by MLST, particular-
ly those from environmental samples, could have 
been non-ST69.

Epidemic 7PET lineage cholera demands an 
aggressive public health response to prevent out-
breaks. In contrast, sporadic V. cholerae O1 infec-
tions mediated by other lineages, including those 
carrying toxin co-regulated pilus and CTX genes, 
typically are not epidemic-prone; most are associ-
ated with sporadic cases that rarely lead to second-
ary transmission (15). Tailoring the public health 
response to the degree of epidemic risk would be 
invaluable, especially in resource-limited settings. 

In countries that are not cholera-endemic but are 
at high risk for cholera introductions, conven-
tional laboratory determination of V. cholerae O1, 
even complemented by identifying ctxA or ctxB 
genes, might be insufficient. Typing resolution of 
genomics, which distinguishes between 7PET and 
nonepidemic lineages, can elucidate the local and 
global epidemiology of cholera and inform public  
health decisions.

Conclusions
The emergence and dominance of nonepidemic, non-
7PET, V. cholerae ST75 L3b.1 in South Africa requires 
close monitoring. The spatiotemporal pattern sug-
gests local spread, possibly indicating a geographi-
cally widespread risk for sporadic disease from this 
strain. South Africa should strengthen its disease and 
environmental surveillance systems to identify non-
pandemic ST75 strains, define local epidemiology, 
and inform an appropriate public health response.
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Methicillin-resistant Staphylococcus aureus, bet-
ter known as MRSA, is often found on human skin. 
But MRSA can also cause dangerous infections that 
are resistant to common antimicrobial drugs. Epide-
miologists carefully monitor any new mutations or 
transmission modes that might lead to the spread of 
this infection.

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

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

In this EID podcast, Dr. Jesper Larsen, a senior re-
searcher at the Statens Serum Institut, describes the 
spread of MRSA from livestock to humans. 
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After cholera was reintroduced into Haiti in 2010 
(1), the country experienced an epidemic of un-

paralleled magnitude: the 9,789 recorded casualties 
represent the largest number for a single epidemic in 
the past 20 years (http://apps.who.int/gho/data/
node.main.174). Unfortunately, vulnerabilities of peo-
ple in Haiti to fecal –oral diseases such as cholera have 
barely been reduced over the past decade. The Na-
tional Plan for the Elimination of Cholera 2013–2022 
aimed to improve access to drinking water to >85% 
of the population, access to sanitation to >90% of the 
population, and access to healthcare to >80% of the 
population (2). However, these indicators improved 
very slowly or even deteriorated during 2012–2017 
(3). The country still faces a deep economic and social 
crisis and has also endured several natural disasters, 
such as Hurricane Matthew in October 2016.  In addi-
tion, the Multi-Partner Trust Fund set in December 
2016 by the United Nations to support the response 

to cholera in Haiti gathered only US $20.8 million 
during 2016–2020 (http://mptf.undp.org/factsheet/
fund/CLH00).

To alleviate these persisting vulnerabilities and 
eliminate cholera transmission, experts and public 
health institutions have appealed to expand mass 
use of oral cholera vaccines (OCV) (4,5). Mean-
while, a nationwide coordinated rapid response 
strategy structured around case-area targeted in-
terventions was gradually implemented beginning 
in July 2013 by the Ministry of Public Health and 
Population of Haiti (MOH), UNICEF, and other 
partners (6). Analogous to forest fi re management, 
the strategy aimed to rapidly detect local outbreaks 
and send rapid response teams, mostly composed 
of nongovernmental organization and MOH staff, 
to the households and neighbors of infected per-
sons (Appendix, https://wwwnc.cdc.gov/EID/
article/27/11/20-3372-App1.pdf). This study aims 
to describe and decipher the progress of cholera 
control in Haiti.

The Study
We analyzed cholera surveillance data routinely col-
lected since 2010 by the MOH with support of the 
Pan American Health Organization and the Centers 
for Disease Control and Prevention, including results 
of stool cultures searching for Vibrio cholerae O1 (Ap-
pendix). The study was approved by the Bioethics 
National Committee of the MOH (authorization no. 
1819-41). Suspected cholera cases stagnated during 
2013–2016; the median was 38,733 annual cases (inci-
dence rate 6.9/100,000 person-weeks). Incidence then 
dramatically decreased to 13,681 cases (incidence 
rate 2.2/100,000 person-weeks) in 2017, to 3,777 cases 
(incidence rate 0.6/100,000 person-weeks) in 2018, 
and to 720 cases in 2019 (incidence rate 0.1/100,000 
person-weeks). The last cluster of suspected cholera 
cases and the last cholera-associated death were ob-
served in the commune of L’Estère, Artibonite de-
partment, in February 2019. As of July 1, 2021, a total 
of 92 (67%) of the 140 communes have not notifi ed 
a case for >3 years (Figure 1, panel A). Of note, the 
last stool culture positive for V. cholerae O1 was also 
sampled in L’Estère on February 4, 2019; none of the 
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This	study	describes	the	apparent	discontinuation	of	chol-
era	 transmission	 in	Haiti	 since	February	 2019.	Because	
vulnerabilities persist and vaccination remains limited, our 
fi	ndings	 suggest	 that	 case-area	 targeted	 interventions	
conducted by rapid response teams played a key role. We 
question	the	presence	of	environmental	reservoirs	in	Haiti	
and discuss progress toward elimination.
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5,223 consecutive stool specimens sampled from di-
arrheic patients across the country, including 2,255 
specimens sampled in 2021, have tested positive since 
2019 (Figure 1, panel B). Reports of cholera have thus 
halted for >3 years in 112 (80%) of communes in Haiti 
(Figure 1, panel A).

To analyze factors associated with this apparent 
discontinuation of cholera transmission in February 
2019, we compiled data from mass OCV campaigns 
implemented across Haiti (Appendix). During 2012–

2018, the MOH recorded 33 campaigns targeting 31 
communes and 16 prisons (Table 1; Figure 2, panel 
A). A total of 1,576,209 persons received >1 dose. 
The 2-dose regimen was completed for 74% of these 
persons, with marked heterogeneity (Figure 2, panel 
A). Overall, <10% of the population in Haiti has been 
fully vaccinated (Table 1). Considering the duration 
of protection of 1-dose and 2-dose regimens of OCVs 
(7), only 2.4% of persons in Haiti were likely still pro-
tected in 2019 (Table 1).

Figure 1. Cholera elimination 
progress and surveillance 
effort	in	Haiti	as	of	July	1,	
2021.	A)	Time	elapsed	since	
the last cholera report (i.e., 
number of years since the 
last positive culture or last 
reported suspected cholera 
case	[choropleth	colors	and	
patterns])	and	of	the	number	of	
consecutive negative cultures 
(proportional	circles),	by	
commune. Communes with 
>1 negative culture since the 
last positive culture or the last 
reported death are colored with 
solid green, with elimination 
time calculated since the last 
positive culture or suspected 
cholera	death;	communes	with	
no stool sampled for culture 
since the last positive culture 
or the last reported death 
are	colored	with	green	cross-
hatching, with elimination time 
calculated since the last reported 
suspected cholera case or 
death;	communes	with	no	history	
of stool sampling for cholera 
culture but with reported cases 
are colored with green diagonal 
hatching, with elimination time 
calculated since the last reported 
suspected cholera case or 
death;	and	communes	with	no	
history of stool sampling and 
no reported cases are colored 
in solid gray. Communes 
are colored according to the 
time elapsed since possible 
elimination (i.e., number of years 
since the last positive culture 
or the last reported suspected 
cholera	case).	The	magenta	
arrow localizes the commune 
of the last positive stool sample 
in	Haiti.	B)	Plot	of	the	weekly	
number	of	positive	(magenta)	
and	negative	(green)	stool	cultures	for	Vibrio cholerae	O1	and	monthly	culture-positivity	ratio.	Data	source:	Ministry	of	Public	Health	
and	Population	of	Haiti	(pers.	comm.,	2021	Jul	20;	see	also	Appendix,	https://wwwnc.cdc.gov/EID/article/27/11/20-3372-App1.pdf).	V. 
cholerae	O1,	Vibrio cholerae	O1.
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We compiled a total of 48,710 case-area targeted 
interventions recorded by UNICEF during July 2013–
December 2019 that were implemented across 139 
administrative communes (Table 2; Figure 2, panel 
B). Of those interventions, ≈71% involved a complete 
package: house decontamination by chlorine spray-
ing, health education about cholera, distribution of 
soap and chlorine tablets for household water treat-
ment, and distribution of antibiotic prophylaxis to 
close contacts of cholera cases. Progress from 2013 to 
2019 was strong (Table 2), and spatial heterogeneity 
was marked (Figure 2, panel B). The overall num-
ber of case-area targeted interventions per suspected 
cholera case was 0.3; this ratio improved markedly 
during 2013–2019 (Table 2).

Conclusions
As confirmed by an extensive laboratory-based 
surveillance effort, despite sociopolitical turmoil, 
the cholera epidemic in Haiti seems to be ending. 
However, a high-coverage national 2-dose cholera 
vaccination campaign could not be implemented, 
because neither the required stockpile nor the funds, 
estimated at US $66 million (5), have been available. 
Although OCV campaigns proved effective in some 
targeted areas (8), these limited and incomplete 
campaigns were insufficient to compensate for the 
global waning of the herd immunity built up dur-
ing the initial incidence peaks of 2010–2012. In the 
absence of major progress in water, sanitation, and 
hygiene indicators, most of the fight against chol-
era transmission has thus been conducted through 
the nationwide rapid response strategy, which was 
gradually implemented beginning in mid-2013 (6) 
and was shown to effectively shorten and mitigate 
cholera outbreaks in Haiti (9).

According to observational and experimental re-
sults from Bangladesh, vibriophages might play a role 

in the natural control of cholera epidemics (10). Al-
though a single phage isolation was reported in Haiti 
in 2013 (11), vibriophages might have influenced the 
seasonal dynamic of cholera. Whether they have also 
contributed to the epidemic collapse requires further 
investigation.

Because reports of long-term carriers of cholera 
are anecdotal and they have not been shown to trig-
ger outbreaks (12), the critical issue now is whether 
the epidemic strain of V. cholerae O1 has settled in 
Haiti and could lead to the reemergence of cholera 
in the near future (13). This scenario explicitly in-
formed the Elimination Plan, which required sub-
stantial progress in human development to limit 
the annual incidence rate of cholera to 0.01% of the 
population (2). According to the published litera-
ture (13,14), no epidemic strain seems to have been 
isolated in surface waters in Haiti since November 
2015. Until then, environmental isolates had re-
mained sporadic and usually concomitant to local 
cholera cases; therefore, differentiating a true envi-
ronmental reservoir from a recent fecal contamina-
tion remains controversial (13,14). Cholera recur-
rence after lull periods might simply come from a 
low-grade and underreported persistent interhu-
man transmission (14) rather than from aquatic res-
ervoirs (13).

Because cholera has not been reported in the 
neighboring Dominican Republic since 2018 (http://
digepisalud.gob.do/documentos), the island of His-
paniola might now be located thousands of kilome-
ters away from current transmission foci. In the past, 
numerous countries in Africa have experienced se-
vere epidemics and prolonged remissions, despite 
low human development indices, and have remained 
free from cholera for years (e.g., 8 years for Guinea 
and 19 years for Madagascar). Similarly, the absence 
of cholera outbreaks in South America since the early 

 
Table 1. Summary	of	killed	whole-cell	oral	cholera	vaccine	campaigns,	Haiti,	2012–2019* 

Year 
Population in 

Haiti 

No. (%) 
targeted 

communes  

No. persons who 
received >1	OCV	

dose 

No. persons who 
received	2nd	OCV	

dose	(%) 

Percentage of 
fully vaccinated 

population† 

Percentage of 
population with residual 

vaccine immunity‡ 
2012 10,644,927 3 97,774 88,762 0.8% 0.5% 
2013 10,937,675 2 113,045 102,250 0.9% 1.0% 
2014 11,239,398 8 197,147 188,909 1.7% 1.8% 
2015 11,550,392 0 0 0 0.0% 1.5% 
2016 11,870,966 18 885,210 106,054 0.9% 1.5% 
2017 12,201,437 3 215,358 628,049 5.1% 5.1% 
2018 12,542,135 1 67,675 59,537 0.5% 3.9% 
2019 12,893,402 0 0 0 0.0% 2.4% 
Total  NA 31	(22) 1,576,209 1,173,561	(74) 9.1% NA 
*Data	source:	Ministry	of	Public	Health	and	Population	of	Haiti	(pers. comm., 2021 Jul 20;	see	also	Appendix,	https://wwwnc.cdc.gov/EID/article/27/11/20-
3372-App1.pdf).	NA,	not	applicable;	OCV,	oral	cholera	vaccine. 
†The proportion of fully vaccinated population	was	calculated	by	dividing	the	number	of	persons	who	received	the	2nd	OCV	dose	by	the	population	of	Haiti.  
‡Percentage of the population with residual vaccine immunity was estimated taking into account the number of vaccinated persons, the percentage of 
fully vaccinated persons, and the published protection duration after a 1-dose and 2-dose	regimen	(Appendix). 
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2000s, despite a large epidemic wave in the 1990s, is 
reason for optimism.

Until the certification of cholera elimination by the 
World Health Organization, systematic bacteriologic 
testing of every case of severe acute watery diarrhea, 
combined with environmental monitoring, should be 
maintained in Haiti. However, achieving 2.5 years with 
no deaths from cholera or confirmed cholera cases in 

a country where the disease was considered impreg-
nable is already a victory. This achievement should be 
considered a springboard to further understand chol-
era epidemics and improve control strategies world-
wide. This success should foster investments in wa-
ter, sanitation, and hygiene infrastructure, which will 
protect Haiti against possible future cholera epidemics 
and against other remaining waterborne diseases.

Figure 2. Cholera control in 
Haiti,	2012–2019.	A)	Oral	cholera	
vaccine campaigns during 
2012–2018	by	subcommune;	B)	
complete and incomplete CATIs 
conducted	during	July	2013–
December	2019	by	commune.	
Complete	CATIs	are	defined	
by house decontamination, 
education, soap and chlorine 
distribution, and distribution 
of antibiotics to close contacts 
of	cholera	case-patients.	Data	
source:	Ministry	of	Public	Health	
and	Population	of	Haiti	(pers.	
comm.,	2021	Jul	20);	UNICEF	
(pers.	comm.,	2020	Jan	20;	see	
also	Appendix,	https://wwwnc.
cdc.gov/EID/article/27/11/20-
3372-App1.pdf).	CATI,	case-area	
targeted interventions.
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Table 2. Suspected	cholera	cases	and case-area	targeted	interventions,	Haiti,	2012–2019* 

Year 
Total no. suspected 

cholera cases No. CATIs 
No.	(%) 

CATIs/case ratio‡ Complete CATIs† Targeted communes 
2012 101,503 ND ND ND ND 
2013 58,574 3,599 4	(0) 87	(62) 0.1 
2014 27,392 3,241 434	(13) 125	(89) 0.1 
2015 36,045 8,091 5,500	(68) 131	(94) 0.2 
2016 41,421 13,031 10,869	(83) 138	(99) 0.3 
2017 13,681 12,244 10,739	(88) 129	(92) 0.9 
2018 3,777 6,561 5,525	(84) 83	(59) 1.7 
2019 458 1,943 1,683	(87) 42	(30) 4.2 
Total  181,348 48,710 34,754	(71) 139	(99) 0.3 
*Data	source:	UNICEF (pers. comm., 2020 Jan 20;	see	also	Appendix,	https://wwwnc.cdc.gov/EID/article/27/11/20-3372-App1.pdf).	Exhaustive recording 
of	CATIs	by	UNICEF	started	in	July	2013	with	the	launch	of	the	nationwide	coordinated	rapid	response	strategy.	CATI, case-area	targeted	interventions;	
ND, no data.  
†CATI with house decontamination, education, soap and chlorine distribution, and distribution of antibiotic drugs to contacts. 
‡Ratio of the total number of CATIs by the total number of suspected cholera cases, per year. 
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Infection with Trypanosoma cruzi, or Chagas disease, 
is endemic in Latin America. An estimated >300,000 

cases of chronic Chagas disease exist in the United 
States, predominantly in immigrants who acquired 
it through vectorborne transmission from triatomine 
insects in their countries of origin (1). Multiple triato-
mine species also exist in the southern United States, 
and enzootic transmission to dogs or small rodents is 
common (1–3). However, local cases of vectorborne T. 
cruzi transmission to humans is rare. In a 2009 review, 
the number of acute, autochthonous, vectorborne in-
fections acquired in the United States since 1955 was 
only 7; of these, 4 occurred in Texas (4). During 2013–
2018, a total of 26 locally acquired Chagas cases were 
reported in Texas, but only 1 was an acute case (5). 
Most persons with acute Chagas are asymptomatic, 
but some have nonspecifi c constitutional symptoms 
or Romaña’s sign, a painless periorbital and conjunc-
tival injection attributed to triatomine feces deposited 
or inadvertently rubbed into the eye. 

Acute Chagas disease may be overlooked in areas 
outside of Latin America, despite the existence of T. 
cruzi–infected triatomine reservoirs (6). We describe 
a case of locally acquired, vectorborne, acute Chagas 
disease in a patient who manifested Romaña’s 
sign; the infection was initially mistaken for orbital 
cellulitis. We also describe the use of next-generation 
sequencing (NGS) as a helpful diagnostic tool and 
review potential vector transmission risk in the 
southern United States.

The Patient 
A previously healthy 41-year-old man from central 
Texas with no medical or travel history described 
an ocular foreign-body sensation after working 
outdoors at his ranch. Over the next 2 days he ex-
perienced mild conjunctival injection with perior-
bital erythema and edema (Figure 1). He described 
mildly blurry vision but no fever, chills, or consti-
tutional symptoms. On day 3 of illness, his primary 
care provider prescribed oral trimethoprim/sulfa-
methoxazole and ophthalmic ciprofl oxacin drops. 
The patient’s eye symptoms worsened, and on day 
5 of illness an ophthalmologist hospitalized him for 
orbital cellulitis. The patient had normal visual acu-
ity. A computed tomography scan demonstrated 
nonspecifi c preseptal and postseptal infl ammatory 
changes, consistent with mild orbital cellulitis. The 
patient was initiated on intravenous vancomycin 
and piperacillin/tazobactam. 

Results of testing for HIV, syphilis, and methicillin-
resistant Staphylococcus aureus nasal colonization were 
negative. On the eighth day of illness, the patient 
had onset a palpable, left preauricular lymph node. 
Given the suspicion for oculoglandular syndrome, 
the patient was switched to intravenous rifampin 
and doxycycline for possible Bartonella infection. 
However, results of Bartonella serologic testing and 
blood cultures were negative. 

On day 11 of illness, the patient had onset of 
fever. His periorbital edema and lymphadenopathy 
persisted. His antibiotics were broadened to include 
vancomycin, cefepime, and acyclovir. He remained 
febrile, and on day 15 he was transferred to a tertiary 
care center for evaluation by infectious diseases, 
oculoplastic surgery, and rheumatology specialists. 
Further history revealed that he frequently stayed 
at a local ranch with horses and small mammals, 
including rabbits, squirrels, and stray cats. He 
otherwise resided at his suburban residence with his 
family and two dogs and worked indoors at a nearby 
university. A magnetic resonance imaging scan 
demonstrated persistent enhancement of left medial 
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and inferior rectus muscles, compatible with orbital 
myositis. However, the patient never experienced 
pain or limitations of extraocular movements. Results 
of additional tests for toxoplasmosis, tularemia, and 
adenovirus were negative. 

We sent plasma to Karius, Inc. (https://kariusdx.
com; Redwood City, California, USA), to undergo the 
Karius Test, which uses next-generation sequencing 
to detect foreign pathogens. On day 16, the patient 
was started on steroids for possible noninfectious 
etiologies, including IgG4-related disease, sarcoidosis, 
or vasculitis. His fever subsequently abated, and the 
periorbital edema and erythema slightly improved. 
On day 19, he was discharged on a tapering course 
of oral steroids and an additional 7 days of oral 
antibiotics. After discharge, results of the Karius Test 
were positive for T. cruzi at a high level of 505 DNA 
molecules/µL (Figure 2). Additional testing through 
the Texas Department of State Health Services and the 
Centers for Disease Control and Prevention yielded a 
positive T. cruzi PCR test, confirming acute infection. 
The patient received benznidazole (200 mg 2×/d for 
60 d), and steroids were discontinued. He reported 
some initial general malaise during the first week 
of therapy but thereafter had only mild generalized 
itchiness but no rash. He had complete resolution of 
clinical disease by the fifth week of treatment.

Conclusions
Human acquisition of Chagas disease in the United 
States remains rare, but this rarity may be attribut-
able in part to the protean manifestations of acute 
disease, resulting in missed diagnoses. The World 
Health Organization estimates that <50% of symp-

tomatic persons with acute infection will have a 
visible sign of a triatomine bite (chagoma) or the 
classic Romaña’s sign (7). We found NGS testing 
to be useful in diagnosing acute Chagas. This pa-
tient continued to have ocular manifestations and 
fever despite broad-spectrum antibiotics and an ex-
tensive work-up for the broad differential of oculo-
glandular diseases. 

The Karius Test is a commercially available 
NGS test for which detailed methodology has been 
previously described (8,9). The Karius laboratory 
extracts and subsequently sequences microbial cell-
free DNA from a plasma sample. Within 48 hours, 
the test indicates bacteria, fungi, DNA viruses, and 
parasites present at levels greater than a predefined 
threshold, after removal of human sequences. NGS 
testing may be a particularly useful tool in atypical 
febrile syndromes such as in this case, where a very 
broad range of differential diagnoses were considered 
(8). Such cases require numerous serologic tests, some 

Figure 1. Patient with acute Chagas disease manifesting as 
orbital	cellulitis,	Texas,	USA,	on	the	day	he	first	accessed	care.	A)	
Left	periorbital	edema	and	erythema.	B)	Conjunctival	injection.

Figure 2.	Results	of	next-generation	sequencing	on	a	plasma	
sample of a patient with acute Chagas disease manifesting as 
orbital	cellulitis,	Texas,	USA,	showing	the	very	high	detection	of	
Trypanosoma cruzi	(505.61	MPM)	(right).	The	comparison	with	
1,000	aggregated	negative	controls	(buffer/reagents)	show	a	
very	low	microbial	cell-free	DNA	(mcfDNA)	signal,	which	aligned	
to T. cruzi	in	1	sample	(left).	A	cohort	of	684	healthy	controls	had	
a very low mcfDNA signal, which aligned to T. cruzi in 1 person 
(middle).	The	purple	dots	indicate	any	mcfDNA	that	aligsn	
to T. cruzi;	the	gold	star	indicates	an	mcfDNA	detection	that	
represents a positive result for T. cruzi	identified	by	the	Karius	
Test	(Karius,	Inc.,	https://kariusdx.com).	The	other	detected	
but	not	clinically	or	statistically	significant	mcfDNA	in	the	case	
patient’s	sample	are	also	shown	in	the	gray	box	and	whisker	plot	
on	the	log	scale;	horizontal	line	within	box	indicates	median,	box	
top	and	bottom	indicate	interquartile	range	(Q1–Q3),	and	error	
bars indicate range. MPM, molecules/µL.
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of which may have variable sensitivity and specificity, 
costs, and delays in diagnosis and hospital discharge. 
Otherwise, acute Chagas is typically diagnosed by 
either identifying the parasite on a blood smear or 
sending a blood sample to the Centers for Disease 
Control and Prevention for PCR testing. Such tests 
would probably not be ordered outside of a known 
endemic area. 

Our case suggests that the extent of domestic-
transmission cycles between triatomine vectors and 
humans is underrecognized in southern US states. In 
endemic regions, the primary risk for insect-to-human 
transmission has been related to efficiency with 
which local vector species can invade and colonize 
homes (typically in rural areas with impoverished 
housing conditions such as adobe, wood, and thatch) 
(1). In a study conducted in south Texas, however, 
large infestations of triatomine insects were found 
under solid foundations, including cement patios 
connected to houses and car garages, and >50% of 
the insects were infected with T. cruzi (2). In another 
study of multiple residential sites in central Texas, a 
high proportion of the triatomine specimens found 
were infected T. cruzi, including 69% of those found 
inside houses, 81% of those found outside houses, 
and 82% of those found in dog kennels (3). Finally, 
prolonged periods outdoors, especially while 
hunting and camping, have been hypothesized to 
contribute to transmission (10). Although the vector 
and pathogen are quite ubiquitous, the contact 
between vectors and humans while sleeping and the 
inefficiency of transmission may account for lower 
rates of acute infection in Texas compared with 
Latin America.

In light of our findings, physicians need to be 
aware of the risk for vectorborne transmission of 
Chagas disease in and around residential areas, 
particularly in southern areas of the United States 
such as Texas. Prompt recognition and treatment of 
acute Chagas can lead to cure as well as prevention of 
the illness and risk for death associated with chronic 
Chagas disease, unnecessary hospitalization, or 
worsening of the patient’s condition from the use of 
immunosuppressive agents.
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Highly pathogenic avian infl uenza (HPAI) 
A(H5Nx) clade 2.3.4.4 viruses, which origi-

nated from the HPAI A(H5N1) clade 2.3.4 of the A/
Goose/Guangdong/1/96-lineage in China, have 
spread globally, causing severe disease in poultry 
and wild birds (1–4). According to the World Health 
Organization, clade 2.3.4.4 viruses have evolved 
into 8 subclades, designated as clades 2.3.4.4a–h 
(https://www.who.int/influenza/vaccines/vi-
rus/202002_zoonotic_vaccinevirusupdate.pdf). In 
2013, a novel reassortant A(H5N8) clade 2.3.4.4b 
virus was isolated from domestic ducks in eastern 
China (2); this virus was later detected in Korea and 
Japan (3). Since 2014, clade 2.3.4.4b viruses have 
spread to Europe and Africa along the migratory 
fl yways of birds (4,5). These introductions caused 
large HPAI outbreaks in wild and domestic birds 
in Europe during the winter of 2016–17 (6). At the 
same time, wild birds carried clade 2.3.4.4c viruses 
to North America (4).

In early 2020, outbreaks of clade 2.3.4.4b virus-
es mainly occurred in Europe (7). Beginning in July 
2020, several outbreaks of H5N8 viruses in poultry 

and wild birds were reported in Eurasia, including 
Kazakhstan, Russia, Poland, England, Netherlands, 
Korea, and Japan (7–10); outbreaks were not report-
ed in China until October 2020, when clade 2.3.4.4b 
viruses related to those circulating in Eurasia were 
detected in 2 dead swans in Mongolia (11). Because 
eastern China is a major bird migration destination, 
migratory birds might carry HPAI viruses to this re-
gion. We detected 32 H5N8 viruses of 2 genetically 
distinct lineages in wild birds in eastern China.

The Study
On October 31, 2020, we began annual surveillance 
for avian infl uenza viruses (AIVs) in migratory 
birds. As of December 2, 2020, we had collected 612 
cloacal and tracheal swab samples from migratory 
ducks in the Jiuduansha wetland (31°06′–31°14′N, 
121°46′–122°15′E). This wetland is located at the 
Yangtze River Estuary and is a major stopover site 
for migratory birds traveling along the East Asian–
Australasian fl yway. The birds showed no signs of 
illness. Reverse transcription PCR detected 32 H5N8 
viruses by described procedures (12). We determined 
the prevalence of H5N8 viruses to be 5.2%. These 
H5N8-positive bird species comprised the common 
teal (Anas crecca), spot-billed duck (Anas poecilorhyn-
cha), northern pintail (Anas acuta), falcated teal (Anas 
falcata), and mallard (Anas platyrhynchos). We deter-
mined the sequences of the hemagglutinin (HA) and 
neuraminidase (NA) gene segments of these isolates. 
We found that 31 isolates had nearly identical HA 
and NA segments, sharing 99.7%–100% nucleotide 
sequence identity. We then determined the entire ge-
nomic sequences of 5 representative isolates from 5 
different host species. We designated these 5 isolates 
as A/common teal/Shanghai/JDS20103116/2020-
H5N8 (GenBank accession nos. MW269587 –94), A/
northern pintail/Shanghai/JDS20843/2020-H5N8 
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(GenBank accession nos. MW362179–86), A/falcat-
ed teal/Shanghai/JDS20857/2020-H5N8 (GenBank 
accession nos. MW362170–7), A/spot-billed duck/
Shanghai/JDS20867/2020-H5N8 (GenBank acces-
sion nos. MW362161–8), and A/mallard/ Shang-
hai/JDS20876/2020-H5N8 (GenBank accession nos. 
MW357308–15).

Whole-genome sequencing of these 5 H5N8 vi-
ruses revealed that isolate JDS20103116-H5N8 shared 
a relatively low nucleotide sequence identity (92.4%–
97.8%) with the other 4 isolates, indicating that these 
viruses are genetically divergent. BLAST analysis 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) showed 
that these 5 H5N8 isolates shared the highest sequence 
identity (99.3%–100.0%) with H5N8 viruses isolated 
in late 2020 from poultry and wild birds in South 
Korea, Japan, and Europe (including Russia, Nether-
lands, and England) (Table). To further characterize 
these 5 isolates, we constructed phylogenetic trees by 
comparing the sequences of all 8 genomic segments 
with those in the GISAID database (https://www.
gisaid.org) using IQ-TREE (13). We used the general 
time reversible (GTR) plus F plus G4 model for the 
HA and polymerase basic 2 protein segments, the 
transversion e plus G4 model for the matrix protein 
segment, the K3Pu plus F plus G4 model for the non-
structural protein and NA segments, the transversion 
plus F plus G4 model for the polymerase acidic pro-
tein segment, the GTR plus F plus invariant sites plus 

G4 model for the polymerase basic 1 protein segment, 
and the transition 2 plus F plus invariant sites plus 
G4 model for the nucleoprotein segment. We set pa-
rameters to –m (model selection), MFP (model find 
program), –B (ultrafast bootstrap value), 1,000 boot-
straps, –T (threads for used for tree building), and 
AUTO (automatically selected number of threads). 

Results showed that the isolates belonged 
to clade 2.3.4.4b and formed 2 distinct genetic 
sublineages (Figure, https://wwwnc.cdc.gov/
EID/article/27/11/20-4893-F1.htm). The isolate 
JDS20103116-H5N8 clustered with the isolates 
found in East Asia (including South Korea and Ja-
pan) in late 2020, as well as the isolates found in 
Europe in late 2019 and early 2020 (14). The other 
4 H5N8 isolates clustered with the viruses found 
in poultry and wild birds in Eurasia (including 
South Korea, Japan, China, and Europe) in late 
2020. The cluster showed high bootstrap support; 
we proposed the clade to be a novel genotype of the 
2.3.4.4b clade (Figure). The topologic structure of 
trees based on the other gene segments were identi-
cal to that of the tree based on the HA gene segment 
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/27/11/20-4893-App1.pdf).

The novel genotype of the 2.3.4.4b clade also 
was closely related to viruses detected in poultry in 
Iraq in May 2020 and in Egypt in 2019, suggesting 
that these viruses might be the source of the novel 

 
Table. Nucleotide sequence identity of 5 representative avian influenza A(H5N8) isolates from	5	different	host	species,	Shanghai,	
China, 2020 

Isolates Gene segment Homologous	strains* 
GISAID	

accession no. Identity, % 
JDS20103116 Polymerase basic 2 protein A/duck/Korea/H439/2020	(A/H5N8) EPI1845982 99.9 

Polymerase basic 1 protein A/duck/Korea/H439/2020	(H5N8) EPI1845983 99.9 
Polymerase acidic protein A/northern	pintail/Hokkaido/M13/2020(H5N8) EPI1818401 99.7 

Hemagglutinin A/duck/Korea/H439/2020	(A/H5N8) EPI1845985 99.8 
Nucleoprotein A/duck/Korea/H439/2020	(A/H5N8) EPI1845978 99.3 

Neuraminidase A/ duck/Korea/H439/2020	(A/H5N8) EPI1845984 99.9 
Matrix protein A/chicken/Kagawa/11C/2020(H5N8) EPI1815028 99.8 

Nonstructural protein A/chicken/Kagawa/11C/2020(H5N8) EPI1815027 99.4 
JDS20843, 
JDS20843, 
JDS20867, 
JDS20876 

Polymerase basic 2 protein A/wild	duck/Korea/H331/2020	(H5N8) EPI1846695 99.6 
A/spot-billed	duck/Korea/WA1000/2020	(H5N8) EPI1846695 99.6 

Polymerase basic 1 protein A/quail/Korea/H440/2020	(H5N8) EPI1846512 99.7 
A/chicken/Korea/H440/2020	(H5N8) EPI1845991 99.7 

Polymerase acidic protein A/chicken/Omsk/0119/2020	(H5N8) EPI1813381 99.9 
A/domestic duck/kazakhstan/1–274–20-B/2020	(H5N8) EPI1811610 99.9 

Hemagglutinin A/chicken/Korea/H544/2020	(H5N8) EPI1850622 100.0 
A/chicken/Korea/H001/2021	(H5N8) EPI1846522 100.0 

Nucleoprotein A/mallard/Kagoshima/	KU-d89/2021	(H5N8) EPI1846675 99.9 
A/spot-billed	duck/Korea/Wa1000/2020	(H5N8) EPI1846697 99.9 

Neuraminidase A/wild	duck/Korea/H331/2020	(H5N8) EPI1850682 99.9 
A/chicken/Korea/H002/2021	(H5N8) EPI1846529 99.9 

Matrix protein A/wild	bird/Korea/H496–3/2020	(H5N8) EPI1857465 100.0 
A/chicken/Korea/H544/2020	(H5N8) EPI1850662 100.0 

Nonstructural protein A/Greylag_goose/England/033100/2020	(A/H5N8) EPI1837929 99.8 
A/turkey/Omsk/0003/2020	(H5N8) EPI1846695 99.8 

*List comprises the most or the 2 most homologous viruses available in	GISAID (https://www.gisaid.org)	for each gene segment. 
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genotype. After the outbreaks in Iraq, clade 2.3.4.4b 
viruses were detected in backyard poultry in Russia 
in late July 2020 and in wild birds in Russia and Ka-
zakhstan in September 2020. In October 2020, those 
viruses were also prevalent among birds traveling 
along various migratory flyways of Europe and Asia 
(7–10). We speculate that these viruses circulated 
among domestic birds in Egypt and then among mi-
gratory birds in Russia before emerging in Eurasia 
in late 2020. Because of the lack of surveillance data 
at breeding sites in 2019 and early 2020, the trans-
mission routes of these viruses remain unclear. In 
February 2021, an avian influenza H5N8 infection 
was reported in a person in Russia. The causative vi-
rus, designated A/Astrakhan/3212/2020H5N8, be-
longed to the 2.3.4.4b clade. These observations sug-
gest that the H5N8 viruses in this novel genotype of 
2.3.4.4b clade could infect a wide range of hosts and 
might spread globally, as did previous H5N8 out-
breaks that spread from Asia to Europe and North 
America in 2014 (15).

Molecular analysis of HA cleavage sites dem-
onstrated that the 5 H5N8 isolates contain multiple 
basic amino acids, PLREKRRKR/GL, which are char-
acteristic of HPAI viruses. The HA1 receptor-binding 
sites of all 5 H5N8 isolates have amino acid residues 
Q226 and G228 (H3 numbering), indicative of an 
avian-like (a2, 3-SA) receptor-binding preference. We 
documented 2 new amino acid substitutions, T140A 
and N236D (H3 numbering), in the HA protein of the 
novel genotype of the 2.3.4.4b clade. The significance 
of these 2 new mutations remains undetermined. We 
did not find the E627K and D701N residues in the 
polymerase basic 2 protein, suggesting that the vi-
ruses have not adapted to mammal hosts.

Conclusions
During our annual surveillance, we detected 32 
H5N8 HPAI viruses from migratory ducks without 
signs of illness in Shanghai, China. Results of phylo-
genetic analyses of 5 representative isolates showed 
that they belonged to 2 sublineages of H5N8 viruses 
circulating in this region. Some isolates clustered 
with a novel genotype of 2.3.4.4b clade that was 
identified in Europe and East Asia in late 2020. The 
detection of these H5N8 AIVs in asymptomatic mi-
gratory birds support the hypothesis that free-living 
wild birds play a crucial role in the dissemination of 
these viruses. More active surveillance is needed to 
detect new AIVs, especially in the breeding grounds 
and migratory sites of various birds. Because of their 
high genetic diversity, new AIVs might pose a sub-
stantial threat to global health.
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Mycobacterium gordonae was fi rst described 50 
years ago as a slow-growing scotochromo-

genic nontuberculous mycobacterium. Previous 
research revealed vague molecular typing results 
for M. gordonae–like strains. For example, the RNA 
polymerase-β (rpoB) PCR restriction analysis dis-
criminates M. gordonae into 4 clusters even though 
cluster D does not hybridize well with the type 
strain (1). Two novel species, M. paragordonae and M. 
vicinigordonae, share >99% 16S rRNA gene similarity 
with M. gordonae, which might also lead to confusion 
about their classifi cation (2,3).

M. gordonae is frequently isolated from water sys-
tems and clinical samples as a potential opportunistic 
pathogen (4,5); clinical infections ranging from skin 
and lung infections to disseminated systemic infec-
tions have been reported, especially in immunosup-
pressed patients (6,7). Both the M. paragordonae and 
M. vicinigordonae strains were fi rst isolated as non-
pathogenic organisms from pneumonia patients (2,3). 
M. paragordonae is often isolated from hospital water 
systems and devices, but only 1 case of iatrogenic M. 
paragordonae infection has been reported (8,9). These 
reports reveal the dissimilar effects produced by dif-
ferent M. gordonae–like strains.

The advent of whole-genome sequencing has 
brought genomewide analyses into common use 
to delineate species (10–12). The widely accepted 
cutoffs adopted for the average nucleotide identity 
(ANI) and in silico DNA–DNA hybridization (isD-
DH), 95%–97% for ANI and 70% for isDDH, strongly 
correlate with traditional DDH division values, pro-
viding more robust resolution than phenotyping or 
mycolic acid analysis for determining mycobacterial 
taxonomy (11,12). We report a case of cutaneous in-
fection in Jiangsu Province, China, caused by a pre-
viously undescribed novel species belonging to the 
M. gordonae group.

The Study
A 63-year-old man was admitted to the hospital for 
a 5-year history of a nodule on his left shin. The as-
ymptomatic lesion initially appeared as a papule and 
gradually developed into a dull red verrucous nod-
ule with scales (Figure 1, panel A). No trauma his-
tory before the onset was reported. The patient had 
received a diagnosis of lupus erythematosus 30 years 
earlier and had taken oral prednisone (20 mg/d) over 
the previous year. Laboratory test results indicated 
no remarkable fi ndings. Histologic examination of a 
skin sample showed irregular epithelial hyperplasia 
and granulomatous infi ltrations of a large number of 
epithelioid histocytes, neutrophil cells, plasma cells, 
and lymphocytes in the dermal layer. After 19 days of 
culture, orange colonies were observed on modifi ed 
Löwenstein–Jensen slants at 32°C (Figure 1, panel B). 
The organism was scotochromogenic with a smooth 
appearance  and grew well at 32°C and 37°C on both 
Löwenstein–Jensen slants and Middlebrook 7H9 with 
oleic acid dextrose citrate. The colonies were con-
fi rmed to be rod-shaped, acid-fast bacterium.
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We	investigated	a	case	of	cutaneous	infection	in	an	im-
munocompromised patient in China that was caused by a 
novel species within the Mycobacterium gordonae	com-
plex.	Results	of	whole-genome	sequencing	indicated	that	
some strains considered to be M. gordonae complex are 
actually polyphyletic and should be designated as closely 
related species.
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We extracted DNA from the colonies for PCR 
analysis and compared the sequences using BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The 
16S rRNA (1452 bp) gene shared greatest similarity 
(99.51%) with M. gordonae ASCr-1.2; gene sequencing 
showed rpoB (365 bp) shared 97.53% and hsp65 (765 
bp) 95.53% similarity with M. paragordonae 49061. On 
the basis of these results, we diagnosed infection with 
a member of the M. gordonae complex. Drug sensitiv-
ity analysis revealed the bacterium to be sensitive to 
moxifloxacin, levofloxacin, ethambutol, and amikacin 
and resistant to clarithromycin, isoniazid, and rifam-
picin; we therefore prescribed a moxifloxacin regimen 
for the patient. Because the lesion had not healed over 
several years, we surgically resected it and applied 
photodynamic therapy after 2 months of antimicro-
bial drug treatment. One month later, the patient re-
ported that the lesion had recovered well and refused 
further oral antimicrobial drugs. No recurrence was 
observed in the following year.

To accurately identify the pathogen to the spe-
cies level, we performed whole-genome sequencing 
(8,509,558 reads, 110×) of the isolate X7091 using the 
Illumina Hiseq 4000 (https://www.illumina.com) 
and PacBio RS II (https://www.pacb.com) platforms 
at the Beijing Genomics Institute. Sequence data in-
dicated a 7.1-Mb genome (7,319,570 bp) including a 
plasmid (216,348 bp) with a guanine-cytosine content 
of 64.6% (Genbank accession no. GCA_017086405.1). 
The complete genome had a guanine-cytosine con-
tent of 66.7%, similar to M. gordonae (66.8%) and M. 
paragordonae (67.0%). Functional annotation obtained 
through multiple databases revealed 6,704 coding se-
quences, 48 tRNA, 3 rRNA, and 35 small RNA genes.

We compared this isolate with all available ge-
nomes of the M. gordonae group using whole-ge-
nome-based computational strategies. ANI calcu-
lated by FastANI (https://github.com/ParBLiSS/
FastANI) revealed that the closest matches, with M. 
gordonae HMC_M15 (87.80%) and M. gordonae DSM 
44160 (87.79%), were well below the threshold for 
species delineation (Appendix Table, https://ww-
wnc.cdc.gov/EID/article/27/11/21-0426-App1.pdf) 
(11). Evaluating isDDH using the Type Strain Ge-
nome Server (https://tygs.dsmz.de) showed weak 
relations with M. gordonae DSM 44160 (34.5%) and M. 
paragordonae 49061 (31.3%) (13) (Appendix Table); we 
found no closely related genome in the database. For 
M. paragordonae strains, ANI was 97.8%–98.6% and is-
DDH 80.4%–99.9%; for M. gordonae strains, ANI was 
99.1%–99.9% and isDDH 93.0%–99.3%. 

The core-genome phylogeny of the M. gordonae 
complex, constructed using a previously described 

method, suggested that the isolated strain is a branch 
within the cluster but distant from other M. gordonae-
like strains (14,15) (Figure 2, panel B). Integration of 
these highly concordant results strongly suggested 
that the isolate is distinct from present M. gordonae–
like strains and represents a novel species within the 
M. gordonae complex. We proposed Mycobacterium 
camsnse sp. nov. as the name for this strain.

When comparing the similarity index of all avail-
able genomes of the M. gordonae group, we found 
clear demarcations among the M. camsnse X7091, M. 
gordonae CTRI 14-8773, M. vicinigordonae 24, 7 M. para-
gordonae, and 3 M. gordonae strains including the type 
strain DSM 44160 (Figure 2). Two strains recorded 
as M. gordonae ssp. in the cluster of M. paragordonae 
may have previously been misclassified. M. gordonae 
CTRI 14-8773, isolated in Russia, also represents a 
novel species of the M. gordonae group. These results 
confirmed the genomic diversity of M. gordonae–like 
strains, corroborating that the M. gordonae group is 
polyphyletic and should be divided into >5 closely 
related species.

Conclusions
M. gordonae is generally considered a minimally 
pathogenic mycobacteria. Nonetheless, clinical infec-
tions have been reported, even in immunocompetent 
individuals (6,7). We isolated a distinct strain within 
the M. gordonae group from a skin infection using 
whole genome–level approaches based on ANI, is-
DDH, and core gene phylogeny. We proposed the 

Figure 1. Novel Mycobacterium gordonae–like infection in a 
63-year-old	man	in	China.	A)	Verrucous	dull	nodule	on	the	left	shin	
of	the	patient.	B)	Mycobacterium colonies grown on Löwenstein–
Jensen medium.
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name Mycobacterium camsnse sp. nov. for this strain. 
We also provided genomic insights into the heteroge-
neity of the M. gordonae–like strains, including finding 

2 strains potentially misclassified as M. gordonae ssp., 
and demonstrated that the present M. gordonae group 
should be designated as 5 closely related species.

Figure 2. Phylogenetic 
trees of isolate from novel 
Mycobacterium gordonae–like 
infection	in	a	63-year-old	man	
in	China	(X7091)	and	reference	
isolates.	A)	Evolutionary	tree	
involving 16S rRNA gene (1,067 
positions)	of	isolate	X7091	and	
26 Mycobacterium strains. Tree 
constructed	using	the	maximum-
likelihood	method	and	Tamura-
Nei	model	with	500	bootstrap	
replications	in	MEGA	X	(https://
www.megasoftware.net).	We	
selected Norcadia seriolae ATCC 
43993	as	the	outgroup.	B)	Core	
genome–based	maximum-
likelihood phylogeny of isolate 
X7091	and	other	M. gordonae–
like	strains	analyzed	by	Roary	
(https://sanger-pathogens.github.
io/Roary)	and	constructed	with	
a	general	time-reversible	plus	
gamma	maximum	model	(500	
bootstrap	replications)	using	the	
RaxML	tool	(14).	We	selected	
Mycobacterium marinum ATCC 
927	as	the	outgroup.	Scale	bars	
indicate the number of nucleotide 
substitutions per site.
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Conventional routines for describing species, 
such as wet-lab DDH and phenotypic tests, which 
are tedious and restricted by laboratory capacity, of-
ten do not delineate closely related species. Genome-
based analysis affords a more accurate alternative for 
delineating species. Although digital gene-expression 
analyses might not have provided enough conclusive 
authentication data, the low genomewide similar-
ity between the strain X7091 and M. gordonae group 
strongly support it as a novel species. Only a few M. 
gordonae assembly models are available, and large-
scale investigations are needed to better understand 
species diversity, geographic distribution, and clini-
cal significance of M. camsnse sp. nov. infections.

The persistent but limited nonpurulent lesion of 
the immunosuppressed patient in our study reflects 
the attenuated nature of the pathogen. The various 
drug resistance properties of X7091 and other M. gor-
donae–like strains indicate the need for drug sensitivity 
testing before initiating drug treatment for M. gordo-
nae–like strain infections (6,7). Our patient responded 
well, indicating that operation combined with anti-
microbial therapy could be a good option for treating 
environmental Mycobacterium-induced skin infections.
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nese Academy of Medical Sciences Innovation Fund 
for Medical Sciences (2016-I2M-1-005, 2017-I2M-
B&R-14) and the National Natural Science Founda-
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We identified co-infection with 4 species of mycobacteria 
in a woman in New York, New York, USA, by using next-
generation sequencing. This procedure is useful for iden-
tifying co-infections with multiple mycobacteria, tracing 
the geographic origin of strains, investigating transmis-
sion dynamics in susceptible populations, and gaining 
insight into prevention and control.
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Mycobacteria are major human pathogens; ≈13 
million persons in the United States live with 

Mycobacterium tuberculosis complex (MTBC) infec-
tion, and incidence of nontuberculous mycobacterial 
(NTM) pulmonary disease is increasing worldwide. 
The challenges of managing MTBC and M. avium com-
plex (MAC) co-infection are well described, including 
the risk for falsely interpreted Xpert RIF (rifampin) 
results (1,2). MTBC and M. abscessus co-infection has 
been described in case reports only (3,4). We describe 
co-infection with 4 species of mycobacteria.

In July 2019, an 82-year-old Asian woman was hos-
pitalized in Flushing, New York, USA, for persistent 
fever associated with worsening weakness. Computed 
tomography of her chest showed near-complete atelec-
tasis of the left upper lobe, hyperinflation in other areas, 
and a small left-sided pleural effusion. Scattered nodu-
lar opacities in a tree-in-bud pattern and pulmonary 
granulomas were present throughout the lungs, and 
discontinuity of the left upper lobe bronchus was noted. 
Cultures of blood, urine, stool, and respiratory speci-
mens yielded negative results for nonmycobacteria.

In a sputum sample collected for routine myco-
bacterial testing, fluorochrome staining exhibited 

rare acid-fast bacilli, and MTBC was detected by 
using Xpert MTB/RIF (Cepheid, https://www.ce-
pheid.com). We then inoculated a Lowenstein-Jensen 
Gruft slant with sputum, incubated it at 37°C, and in-
oculated VersaTREK Myco bottles containing Modi-
fied Middlebrook 7H9 Broth with Sponges (Thermo 
Fisher, https://www.thermofisher.com) and in-
cubated them at 35°C. No isolate was recovered 
from the Lowenstein-Jensen Gruft slant. Only MAC  
was detected by AccuProbe (Hologic, https://www.
hologic.com) in Kinyoun-positive culture from the 
Myco bottles. One week later, another sputum sam-
ple with Kinyoun-positive growth from the Myco 
bottles was negative for MAC, MTBC, M. gordonae, 
and M. kansasii. M. abscessus was identified on the 
Lowenstein-Jensen Gruft slant.

Considering the sensitivity limit and narrow 
species coverage of AccuProbe and the difficulty of 
identifying mycobacteria by culturing and because 
of growth interference among different mycobac-
teria, we conducted next-generation sequencing 
(NGS) by using Hiseq3000 (Illumina, https://www.
illumina.com) on the supernatant of the first sputum 
culture. NGS yielded ≈175 million reads, each with 
a quality score of >35. We checked NGS data for  
quality control by using FastQC (Galaxy, https://
usegalaxy.org). All steps and programs used the 
data processing pipeline from Galaxy, an open-
source, web-based platform for data-intensive bio-
medical research. Each read identified had a quality 
control score of 39.4 and an average guanine-cyto-
sine content of 68%. Only 0.69% of bases resulted 
in no hits and were not identifiable. We performed 
De Novo classification by using De Novo Assem-
bly Unicycler, Quast QC, and Kraken Classification 
(Galaxy) and generated coverage and depth data by 
using BWA Aligner and SAMtools Depth (Galaxy).  
We aligned the reads, visualized onto bacteria ref-
erence genomes by using Bowtie2 (Galaxy) and 
converted into BED (Browser Extensible Data) files 
followed by Bedtools Merge, Multicov (https:// 
bedtools.readthedocs.io).

The genome visualization pipeline confirmed 
4 genomic traces of Mycobacterium strains (Figure): 
M. yongonense strain 05-1390 (GenBank accession 
no. NC_021715.1), M. tuberculosis strain FDAAR-
GOS_757 (GenBank accession no. CP054013.1), My-
cobacterium sp. MOTT36Y (GenBank accession no. 
NC_017904.1), and M. abscessus ATCC 19977 (Gen-
Bank accession no. CU458896.1). M. yongonense was 
identified with a genome coverage of 88.73% (4.9 
Mb mapped of 5.5-Mb genome) and a read depth of 
1,224×. M. tuberculosis was identified with a genome 
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coverage of 99.99% (4.4 Mb mapped of 4.4-Mb ge-
nome) and a read depth of 63×. Mycobacterium sp. 
was identified with a genome coverage of 94.41% 
(5.3 Mb mapped of 5.6-Mb genome) and a read depth 
of 1210×. M. abscessus was identified with a genome 
coverage of only 2.75% (0.14 Mb mapped of 5.1-Mb 
genome) and a read depth of 8× (Table). The myco-
bacteria identified by NGS were verified by various 
mycobacteria tests.

We obtained the consensus sequence for 4 strains 
of bacteria by using MEGAHIT (Galaxy) and gener-
ated a BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) tree based on minimum evolution at the species 
level by using >15 kbp from each sequence. Assembly 
on MTBC sequencing data yielded a total consensus 
sequence of 4,376,826 bp and 78,208 single-nucleotide 
polymorphism sites (1.79%). Analysis by BLAST and 
Mykrobe (https://www.mykrobe.com) revealed that 
the MTBC isolate belongs to sublineage 2.2.

The patient received RIPE therapy (rifampin, 
isoniazid, pyrazinamide, and ethambutol), along 
with amikacin, tigecycline, and azithromycin. At 6 
months, RIPE therapy was completed. At 9 months, 

sputum culture was negative. The patient continues 
to take amikacin, tigecycline, and azithromycin as an 
outpatient with close follow-up.

Identification of co-infection with mycobacteria 
is necessary for diagnosis and treatment (5). Treat-
ment regimens and duration remain species specific 
because of unique resistance mechanisms. To achieve 
the greatest potential for success while minimizing 
toxicities, early empiric treatment should account for 
clinical characteristics of MTBC and NTM co-infec-
tion and strain identification.

Our report highlights the value of NGS for 
identifying multiple mycobacteria co-infections in 
populations with high susceptibility to and preva-
lence of MTB and NTM (i.e., immigrants, immuno-
compromised patients, and international travelers). 
NGS can trace the geographic origin of the Myco-
bacterium strain. These features, in combination 
with a patient’s epidemiologic exposure and travel 
history, could elucidate the potential time and lo-
cation of infection acquisition. NGS could also be 
used to identify drug-resistance genes to guide tar-
geted therapy.

Figure. Genomic coverage and depth map of 4 Mycobacterium strains identified by using next-generation sequencing on isolates from a 
woman in New York, New York, USA. The reads were aligned by using bacteria reference genomes with Bowtie 2 and visualized by using 
aligned BED file (https://bedtools.readthedocs.io). A) M. yongonense; B) M. tuberculosis; C) Mycobacterium sp. MOTT36Y; D) M. abscessus.

 
Table. Classification and coverage of multiple Mycobacterium strains identified by using next-generation sequencing of isolates from a 
woman in New York, New York, USA 
Strain Genome size, bp Coverage, bp Coverage, % Read depth Quality 
Mycobacterium avium complex sp YG 5,521,023 4,900,000 88.752 1223.91× 39.4 
M. tuberculosis complex 4,405,981 4,405,474 99.999 63.32× 39.4 
Mycobacterium sp. Mott36Y 5,613,626 5,300,000 94.413 1209.57× 39.4 
M. abscessus 5,090,491 139,997 2.750 7.66× 39.4 
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Legionnaires’ disease, caused by Legionella bacte-
ria, is a factor in community and healthcare ac-

quired pneumonia. Legionella infection occurs from 
manmade water sources, including water aerosolized 
from cooling towers, spa pools, and water features, 
and from plumbing in hotels, workplaces, and health-
care facilities (1), where patients can be more suscep-
tible to infection (1). 

Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) causes coronavirus disease (COVID-19), 
which also can cause pneumonia. Clinically differenti-
ating Legionnaires’ disease from COVID-19 requires 
laboratory diagnostics, such as urine antigen testing, 
PCR, and culture. The clinical focus on SARS-CoV-2 
potentially causes underdiagnosis of L. pneumophila 
because clinicians might not suspect or investigate the 
bacterium, but co-infections have been reported. Doc-
umented co-infections in COVID-19 patients include 
human metapneumovirus (2), influenza (3), Chlamydia 
pneumoniae, Mycoplasma pneumoniae, non–COVID-19 
coronavirus, enterovirus, rhinovirus, parainfluenza, 
and respiratory syncytial virus (4), and L. pneumophila 
in a case associated with a cruise ship (5). Rapid iden-
tification of co-infections is essential for managing 
and treating severe COVID-19 cases (6). We describe 2 
cases of SARS-CoV-2 and L. pneumophila co-infection in 
patients admitted to hospitals in the United Kingdom.

In February 2020, a female patient >65 years of 
age was admitted in Addisonian crisis. She was dis-

Both Legionella pneumophila and severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) can cause 
pneumonia. L. pneumophila is acquired from water 
sources, sometimes in healthcare settings. We report 2 
fatal cases of L. pneumophila and SARS-CoV-2 co-infec-
tion in England. Clinicians should be aware of possible 
L. pneumophila infections among SARS-CoV-2 patients.
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charged to home but was readmitted to the same ward 
8 days later with pneumonia. Her chest radiograph 
demonstrated minor bibasal opacity. The patient was 
prescribed amoxicillin/clavulanate and clarithro-
mycin at admission for suspected bacterial infection; 
only clarithromycin would be effective against Le-
gionella infection. No L. pneumophila nor SARS-CoV-2 
testing was performed at admission and blood culture 
showed no growth. After initial clinical improvement, 
the patient’s respiratory status deteriorated on day 
10 and her chest radiograph showed extensive bilat-
eral infiltrates. She tested positive for L. pneumophila 
by BinaxNOW Legionella Urinary antigen test (Alere, 
https://immuview.com) and for SARS-CoV-2 by PCR 
of nose and throat swab samples. L. pneumophila was 
confirmed by using Legionella Urinary Antigen EIA 
(Bartels, https://www.trinitybiotech.com) and Rap-
id Test Kit BinaxNOW Enzyme Immunoassay (EIA; 
Alere) on urine. No confirmatory lower respiratory 
samples were obtained. Despite antimicrobial drug 
and supportive treatment, the patient did not improve 
and was transitioned to palliative measures. She died 
20 days after admission. We used culture to test wa-
ter from all outlets on the ward; all were negative for 
L. pneumophila serogroup 1. We could not determine 
whether L. pneumophila and SARS-CoV-2 co-infection 
occurred in the community before hospital admission 
or in the hospital setting. 

Another co-infection occurred in a woman >80 
years of age with a history of hypertension and chronic 
kidney disease who resided with her family in the com-
munity. She was admitted with dyspnea, hypoxia, and 
acute-on-chronic kidney injury in April 2020. Her chest 
radiograph demonstrated bilateral mid- and lower-
zone consolidation, predominantly peripheral. The pa-
tient was prescribed amoxicillin/clavulanate and clar-
ithromycin for suspected bacterial infection. The patient 
deteriorated over the subsequent 24 hours with progres-
sive hypoxia despite maximal oxygen therapy. A nasal 
swab collected at admission tested positive for SARS-
CoV-2 by PCR. Blood cultures collected at admission 
were negative. Per guidelines for testing for pneumonia, 
urine collected on day 2 after admission tested positive 
by BinaxNOW Legionella Urinary Antigen Test (Alere) 
and was confirmed with EIA as in the prior case; uri-
nary pneumococcal antigen test was negative. No lower 
respiratory samples for confirmatory Legionella culture 
and typing were obtained. The treatment strategy was 
transitioned to palliative measures, and she died 5 days 
after admission. We assume this patient acquired both 
L. pneumophila and COVID-19 in the community, but 
she had no apparent epidemiologic risk for L. pneumoph-
ila, such as travel.

Our study is limited by the low number of cases 
and the lack of lower respiratory specimens, which 
prevented confirmation and identification of L. pneu-
mophila infection by PCR or culture. Nonetheless, Le-
gionella testing of patients and water systems should 
not be neglected during the SARS-CoV-2 pandemic. 
Healthcare facilities and clinicians should continue to 
adhere to recommended protocols for L. pneumophila 
infection prevention and diagnosis. 

Even during the COVID-19 pandemic, patients 
are at risk for L. pneumophila infection in community 
and healthcare settings. Because periods of water sys-
tem disuse can permit Legionella to grow and increase 
risk for infection (1), pandemic measures, such as 
temporary closure and reopening of buildings, could 
increase risk for Legionella exposure. Healthcare facili-
ties should follow national guidance for managing Le-
gionella during the COVID-19 pandemic and consider 
publications from the European Society for Clinical 
Microbiology and Infectious Disease European Study 
Group for Legionella Infections (7). 

Hospital-acquired L. pneumophila cases and 
outbreaks can have higher fatality rates than com-
munity-acquired single cases (8). Recent data in-
dicates bacterial co-infection in SARS-CoV-2 cases 
is uncommon in patients newly admitted to the 
hospital (9). However, effects of L. pneumophila 
co-infection on COVID-19 mortality rates is not 
yet known. Large outbreaks might be missed be-
cause of reduced testing or less consideration for 
L. pneumophila infection in differential diagnosis. 
Clinicians should maintain Legionella testing and 
conduct patient investigations where clinically in-
dicated during the pandemic.

In conclusion, patients with SARS-CoV-2 might 
be at increased risk for other community- or health-
care-acquired infections. Clinicians should be aware 
of possible L. pneumophila infections among SARS-
CoV-2 patients.
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Anopheles stephensi mosquitoes are efficient vectors 
of Plasmodium vivax and P. falciparum. Their na-

tive range centers on the Indian subcontinent, from 
which they are increasingly expanding their geo-
graphic distribution (1). Recent establishment in Ethi-
opia (2) and Djibouti (3) is especially worrying. We 
document the emergence of An. stephensi mosquitoes 
in Sudan.

Among study sites in a study originally inves-
tigating insecticide resistance in the dominant ma-
laria vector in Sudan, Anopheles arabiensis mosqui-
toes, we selected 12 sites in the eastern half of the 
country to represent the different ecologic zones 
(Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/27/11/21-0400-App1.pdf). We col-
lected Anopheles spp. larvae from all sites in 2016 
and from most again in late 2017 or early 2018 (Ap-
pendix Table 1). We reared the larvae to adults, 
checked them morphologically, and initially iden-
tified the species as An. gambiae s.l. We extracted 
DNA from a subset for molecular identification of 
the species by PCR (3). Of these, 149 DNA samples 
failed to amplify when we used the standard pro-
tocol for identification of the An. gambiae complex, 
and we investigated them further. We performed 
mitochondrial cytochrome oxidase 1 amplification 
and sequencing by using the universal primers C1-
J-2183 and TL2-N-3014 on the first batch (4); to pro-
vide conformity with other studies in East Africa, 
we used Folmer primers LCO1490 and HCO2198 
on a second batch (4). To confirm species identi-
ty, we performed BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) searches. We supplemented se-
quences generated for the mosquitoes from Sudan 
by using the Folmer primers with sequences from 
other studies downloaded from GenBank, assem-
bled them by using Clustal within MEGAX (5), and 
displayed the results as a maximum-likelihood tree 
with 1,000 bootstraps.

Sequence analysis demonstrated that many of the 
samples failing diagnostic PCR were not An. gambiae 
s.l. mosquitoes; most samples identified by BLAST 
were An. stephensi mosquitoes (Appendix Table 1). 
The relative frequencies of An. stephensi mosquito 
detection were similarly high (>40%) among those 

Anopheles stephensi mosquitoes are urban malaria 
vectors in Asia that have recently invaded the Horn of 
Africa. We detected emergence of An. stephensi mos-
quitoes in 2 noncontiguous states of eastern Sudan. 
Results of mitochondrial DNA sequencing suggest 
the possibility of distinct invasions, potentially from a 
neighboring country.
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from the 2 Red Sea state sites, Port Sudan and Tokar, 
but seem much lower elsewhere; only 1 individual 
An. stephensi mosquito was detected at each site in 
Gedaref state, and none were detected at the other 
study sites (Appendix Table 1, Figure 2). Although 
sample site identifications were clear, year identifi-
cation labels were unfortunately not preserved dur-
ing sample shipment, and from these samples we 
cannot determine when An. stephensi mosquitoes 
were collected. However, sequencing of pools of ad-
ditional samples from Tokar and Port Sudan from 
each collection year, which were preserved primar-
ily for RNA analysis, confirmed their presence in 
both years.

Phylogenetic analysis of the sequences identified 
3 haplotypes, which we named Sudan H1–3 (Figure). 
The most common Sudan haplotype was H3 (86%), 
detected at both of the Red Sea state sites (Tokar 
and Port Sudan); the relatively similar haplotype 
H2 was detected at lower frequency at Port Sudan 
only (Appendix Figure 1). H2 and H3 cluster with 
those collected in Ethiopia in 2016 (2) and with 2 of 
those collected in 2019, for which we retained the au-
thors’ haplotype notation (6). H1 was detected only 
in Abu Alnaja (Gedaref state) and clustered within 
a larger clade encompassing a broad range of loca-
tions, including a haplotype detected in both Djibouti 
and Ethiopia (Appendix Figure 1). The sample of  

Figure. Phylogenetic analysis 
of Anopheles stephensi 
mosquitoes collected in Sudan, 
2016–2018, and reference 
sequences. Maximum-likelihood 
tree was constructed by using 
mitochondrial cytochrome 
oxidase 1 sequences from 
Sudan (diamonds) and other 
countries from which data are 
available. GenBank accession 
numbers are provided for 
reference sequences.
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An. stephensi mosquitoes from Daim Bakur failed 
to amplify after use of the Folmer primers and thus 
was not included in the tree. The initial origins of An. 
stephensi mosquitoes are currently difficult to ascer-
tain because of a lack of geographic resolution in the 
phylogeny; the exception is the highly differentiated 
clade of samples from Saudi Arabia and Iran. How-
ever, the haplotypes detected in Sudan are similar to 
3 of the 4 detected in Ethiopia and are thus potentially 
consistent with spread from Ethiopia or elsewhere in 
the Horn of Africa. The presence of haplotypes from 
different states in 2 distinct clades may also indicate 
separate introduction sources, although wider sam-
pling is required for confirmation.

The emergence of An. stephensi mosquitoes in 
Sudan poses substantial concern for malaria control 
and elimination and potentially stark predictions for 
urban malaria in Africa if this species should spread 
farther (7). In Sudan and throughout much of Afri-
ca, local surveillance systems, as well as knowledge 
and expertise, focus mainly on the mosquito vector 
members of the predominant An. gambiae complex 
and An. funestus group (8). Although the actual epi-
demiologic effects of An. stephensi mosquito emer-
gence is not known, temporal coincidence of their 
establishment and rising malaria rates in Djibouti 
suggest a substantial threat (9). Although little is 
known about An. stephensi mosquitoes in Sudan, we 
identified productive breeding sites in septic tanks, 
manholes, and the water-storage containers used 
for construction purposes in cities (Appendix Fig-
ure 3); these findings correspond with reports from 
Ethiopia (6). Information about the wider and local 
distribution of An. stephensi mosquitoes in Sudan, 
coupled with bionomic studies, can be used to guide 
rational control strategies.
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Melioidosis, an emerging tropical infection caused 
by the soil bacterium Burkholderia pseudomallei, 

is found most commonly in northern Australia and 
the tropical countries of Southeast Asia. Melioidosis 
is endemic in Sri Lanka and has a case-fatality rate 
of 24% (1). The primary route of acquisition is inocu-
lation of contaminated surface water or soil through 
skin and mucous membranes. However, a high inci-
dence of pneumonia with sepsis has been reported 
during extreme weather events, such as heavy rain-

fall, indicating that inhalation of aerosolized bacte-
ria during cyclones and typhoons is a likely mode of 
transmission in this setting (2).

We identified a case cluster of 10 blood culture–
positive cases of melioidosis in the Batticaloa District 
of the Eastern Province of Sri Lanka during Novem-
ber–December 2015, after a flooding event; 4 case-
patients died (Appendix Table, https://wwwnc.cdc.
gov/EID/article/27/11/21-0219-App1.pdf). Before 
this case cluster was identified, 1 case had been re-
ported from Batticaloa in March 2015, and after this 
case cluster, 5 cases were found in 2016. We confirmed 
isolates as B. pseudomallei by real-time PCR to detect 
the lpxo gene (3). We identified 6 sequence types (STs) 
by multilocus sequence typing (MLST) (4); of the 10 
isolates, 4 were ST594, belonging to the uncommon 
B. thailandensis–like flagellum and chemotaxis (BTFC) 
gene cluster. Although the monthly average rainfall 
for October in the Batticaloa District is usually 160 
mm, ≈331.5 mm of rain was recorded in the 48 hours 
ending at 8:30 a.m. Previous evidence has shown 
that, in this setting, infections are usually caused by 
diverse strains because of widespread aerosoliza-
tion of multiple clones (2). We performed whole-
genome sequencing (WGS) to determine clonality 
among the isolates of identical ST. The Ethics Review 
Committee of the Faculty of Medicine, University of 
Colombo, (Colombo, Sri Lanka), approved this study.

We mapped the geographic location of the cases 
on Google Earth using ArcGIS version 10.1 (ESRI, 
https://www.esri.com) (Figure). We compared 
WGS data of 3 ST594 B. pseudomallei isolates (114, 
122, and 133) using binary alignment files with Uni-
pro UGENE version 33 (5). We determined the dis-
tribution of genomic islands (GIs) using the Island 
Viewer 4 web tool (6) and the National Center for  

A melioidosis case cluster of 10 blood culture–positive 
patients occurred in eastern Sri Lanka after an extreme 
weather event. Four infections were caused by Burkhold-
eria pseudomallei isolates of sequence type 594. Whole-
genome analysis showed that the isolates were geneti-
cally diverse and the case cluster was nonclonal.

Figure. Location of melioidosis 
cases (red arrows) in the 
Batticaloa District of Sri Lanka 
during November–December 
2015. Inset shows location of 
Batticaloa and Ampara Districts 
in Sri Lanka.
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Biotechnology Information Multiple Sequence Align-
ment (https://www.ncbi.nlm.nih.gov/tools/msav-
iewer) and BLAST (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) tools. We used the PHAge Search Tool 
Enhanced Release (PHASTER) webserver to analyze 
the annotated bacterial genomes to locate prophage-
specifying DNA regions (7). We manually searched 
the sequences identified by PHASTER and used the 
position of integrase and last phage–related genes 
to determine genome boundaries (8). We predicted 
and annotated all open reading frames (ORFs) of the 
prophages by PHASTER and BLASTp. We also de-
termined the intracellular motility factor (bimA) allele 
type present in each strain as previously described (9). 

WGS showed genetic diversity in terms of gene con-
tent, location, number and type of GIs, prophage DNA 
distribution, number of intact prophages and bimA al-
lele type among the isolates of ST594 (Table). These re-
sults show that the case cluster was nonclonal in origin.

This case cluster after heavy rainfall and flooding 
in Sri Lanka confirmed that B. pseudomallei is present 
in the environment of eastern Sri Lanka. The case-
fatality rate of the cluster (40%) was almost double 
that of sporadic infections in Sri Lanka (23%) (1). Six 
of the 10 isolates in our study belonged to diverse STs; 
4 isolates were novel (ST1364, ST1442, ST1179, and 
ST1413). However, 4 isolates belonging to ST594 were 
from patients from different geographic locations. In 
addition, WGS analysis of prophage DNA distribu-
tion was able to discriminate between the isolates. 
GI variation in B. pseudomallei is known to be asso-
ciated with genomic plasticity of the organism, and 
GIs appear to be a main source of genomic diversity 
within B. pseudomallei that can be useful in identify-
ing genetically diverse strains (10). The strain-specific 
variations in the structure and distribution of GIs in 

the isolates in this case cluster indicate the presence of 
genetically diverse strains. 

As weather patterns change globally and include 
more severe weather events and increased flooding, 
we may see more such case clusters of melioidosis. 
Physicians in tropical regions must be vigilant for such 
occurrences because of the high mortality rate associ-
ated with melioidosis in this setting. Primary preven-
tion of melioidosis is difficult because of the sapro-
phytic nature of B. pseudomallei and regular flooding 
during the rainy season. The predominance of diabetic 
patients in this cluster (Appendix Table) illustrates the 
importance of detection and control of diabetes in high-
risk communities for primary prevention. Secondary 
prevention requires close coordination between clini-
cians and microbiologists to encourage patients to seek 
medical advice early in illness and to transfer febrile 
patients promptly to centers with blood culture facili-
ties. Early suspicion of melioidosis will enable timely, 
effective antimicrobial treatment.
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Table. Characteristics of Burkholderia pseudomallei isolates from cluster cases of melioidosis after heavy rain, Sri Lanka* 
Characteristic Isolate 114 Isolate 122 Isolate133 
Sequence type 594 594 594 
Clade BTFC BTFC BTFC 
BimA allele type  BimABm BimABp BimABP 
No. prophages in chromosome 1 6 1 6 
No. prophages in chromosome 2 1 1 1 
No. intact phages 0 2 0 
Presence or absence of intact prophage 
PHAGE_Burkho_phiE202_NC_009234 

Absent Present Absent 

GIs identified GI1, GI4, GI5, GI6, GI7, GI8, 
GI9, GI8.i, GI8.ii, GI11, 
GI12, GI13, GI14, GI16 

GI1. GI2, GI4, GI6, GI7, GI8, 
GI8.i, GI8.ii, GI11, GI12, 
GI13, GI14, GI16 

GI1, GI4, GI6, GI7, GI8, 
GI8.i, GI8.ii, GI11, GI12, 
GI13, GI14, GI16 

GIs located next to tRNA genes GI7 GI2, GI4 GI7, GI8 
GIs containing phage or site-specific 
integrases 

GI4, GI7, GI15i GI7, GI15i GI4, GI7, GI15i 

GIs containing prophage DNA GI7, GI4, GI15i, GI13 GI2, GI7, GI15i, GI13 GI4, GI7, GI15i, GI13 
No. transposable elements in GI8 7 6 6 
New GI15i GI15i GI15i GI15i 
No. integrases 2 2 2 
*BTFC, B. thailandensis–like flagellum and chemotaxis; GI, genomic island. 
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By late 2020, because of natural viral evolution, 
severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2) genetic variants emerged, some of 
which show increased transmissibility and cause 
more severe coronavirus disease (COVID-19) (1). In 

We developed a genomic surveillance program for real-
time monitoring of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) variants of concern (VOCs) 
in Uruguay. We report on a PCR method for SARS-
CoV-2 VOCs, the surveillance workflow, and multiple in-
dependent introductions and community transmission of 
the SARS-CoV-2 P.1 VOC in Uruguay.

1These authors contributed equally to this article.
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addition, these variants show reduced neutralization 
by antibodies generated during previous infection or 
vaccination, which can reduce effectiveness of treat-
ments, vaccines, or diagnostic tests (1). By July 2021, a 
total of 4 variants of concern (VOCs) had been identi-
fied: B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), and 
B.1.617 (Delta) (2). Nonetheless, a robust surveillance 
workflow for early VOC identification is key to accel-
erating the pandemic response.

Brazil demonstrated a sharp increase in SARS-
CoV-2 cases, hospitalizations, and deaths after the 
emergence of the P.1 VOC in Amazonas State in 
November 2020 (3; F. Naveca et al., unpub. data, 
https://doi.org/10.21203/rs.3.rs-275494/v1). P.1 
displays higher transmissibility than previous lo-
cal SARS-CoV-2 lineages and rapidly became the 
predominant strain in most states of Brazil during 
February–March 2021 (3,4; F. Naveca et al., unpub. 
data, https://doi.org/10.21203/rs.3.rs-275494/v1). 
P.1 also has spread worldwide; by July 2021, P.1 had 
been detected in >41 countries (5), where it might 
replicate the epidemic trajectory observed in Brazil. 
Uruguay, which shares 600 miles of dry border with 
Brazil, has experienced an exponential increase in 
COVID-19 cases since February 2021; by June 2021, 
Uruguay was among countries with the highest 
number of daily cases and deaths per million per-
sons (6). Despite closing the Brazil–Uruguay border 
to tourism on March 13, 2020, evidence suggests a 
high viral flux between the countries (7,8). There-
fore, P.1 could be introduced into Uruguay and the 
country needs an organized strategy to monitor 
VOC emergence. 

In response to concerns over VOCs, the Ministry 
of Public Health, the Pasteur Institut of Montevideo 
(Uruguay), University of the Republic, and Zurgen-
Sanatorio Americano formed a multidisciplinary 
workgroup to develop a genomic surveillance pro-
gram for real-time monitoring for VOC emergence 
in Uruguay. The workgroup aimed to provide ex-
pertise and resources for large-scale sequencing, 
genomic analysis, and an affordable and decentral-
ized inhouse PCR to detect known VOCs, including 
B.1.1.7, B.1.351, and P.1. Within a few weeks, the 
working group developed a PCR VOC detection 
method and a national sample processing workflow 
(Appendix 1 Figure 1, https://wwwnc.cdc.gov/
EID/article/27/11/21-1198-App1.pdf). In addition, 
we identified multiple independent introductions of 
P.1 and community transmission in Uruguay.

The workgroup processes >3,000 nasopharyn-
geal samples daily, and around 100–300 SARS-
CoV-2–positive samples are sent weekly for PCR 

VOC analysis and sequencing. During January 11–
March 26, 2021, the working group collected and 
processed a total of 251 SARS-CoV-2–positive RNA 
samples from 15/19 departments in Uruguay (Ap-
pendix 1 Table 1). Cycle thresholds for initial diag-
nostic PCR were 9–34.7. Among patients with posi-
tive samples, 95 were male, 95 were female, and 61 
were of unknown sex; ages ranged from 1–85 years. 
Results from PCR VOC assay showed that 67/251 
(27%) samples corresponded to putative P.1/B.1.351 
(Appendix 1 Figure 2). 

To validate PCR VOC classification, we se-
quenced all VOC–positive samples, plus 31 addi-
tional samples, by applying the ARTIC Network 
protocol (J.R. Tyson et al., unpub. data, https://doi.
org/10.1101/2020.09.04.283077) for the MinION 
sequencing platform (Oxford Nanopore Technolo-
gies, https://nanoporetech.com) (Appendix 1). For 
the final 74 high-quality consensus sequences that 
were assigned to SARS-CoV-2 lineages following 
Pango nomenclature (9), we achieved a 100% agree-
ment between PCR VOC and genome sequencing 
results. Predictably, given Uruguay’s proximity to 
Brazil, samples classified as P.1/B.1.351 by PCR 
VOC were assigned to lineage P.1 after genome se-
quencing. The PCR we developed is a feasible, pre-
cise, and scalable method for real-time surveillance 
of known VOCs and verified circulation of P.1 lin-
eage in 15/19 departments in Uruguay (Appendix 
1 Figures 2, 3). 

To estimate geographic sources and the number 
of independent P.1 introductions into Uruguay, we 
combined P.1 sequences from Uruguay and 691 P.1 
sequences from South America available from Epi-
CoV in GISAID (https://www.epicov.org/epi3; Ap-
pendix 1 Tables 2, 3; Appendix 2, https://wwwnc.
cdc.gov/EID/article/27/11/21-1198-App2.xlsx). 
The maximum-likelihood phylogeographic analysis 
identified >12 independent P.1 introductions into 
Uruguay from Brazil and >6 local transmission clus-
ters of 3–24 sequences (Figure; Appendix 1 Figure 4). 
We used Bayesian analysis to estimate the median 
time of most recent common ancestor of P.1 clades 
in Uruguay to be mid-February to early March 2021 
(Appendix 1 Table 4, Figure 5), which coincides with 
increasing mobility and the beginning of the expo-
nential surge in COVID-19 cases in the country (Ap-
pendix 1 Figure 6).

The rapid emergence of the SARS-CoV-2 lineage 
P.1 in South America justifies the need for increased 
screening for this highly transmissible virus. We elabo-
rated a comprehensive genomic surveillance program 
and provide a clear example of how multidisciplinary 
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Figure. Time-scaled maximum likelihood Bayesian 
phylogeographic maximum clade credibility tree of 59 
severe acute respiratory syndrome coronavirus 2 lineage P.1 
whole-genome sequences from Uruguay and 691 reference 
sequences from South America. The tree was rooted with 
the EPI_ISL_833137 sequence from GISAID (https://
www.gisaid.org), collected December 4, 2020. Branches 
are colored according to the most probable location state 
of their descendant nodes as indicated at the legend. 
Sequences from Uruguay are shown with dots at the end 
of the branch. Red shading indicates clades from Uruguay 
and their distribution along the P.1 tree demonstrates >12 
independent introductions and locally transmitted clusters 
of 3–24 sequences. The tree suggests Brazil has been the 
source of P.1 dissemination to Uruguay and other countries 
in South America. 
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authorities manage the COVID-19 crisis. Our findings 
revealed that the P.1 VOC was introduced into Uru-
guay multiple times over a period of increasing mobil-
ity in binational cities along the Brazil–Uruguay bor-
der and in Uruguay between mid-February and early 
March 2021. The introduction of the highly transmis-
sible P.1 VOC coupled with the increasing human mo-
bility probably contributed to the rapid local spread of 
this variant and the worsening COVID-19 epidemic in 
Uruguay during January–July 2021.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2021.05.20.21256969v1.
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On May 10, a red fox Vulpes vulpes cub (cub 1) dis-
playing abnormal behavior was found in Bell-

ingwolde, the Netherlands, and taken into care of a 
wildlife rescue center. Upon entry, the 6- to 8-week-
old cub was slightly dehydrated and showed at inter-
vals of <30 minutes lip retraction, rapid opening and 
closing of mouth, excessive salivation, skin twitch-
ing, head shaking, and body tremors (Figure; Video, 
https://wwwnc.cdc.gov/EID/article/27/11/21-
1281-V1.htm). The cub first seemed to improve, but 
on May 12 it reacted aggressively when touched. 
Subsequently, we observed difficult swallowing 
and labored breathing. The cub seemed blind and 
stopped eating. As the situation further deteriorat-
ed, we humanely euthanized the cub on May 16. On 
May 13, the center received another 6- to 8-week-old 
red fox cub (cub 2) found ≈900 m from cub 1. Cub 
2 was hypothermic and dehydrated. It had seizures 
and died overnight.

Retrospectively, we concluded that the mother 
of the cubs was likely a vixen found walking circles 
on May 10, ≈975 m direct distance from cub 1 and 
≈90 m from cub 2. The vixen reacted very aggres-
sively to capture, responding to sound but blind. 
The vixen had a fresh elbow fracture, probably 
caused by a road traffic accident. We humanely 
euthanized her the same day and sent her carcass  
for destruction.

Although rabies lyssavirus is unlikely in the 
Netherlands, European bat 1 lyssavirus is en-
demic in serotine bats (Eptesicus serotinus) (1). To  
exclude lyssavirus infection in the fox cubs, we per-
formed a direct fluorescent antibody test on smears 
of brain tissue in accordance with World Organ-
isation for Animal Health (OIE) protocol (https://
www.oie.int/fileadmin/Home/eng/Health_ 

standards/tahm/3.01.17_RABIES.pdf). Test results 
were negative.

Subsequently, we tested brain samples for avian 
influenza virus by using a PCR detecting the influen-
za A virus matrix gene, followed by the subtype-spe-
cific H5-PCR on the hemagglutinin gene, as described 
previously (2). The samples from both cubs tested 
positive (Table), and we subtyped the virus as highly 
pathogenic avian influenza (HPAI) influenza virus 
A subtype H5N1. We isolated the HPAI H5N1 virus 
from the brain of cub 1 by inoculation of the samples 
into 10-day-old embryonated special pathogen–free 
chicken eggs.

During April–May 2021, large numbers of dead 
barnacle geese (Branta leucopsis) were reported in 
the northern part of the Netherlands, and later oth-
er species of waterfowl and birds of prey were also 
found dead. A selected number of dead wild birds 
were submitted for AI diagnostics and tested posi-
tive for HPAI H5N1 virus. We performed whole-
genome sequencing of the HPAI H5N1 viruses 
found in wild birds and the 2 foxes as previously 
described (3) and conducted genetic and phyloge-
netic analyses to study the relationship between 
these viruses. Phylogenetic analysis of the gene seg-
ments (Appendix 1 Figure 1–8) showed the viruses 
detected in wild birds and the 2 foxes were in the 
same cluster and highly related. We classified the 
viruses as H5 clade 2.3.4.4b viruses, which were re-
lated to other HPAI H5N1 viruses detected in wild 
birds and poultry in Europe during 2020–2021. The 
HPAI H5N1 viruses detected in the foxes were not 
related to zoonotic H5N1 strains infecting humans 
in Asia and did not contain any known zoonotic 
mutations (data not shown). The sequences of the 
viruses detected in cub 1 (GISAID [https://www.
gisaid.org] accession no. EPI_2194218) and cub 2 
(GISAID accession no. EPI_2194219) were identical; 
the closest related virus was identified in a white-
tailed eagle (Haliaeetus albicilla) near the village of 
Noordlaren. We observed only 6 aa differences: 
mutations A152T and T521I in polymerase basic 

We detected infection with highly pathogenic avian 
influenza A(H5N1) virus clade 2.3.4.4b in 2 red fox 
(Vulpes vulpes) cubs found in the wild with neurologic 
signs in the Netherlands. The virus is related to avian 
influenza viruses found in wild birds in the same area.

Figure. Salivating red fox (Vulpes vulpes) cub 1 during a fit, the Netherlands, 2021. Seizure started with retracting lips at 0 sec (A), 
followed by facial wrinkling with opening of mouth at 0.07 sec (B), closing of the jaws at 0.17 sec (C), then back to “normal” at 0.40 sec 
(D), before this sequence starts all over at 0.50 sec.
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protein 2 (PB2); M644V in polymerase basic protein 
1; A336T in nucleoprotein; L22S in neuraminidase 
protein; and D209N in nonstructural protein (Ap-
pendix 1 Figure 1–8). Whether these changes are as-
sociated with adaptation of the avian virus to mam-
mal species remains unknown.

These 2 cases of infection with H5N1 clade 2.3.4.4b 
virus in wild red fox cubs underscore the need to raise 
awareness that HPAI viruses are not only zoonotic 
but also infect other mammal species. HPAI infec-
tion should be on the list of differential diagnoses for 
animals that have signs of respiratory or neurologic 
disease. The detection of virus in the brain suggests 
systemic infection of the cubs. The clinical signs were 
largely consistent with those reported in other natu-
ral infections of carnivores with HPAI H5 subtypes 
(4–7). Whether the fox cubs were infected through the 
parents or by eating infected bird carcasses is unclear 
(cubs start eating solid food at 4 weeks of age). Car-
nivores are known to be at risk for avian influenza 
virus infection upon ingesting infected birds (4,5,8). 
We did not test for virus shedding in these cubs, but 
virus shedding has been observed in experimental 
infection of 6- to 10-month-old red foxes with HPAI 
H5N1 clade 2.2 virus (8).

The United Kingdom reported infection of a 
red fox and seals in an animal shelter with a related 
HPAI H5N8 clade 2.3.4.4b virus (9), and Russia re-
ported infection in poultry workers (10). These find-
ings suggest that HPAI H5 clade 2.3.4.4b viruses may 
sporadically transmit from birds to mammals, includ-
ing humans. Virus evolution and adaptive mutations 
must be closely monitored to rapidly identify viruses 
with increased zoonotic potential.
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Table. Results of diagnostic tests of avian influenza viruses detected in 2 red fox (Vulpes vulpes) cubs, the Netherlands, 2021* 
Red fox Pooled samples of brain M-PCR1 Ct value M-PCR2 Ct value H5-PCR Ct value 
Cub 1 Ammon’s horn and medulla oblongata 21.27 21.46 23.35 
Cub 1 Cerebellum and cerebrum 19.31 20.79 21.65 
Cub 2 Ammon’s horn and medulla oblongata 25.72 25.92 26.44 
Cub 2 Cerebellum and cerebrum 20.09 21.58 23.47 
*Ct, cycle threshold; H5-PCR, subtype-specific PCR on the H5 gene; M-PCR1, PCR on the matrix gene of influenza A, repetition 1; M-PCR2, PCR on the 
matrix gene of influenza A, repetition 2 
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Coronavirus disease (COVID-19)–associated 
mucormycosis (CAM) is an emerging sys-

temic fungal infection caused by Mucorales spe-
cies. Reports of CAM are increasing, especially in  
India, where 187 cases have been described (1). 
Rapid data collection, which can be accomplished 
through collaborative online registries, is essential 
to identifying risk factors for CAM (2). We ana-
lyzed characteristics of the first 65 cases logged in 
the Mycotic Infections in COVID-19 (MUNCO) reg-
istry in India.

We solicited registry participation through so-
cial media and contacts at hospitals in India. The 
study was approved by the Institutional Review 
Board of the Albert Einstein College of Medicine 
(approval no. 2021-13086) and ethics boards of the 
author-affiliated hospitals, where applicable. Cases 
were entered into a REDCap database (3) (https://
www.covidmucor.com). CAM diagnosis was based 
on the judgment of the physician entering the data 

and not dependent on microbiological, pathologic, 
or radiographic findings. We had follow-up data 
for 53 (81.5%) patients; outcomes were defined as 
full recovery (no residual disease), incomplete re-
covery (continued treatment at day 42, interrupted 
treatment, palatal perforation, stroke, or paralysis), 
vision loss, or death. Because early treatment with 
orbital exenteration might prevent disease spread to 
the central nervous system, we did not consider vi-
sion loss to be a marker of incomplete recovery. We 
analyzed data using R (4).

We established an online registry of coronavirus dis-
ease–associated mucormycosis cases in India. We 
analyzed data from 65 cases diagnosed during April–
June 2021, when the Delta variant predominated, and 
found that patients frequently received antibacterial 
drugs and zinc supplementation. Online registries rap-
idly provide relevant data for emerging infections.

 
Table. Clinical characteristics of patients in an online registry of 
coronavirus disease–associated mucormycosis, India, 2021* 
Characteristic No. (%) 
Total 65 (100) 
Sex  
 M 48 (74) 
 F 17 (26) 
Underlying conditions  
 Diabetes mellitus 52 (80) 
 Hypertension 13 (20) 
 Chronic corticosteroid use 2 (3) 
 Asthma/COPD 1 (1.5) 
Hospitalized† 54 (84) 
Intensive care unit‡ 15 (28) 
Required surgical intervention  26 (40) 
Site of infection 

 

 Sinus 60 (92) 
 Eye 34 (52) 
 Cerebral 5 (7.7) 
 Gastrointestinal 5 (7.7) 
 Skin 1 (1.5) 
 Pulmonary 0 
Treatment 

 

 Steroids 53 (82) 
  Methylprednisolone 32 (49) 
  Dexamethasone 18 (28) 
  Prednisone 5 (8) 
  Budesonide 6 (9) 
 Steroids >10 d§ 28 (61) 
 Antifungal medication 

 

  Posaconazole 43 (66) 
  Isavuconazole 3 (5) 
  Amphotericin B 60 (92) 
  Liposomal 54 (83) 
  Deoxycholate 14 (22) 
  Lipid complex 8 (12) 
 Antiviral medication 

 

  Remdesivir 31 (48) 
  Favipravir 18 (28) 
 Zinc supplementation 36 (55) 
 Other antimicrobial chemotherapy 

 

  Doxycycline 30 (46) 
  Azithromycin 25 (38) 
  Ivermectin 25 (38) 
No. vaccine doses 

 

 0 56 (86) 
 1 7 (11) 
 2 2 (3) 
*Totals might exceed 100% when >1 category applies. COPD, chronic 
obstructive pulmonary disease. 
†Data available for 64 patients. 
‡Data available for 54 patients. 
§Data available for 46 patients. 
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The reported infections were diagnosed during 
April–June 2021. During this time, the B.1.617.2 lin-
eage (Delta variant) of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) dominated the 
samples sequenced by the Indian SARS-CoV-2 Ge-
nomics Consortium, constituting 58% of isolates in 
April, 88% in May, and 86% in June (5).

Most patients were male (73.8%), and most pa-
tients had diabetes (80.0%) (Table). Only 3.1% had 
been taking long-term corticosteroids. No patients 
had HIV, cancer, or history of stem cell or solid or-
gan transplant. Among patients with available data, 
the median age was 56 years, median weight was 64 
kg, and median hemoglobin A1c level was 7.80%. 
The median time between COVID-19 diagnosis and 
mucormycosis diagnosis was 20 days; patients had a 
median hospital stay of 11.0 days (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/27/11/21-
1322-App1.pdf). Only 3.1% of patients were fully 

vaccinated with Covishield (Oxford/AstraZeneca, 
https://www.astrazeneca.com) or Covaxin (Bhart 
Biotech, https://www.bharatbiotech.com) at the 
time of COVID-19 diagnosis.

COVID-19 was treated primarily with corticoste-
roids, remdesivir, or both. Favipravir, doxycycline, 
azithromycin, ivermectin, and zinc were also com-
mon treatments (Table). No patients were treated 
with tocilizumab.

We found that most fungal infections occurred 
in the sinuses or eyes (Table). Amphotericin B, 
posaconazole, and surgery were the most common 
antifungal treatments. Among 53 patients with 
available follow-up data at 42 days, 17 (32.1%) had 
an incomplete recovery, 20 (37.8%) had a full recov-
ery, 10 (18.9%) had vision loss, and 6 (11.3%) had 
died (Figure).

In agreement with previous studies, we found 
that diabetes and steroid use were major risk factors 

Figure. Geographic distribution of 
coronavirus disease–associated 
mucormycosis, India, 2021. 
Sizes of circles indicates number 
of cases in that area. Use of 
the map recognized by the 
government of India does not 
endorse the territorial claims of 
any specific nation.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 11, November 2021 2965

RESEARCH LETTERS

for CAM (1,6). We also documented frequent use of 
antibacterial treatments, a documented risk factor 
for mucormycosis (10), for COVID-19. We found a 
lower death rate than previously reported (1); wide-
spread awareness of CAM might have contributed 
to increased reporting, earlier diagnosis, and de-
creased steroid use for treatment of COVID-19. In to-
tal, 57% of patients received zinc supplementation, 
possibly because pathogenic fungi sequester zinc 
from host tissues. Zinc chelators inhibit the growth 
of some virulent fungi (7,8) and enhance the efficacy 
of antifungal agents against some Mucorales strains 
in vitro (9).

This proof-of-concept study shows that rapid, 
real-time data collection using online registries of 
CAM cases can provide clinical insights into the 
disease (2). For example, data on these 65 cases were 
collected in 5 days, enabled by rapid data entry and 
ease of use. MUNCO is especially useful for physi-
cians in settings where electronic medical records 
are rarely used and patient follow-up is subopti-
mal. The major weakness of MUNCO is that prag-
matic case definitions are based on the opinions of 
the clinician entering the data. This study also did 
not have a control group of non–COVID-19–asso-
ciated mucormycosis cases, which would enable 
detection of specific risk factors. By August 2021, 
we had collected data on 693 cases, which we will 
soon analyze for additional risk factors associated 
with poor outcomes. In summary, our results show 
that online registries are a valuable tool to rapidly 
provide relevant data for real-time surveillance of 
emerging infections.

Access to REDCap was paid for by the Einstein-Montefiore 
Institute for Clinical & Translational Research under grant 
no. UL1TR002556-06 to S.J.

V.S.H. receives support for unrelated work from Merck 
Sharp & Dohme Corp., which manufactures antifungal 
medications.
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Although Bordetella hinzii coccobacilli is most commonly 
identified in respiratory tracts of birds and rodents, this 
organism has occasionally been isolated in human in-
fections. We describe a case of B. hinzii spontaneous 
bacterial peritonitis in Missouri, USA. Whole-genome se-
quencing of blood and peritoneal fluid isolates confirmed 
B. hinzii infection.
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Bordetella hinzii is a gram-negative aerobic cocco-
bacilli respiratory pathogen in poultry (1) and ro-

dents (2). Human infections are rare but occur in im-
munocompromised persons (3) or upon exposure to 
infected animals. Most reported human infections are 
pulmonary; however, other manifestations include 
cholangitis (4) and periaortic abscess (5). We report 
a case of B. hinzii spontaneous bacterial peritonitis 
(SBP) complicated by bacteremia.

A 71-year-old man with alcoholism, hepatitis C, 
and decompensated cirrhosis, on day 28 of a 28-day 
regimen of intravenous vancomycin for Streptococcus 
salivarius bacteremia and SBP, underwent outpatient 
paracentesis. After paracentesis (7.8 L of fluid removed), 
the patient experienced hypotension and orthostasis, 
which resolved after intravenous albumin, and returned 
home. He later sought care at an emergency department 
for weakness, abdominal pain, hypotension (68/42 mm 
Hg), and tachycardia (heart rate 130 beats/min).

Despite intravenous fluid and albumin (1.5 g/
kg) resuscitation, daptomycin, and piperacillin/azo-
bactam, the patient experienced septic shock and 
hepatorenal syndrome, necessitating pressors. We 
substituted meropenem for piperacillin/tazobactam. 
On day 3, we discontinued daptomycin; adminis-
tered albumin (1 g/kg); and initiated octreotide, mi-
dodrine, and rifaximin. We discontinued pressors on 
day 4. The patient improved clinically and his SBP 
resolved, as indicated by results of serial peritoneal 
fluid studies. On day 12, we replaced meropenem 
with ertapenem. After discharge (day 15), the patient 
completed 2 weeks of ertapenem, followed by daily 
trimethoprim/sulfamethoxazole prophylaxis.

Further investigation revealed the patient had a 
dog with cough and a cat with gastroenteritis, and 
neither pet was receiving veterinary care. His wife 
maintained several birdfeeders, but she had no symp-
toms. Five months after seeking care, the patient died 
after cardiac arrest and transjugular intrahepatic por-
tosystemic shunt occlusion.

Initial ascites fluid studies revealed 1,673 leuko-
cytes with 80% segmented neutrophils. Peritoneal 
fluid and blood cultures from day 1 of hospitalization 
had tiny oxidase-positive, indole-negative, gram-
negative rods that grew on blood and chocolate agars 
but not MacConkey or CNA agars. After tentatively 
identifying the organism as a Bordetella species, we 
performed limited antimicrobial susceptibility test-
ing for levofloxacin (1.5 µg/mL), ertapenem (0.19 
µg/mL), meropenem (sensitive), and trimethoprim/
sulfamethoxazole (0.004 µg/mL). The Missouri State 
Public Health Laboratory (Jefferson City, MO, USA) 
later confirmed identification as B. hinzii by using 
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry. 

Blood and peritoneal fluid isolates underwent 
whole-genome sequencing (WGS) to confirm iden-
tification. We suspended isolate plate scrapes in 
Luria–Bertani broth with 15% glycerol and stored 
them at –80°C. After thawing 250–500 µL of each 
suspension, we extracted genomic DNA by using 
the QIAamp BiOstic Bacteremia DNA Kit (QIA-
GEN, https://www.qiagen.com). We used 0.5 ng 
of genomic DNA to prepare sequencing libraries 
with the Nextera XT DNA Library Preparation Kit 
(Illumina, https://www.illumina.com). We pooled 
and sequenced libraries on the NovaSeq 6000 plat-
form (Illumina) to obtain ≈5 million 2 × 150 bp reads. 
We used Trimmomatic 38.0 (https://github.com/ 
timflutre/trimmomatic) to demultiplex the reads 
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and remove adaptors. We removed contaminating 
reads by using Deconseq4.3 (http://deconseq.source-
forge.net) and repaired disordered reads by using 
BBTools Repair (BBTools 38.26; https://jgi.doe.gov/
data-and-tools/bbtools). We assembled de novo ge-
nomes by using the Unicycler 0.4.7 Illumina-only as-
sembly process and then annotated by using Prokka 
1.14.5 (https://github.com/tseemann/prokka). We 
determined assembly quality by using QUAST 4.5 
(http://quast.sourceforge.net) and checkM 1.0.13 
(https://github.com/Ecogenomics/CheckM).

We performed pairwise average nucleotide 
identity between the isolates and deposited Bor-

detella genomes by using pyani (https://github.
com/widdowquinn/pyani). We performed core-
genome alignments by using roary 3.12.0 (https://
sanger-pathogens.github.io/Roary) and then gener-
ated approximate maximum-likelihood trees on the 
basis of the roary alignment file by using FastTree 
2.1.7 (http://www.microbesonline.org/fasttree). 
We identified single-nucleotide polymorphisms 
(SNPs) by using Snippy 4.4.3 (https://anaconda.
org/bioconda/snippy/files) and antimicrobial- 
resistance genes by using AMRFinder 3.8.4 (https://
github.com/ncbi/amr). We deposited raw se-
quence data and genomic assemblies to the National  

Figure. Comparative genomic analyses of Bordetella hinzii isolates from a patient in Missouri, USA, with type and nontype Bordetella 
assemblies. After core-genome alignment (58 total core genes), a neighbor-joining phylogenetic tree rooted with Achromobacter 
xylosoxidans as the outgroup demonstrates the isolates from this study cluster with other previously deposited B. hinzii genomes. 
Pairwise ANI was performed against type assemblies. The isolates in this study meet the ANI threshold (>0.96%) for species-level 
identity with B. hinzii type assembly GCF_900637615.1 (7). Isolates were recovered from peritoneal fluid cultures collected at day 1 
and day 5 (P1 and P5, respectively; P2sub is a subculture of P1). Blood isolates were recovered from blood cultures collected on day 1 
(B1.1 and B1.2; B1.1sub is a subculture of B1.1). As previously observed (8), the type genomes for B. pertussis, B. parapertussis, and 
B. bronchiseptica represent an instance of previously established, distinct species that exceed the species-level ANI threshold relative 
to each other. T indicates assemblies generated from type material. Type assemblies are numbered 1–12 on vertical axes as follows: 1, 
GCF_001457475.1; 2, GCF_000067205.1; 3, GCF_001676705.1; 4, GCF_001676725.1; 5, GCF_000306945.1; 6, GCF_001525545.2; 
7, GCF_001598655.1; 8, GCF_900078335.1; 9, GCF_003350095.1; 10, GCF_900445775.1; 11, GCF_000657795.2; 12, 
GCF_900637615.1. ANI, average nucleotide identity.
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Center for Biotechnology Information (BioProject no.  
PRJNA706405).

We performed Illumina short-read WGS on 6 pu-
tative B. hinzii isolates recovered from peritoneal fluid 
and blood cultures from day 1 and a peritoneal fluid 
culture from paracentesis on day 5. Altogether, the 
isolate assemblies had an average length of 4.8 Mbp 
(range 4.70–4.84 Mbp) and GC content of ≈67.2%, re-
flective of published B. hinzii genomes (6). We built a 
neighbor-joining phylogenetic tree by using a core-ge-
nome alignment of the isolates with publicly available 
Bordetella genomes. The isolates formed a clade with B. 
hinzii genomes, including a type that was distinct from 
other Bordetella species. Pairwise average nucleotide 
identity analysis showed the isolates meet the species-
level threshold (>96%) (7) exclusively with genomes 
originating from B. hinzii (Figure). SNP analyses with-
in the 6 isolates suggested they were clonal because <2 
SNPs (all nonsynonymous) were found between each 
strain pair, further confirming the clinical laboratory 
indications that the isolates are B. hinzii and that organ-
isms recovered from peritoneal sites and blood origi-
nated from the same source. In addition, we identified 
a putative novel β-lactamase gene with 51% identity 
to the class-A LRA-1 β-lactamase (Comprehensive An-
tibiotic Resistance Database [https://card.mcmaster.
ca/home]; accession no. ARO:3002482). This gene is 
likely endogenous because it appeared in all available 
B. hinzii assemblies.

 In summary, WGS of blood and peritoneal fluid 
isolates confirmed a set of clonal B. hinzii isolates from 
both tissue types from this patient. Our findings pro-
vide compelling evidence for serious human infection 
caused by this organism.
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More than a year into the coronavirus-19 pandemic, in-
tensified infection control measures have controlled most 
viral respiratory infections in Tokyo, Japan. As of July 
2021, however, an unusually high number of respiratory 
syncytial virus infections were reported in Tokyo. This re-
surgence may have resulted from restarting social activi-
ties for children.
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The World Health Organization (WHO) declared 
the novel coronavirus disease (COVID-19) a 

global pandemic on March 11, 2020 (1). Since then, 
social activities have been restricted worldwide, and 
infection control measures including handwashing, 
mask-wearing, and keeping social distance have 
been strengthened. These measures reduced the 
prevalence of respiratory virus infections other than  
COVID-19, such as influenza, in 2020, and reported 
case numbers have sharply declined (2). However, the 
increased burden on healthcare institutions during the  
COVID-19 pandemic is of concern; it has and will hin-
der access to healthcare and the promotion of immuni-
zation programs, and the reduced number of infected 
or immunized persons will lead to an overall increase 
in susceptibility in society, leading in turn to ever-larg-
er epidemics of infectious diseases after the resumption 
of social activities (3). We report a possible example: an 
unusual increase in reported cases of respiratory syn-
cytial virus (RSV) infection in Tokyo, Japan.

We compared weekly RSV activity in the 2021 
season with activity in 4 previous seasons using data 
from 2017–2020 from the Tokyo Metropolitan Infec-
tious Disease Surveillance Center (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/27/11/21-
1565-App1.xlsx). The center gathers the number of 
pediatrician-diagnosed weekly cases of RSV infection 
on the basis of clinical symptoms and laboratory find-
ings from ≈260 sentinel centers, including hospitals 
and clinics (4). The most recent information is from 
epidemiological week 28 of 2021 (July 12–18).

No outbreaks of RSV were reported in 2020, al-
though the previous 3 years had outbreaks in summer 

and autumn. However, the largest annual increase in 
cases since monitoring began in 2003 was reported 
for 2021 (Figure). The cumulative number of cases 
through week 28 of 2021 was 10,327, rising from a 
total of 570 in 2020. Whether this upward trend will 
continue in the latter half of 2021 is unclear as of Au-
gust, but we expect the peak to be higher than in any 
year since 2003 and for its timing to be different. 

Most children are infected with RSV >1 time be-
fore age 2. The statistically significant decrease in all 
cases reported during this epidemic compared with 
previous epidemics was particularly notable in chil-
dren >2 years of age; by χ2 testing, they accounted for 
a significantly lower proportion of cases in 2021 than 
in the other years (p<0.001 for 2017, 2018, 2019, and 
2020; p values corrected by the Holm method). This 
finding suggests that an accumulation of susceptible 
persons during the pandemic may have contributed 
to this year’s large outbreak. This trend has also been 
observed nationwide in Japan. In particular, the per-
centage of children 0–11 months of age with RSV has 
fallen significantly, from 32%–37% in 2018–2020 to 
17% in 2021 (5,6).

The government of Japan has taken active mea-
sures to control the spread of COVID-19, including 
restricting children’s group activities. The govern-
ment requested temporary closure of schools begin-
ning March 2, 2020. According to the Ministry of 
Education, Culture, Sports, Science and Technology, 
86% of schools closed for >10 weeks; 98% reopened 
at least partially within 14 weeks. School closures 

Figure. Respiratory syncytial virus infections in children, by year 
and epidemiological week, Tokyo, Japan, January 2017–July 2021 
(as of epidemiological week 28, 2021).
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have been reported to reduce RSV epidemics, and 
data from Japan, which did not have an epidemic in 
2020, supports this hypothesis (7). The importance of 
school life to society and children was subsequently 
reevaluated, however, and as a result many children 
now attend school. 

As of July 13, 2021, >25 million (21.9%) eligible 
persons >12 years of age in Japan had completed 2 
doses of COVID-19 vaccination (8). As a consequence 
of vaccination, socioeconomic activity and movement 
have increased, and children have spent more time in 
schools and kindergartens than they did previously; 
therefore, the overall risk for infectious diseases in in-
fants and young children is expected to increase. The 
increased use of schools and nurseries may also re-
sult in more aggressive diagnostic testing for alterna-
tive infections, including RSV, to rule out COVID-19, 
as part of the measures to prevent the spread of  
COVID-19 infection in patients with fever and respi-
ratory symptoms.

The emergence of RSV epidemics after the  
COVID-19 pandemic, appearing in different seasons 
and on a different scale to previous trends, has been 
observed in other regions, including the Americas 
and Australia (9,10), and the Tokyo epidemic is there-
fore not unique. Nevertheless, various local factors 
such as nonpharmaceutical interventions, travel re-
strictions, viral competition, and school and nursery 
closures are likely to have played a role. It remains 
to be seen whether a similar trend will be observed 
with other respiratory viral infections such as influ-
enza. New epidemics may increase the already high 
medical burden and cause further delays in diagnosis 
amid the continuing pandemic.

In summary, we report a substantial outbreak of 
RSV infection in Tokyo starting in spring 2021. An ad-
equate response to this increase in patient numbers 
will include ongoing public infection control, restor-
ing appropriate healthcare measures, and appropri-
ate monitoring of the ongoing RSV epidemic.
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Puerto Rico reported the first confirmed case of 
Zika virus (ZIKV) disease in November 2015 and 

subsequently experienced epidemic transmission that 
peaked by mid-August 2016 (1). Despite the large 
number of confirmed cases detected by traditional 
surveillance, the origin, spread, and evolutionary dy-
namics of this epidemic remain undetermined. We 
sought to reconstruct the epidemic transmission pe-
riod by using a genomic epidemiology approach and 
determine evolution of the virus in the island.

To investigate the emergence and subsequent 
epidemic of ZIKV in Puerto Rico, we generated 83 
complete genomes (2,3) directly from PCR-positive 
serum samples (4) (Appendix, https://wwwnc.cdc.
gov/EID/article/27/11/21-1575-App1.pdf) collected 

from the 8 health regions of Puerto Rico during March 
2016–January 2017, congruent to a geotemporal rep-
resentation of the epidemic in the island. We then 
performed phylogenetic analysis with an additional 
233 published genomes from GenBank that represent 
the emergence and spread of ZIKV in the Americas 
during 2015–2017. The resulting reconstructed phy-
logeny was consistent with published tree topologies, 
nucleotide substitution rate ranges, and divergence 
patterns observed elsewhere for the entirety of the 
Americas (Appendix Figure 1, panel A), providing a 
pragmatic context to the proposed model of spread 
and divergence of ZIKV in Puerto Rico (5). At least 
8 separate foreign-introduction events were captured 
within the ancestry of the viruses sequenced, includ-
ing 2 that expanded into autochthonous lineages and 
6 separate introduction events represented by indi-
vidual sequences associated with genomes from the 
United States, the Caribbean, South America, and 
Central America, thus suggesting limited spread. 

In addition, we analyzed the temporal molecular 
evolutionary signal in our dataset by reconstructing 
time-calibrated phylogenies by using genomes anno-
tated with date of sample collection based on year, 
month, and days for temporal precision. The correla-
tion between date of sample collection and root-to-
tip genetic distance supported the heterochronous 
nature of our dataset. The estimated divergence from 
the root (i.e., time of most recent common ancestor 
[tMRCA] of this tree) occurred in February 2013 (be-
cause 2013–2014 ZIKV genomes from French Polyne-
sia were used as the root), and the within-epidemic 
evolutionary rate was 1.09 × 10−3 substitutions/site/
year (Appendix Figure 1, panel B).

Bayesian reconstruction of Puerto Rico clade 1 
(PR C1) presents the largest autochthonous mono-
phyletic cluster that originated from viruses from 
South America and the Caribbean, including Brazil, 
Suriname, French Guyana, the US Virgin Islands, and 
Dominican Republic (Figure). tMRCA estimates place 
the divergence of PR C1 in mid-June 2015 (95% highest 
posterior density [HPD] February 2015–October 2015) 
and a within-outbreak evolutionary rate of 1.61 × 10−3 
(95% HPD 1.13–2.10 × 10−3) substitutions/site/year. 
In addition, PR C1 was observed to diverge further 
into 2 subclades (SC1 and SC2) spreading across the 
island. The second clade, Puerto Rico clade 2 (PR C2), 
presents a smaller autochthonous monophyletic clus-
ter that originated from viruses in Central America, 
including Nicaragua and Honduras (Figure). Our tM-
RCA estimates placed the emergence of PR C2 in Feb-
ruary 2016 (95% HPD October 2015–April 2016) and 
its evolutionary rate was similar to PR C1 at 1.87 × 10−3 

We reconstructed the 2016–2017 Zika virus epidemic 
in Puerto Rico by using complete genomes to uncover 
the epidemic’s origin, spread, and evolutionary dy-
namics. Our study revealed that the epidemic was pro-
pelled by multiple introductions that spread across the 
island, intricate evolutionary patterns, and ≈10 months 
of cryptic transmission.

1These first authors contributed equally to this article.
2These senior authors contributed equally to this article.
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(95% HPD 1.1–2.64 × 10−3). We compared the ZIKV 
epidemic history of Puerto Rico to the time-calibrated 
Bayesian phylogenies and observed that the tMRCA 
of PR C1 precedes the initial confirmation of ZIKV in 

the island through traditional surveillance methods 
by 3–10 months and that expansion of all PR lineages 
coincides with the peak of the epidemic curve (Fig-
ure). We assessed phylogenetic clustering patterns for 
geographic association with each of the health regions 
and detected none (Appendix Figure 2).

We inferred past viral population dynamics by 
using Bayesian Skygrid plots, which show an increase 
in genomic diversity that coincides in time with the 
emergence of ZIKV in the Americas, followed by a 
series of fluctuations in the effective population size, 
characteristic of the virus spreading rapidly through 
the region (Appendix Figure 3). In Puerto Rico, we 
observed a similar sharp increase upon emergence 
and subsequent patterns that mirror the trends ob-
served in the Americas.

Our study revealed the origin and epidemic 
spread of ZIKV in the island after a period of cryp-
tic transmission undetected by traditional surveil-
lance. Similar cryptic transmission was reported in 
Brazil and Colombia (6–8), where case detection was 
hindered by the difficulty to capture asymptomatic 
or mild cases with clinical manifestations that over-
lap endemic arboviruses and other laboratory test-
ing limitations particular to ZIKV (9). The dataset we 
generated in our study presents a relevant contribu-
tion to the geotemporal sampling of ZIKV genomes 
from the region, enabling the study the evolutionary 
and epidemic dynamics in the Americas.

The integration of genomic epidemiology to ar-
bovirus surveillance has proven to be central to the 
ascertainment of disease epidemiology, uncovering 
information otherwise concealed by the nature of the 
disease and limitations of surveillance systems. Fun-
damentally, integrated proactive genomic surveillance 
may help us to predict virus emergence and mitigate 
more effectively their regional or global expansion.
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Figure. Intra-island spread and divergence of Zika virus, Puerto 
Rico, 2016–2017. Bayesian phylogenetic reconstruction using 
maximum clade credibility trees shows genomes grouping with 2 
separate clusters. PR C1 is associated with genomes from South 
America and the Caribbean (top); this clade diverged into SC1 and 
SC2. PR C2 is associated with genomes from Central America 
(center). Epidemic curve of total Zika cases per week (orange 
shade) and cases confirmed by reverse transcription PCR per week 
(blue shade) during 2015–2017 (bottom). All external branches 
representing Puerto Rico genomes are color-coded according to the 
8 health regions of Puerto Rico: region 1, red; region 2, blue; region 
3, orange; region 4, green; region 5, purple; region 6, cyan; region 
7, brown; and region 8, magenta. C, clade; PR, Puerto Rico; SC, 
subclade; tMRCA, time of most recent common ancestor.
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Systemic capillary leak syndrome (SCLS) is an ex-
tremely rare disease of unknown incidence (1). 

Typical manifestations of SCLS include hypotension, 
edema, hemoconcentration, and hypoalbuminemia 
after nonspecific prodromal illnesses (1,2). Increased 
capillary vascular permeability is the commonly ac-
cepted pathophysiology (1,2). However, the exact 
pathogenesis remains unclear. 

As part of the efforts to combat the ongoing pan-
demic of coronavirus disease (COVID-19), caused by se-
vere acute respiratory syndrome coronavirus 2, the US 
Food and Drug Administration on February 27, 2021, 
gave emergency use authorization to the Ad26.COV2.S 
vaccine (Johnson & Johnson/Janssen, https://www.jnj.
com). An SCLS case series reported 1 case of SCLS in a 
patient who received the Ad26.COV2.S vaccine (3). The 
European Medicines Agency reviewed 3 cases of SCLS 
in Ad26.COV2.S vaccine recipients and issued a report, 
published July 9, 2021, advising against administering 
the vaccine in persons with previous SCLS experiences 
(4). We describe a case of SCLS after Ad26.COV2.S vac-
cination in a patient with smoldering multiple myeloma.

A 38-year-old man reporting vomiting and dizzi-
ness sought treatment at an emergency department. 

A young man with smoldering multiple myeloma died of 
hypotensive shock 2.5 days after severe acute respirato-
ry syndrome coronavirus 2 vaccination. Clinical findings 
suggested systemic capillary leak syndrome (SCLS); the 
patient had experienced a previous suspected flare epi-
sode. History of SCLS may indicate higher risk for SCLS 
after receiving this vaccine. 
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Smoldering multiple myeloma had been diagnosed 
1.5 years before, but no laboratory abnormalities had 
been found in his most recent hospital visit 5 months 
earlier. He had received the Ad26.COV2.S vaccine 2 
days before the emergency department visit and expe-
rienced fever, chills, and myalgia 12–24 hours postvac-
cination, then nausea, recurrent vomiting, and general 
weakness 24–48 hours postvaccination. At admission, 
he was afebrile, his heart rate was 130 beats/min, and 
his blood pressure was 100/90 mm Hg, with no notice-
able edema. We administered isotonic saline and initi-
ated diagnostic evaluations: laboratory tests, imaging, 
and COVID-19 reverse transcription PCR. Test results 
(Table) showed marked hemoconcentration and hypo-
albuminemia. Chest and abdominal computed tomog-
raphy results were unremarkable. Six hours after ad-
mission, the patient was hypotensive (blood pressure 
60/40 mm Hg), had a heart rate of 132 beats/min, and 
reported dyspnea. We obtained blood cultures and 
treated the patient with broad-spectrum antimicrobi-
als, intravenous fluids, and inotropes. Despite these 
measures, the patient’s hypotensive shock worsened, 
and he died 10 hours after admission.

Although at admission the patient showed neither 
peripheral edema nor severe hypoalbuminemia, we 
suspected SCLS for several reasons. First, we could not 
entirely rule out infection, but results of blood cultures 
and COVID-19 testing were negative. Second, autopsy 
results showed no evidence of acute infection or car-
diovascular disease in the internal organs. We identi-
fied pulmonary edema, pleural effusion, and pericardi-
al effusion. Although pulmonary edema is atypical in 
acute SCLS attacks (leak phase), prolonged cardiopul-

monary resuscitation and fluid administration might 
have affected the autopsy findings. Histopathologic 
findings in both kidneys suggested autolysis or acute 
tubular necrosis, which helped exclude other possi-
ble etiologies of refractory hypotensive shock. Third, 
through medical chart review, we found that the pa-
tient in our study had been admitted 1.5 years earlier 
for fever, vomiting, myalgia, generalized edema, and 
hypotension (blood pressure 90/60 mm Hg). Labora-
tory results showed hemoconcentration (hematocrit 
58.4%) and hypoalbuminemia (3.03 g/dL at nadir), but 
diagnosis was unclear, and the patient recovered spon-
taneously after fluid administration. We retrospec-
tively assumed a flare episode of SCLS. Fourth, ≈80% 
of patients with SCLS have monoclonal gammopathy 
of undetermined significance (MGUS) (2,5), and there 
have also been other reports of SCLS in patients with 
multiple myeloma (2). The patient who had the previ-
ous reported case of SCLS after Ad26.COV2.S vaccina-
tion had MGUS (3), and the patient in our study had 
multiple myeloma. Recently, an additional report de-
scribed a patient with MGUS who experienced severe 
SCLS 2 days after receiving the ChAdOx1 nCOV-19 
vaccine (Oxford/AstraZeneca, https://www.astra-
zeneca.com); that patient also had an unrecognized 
previous episode of presumed SCLS (6).

 We believe a life-threatening flare developed after 
COVID-19 vaccination in the patient in our study who 
had a history suggestive of SCLS. Clinical findings were 
compatible with a previous report in which life-threat-
ening disease occurred 1–2 days after vaccination (3,6); 
we could identify no SCLS triggers other than receiv-
ing the COVID-19 vaccine. Data from a review article 

 
Table. Results of laboratory tests in patient with smoldering multiple myeloma who had SCLS develop after vaccination for severe 
acute respiratory syndrome coronavirus, South Korea* 

Clinical measures Reference range 
Test results after SCLS episodes 

5 mo earlier Postvaccination 
Leukocytes, 103/mm3  4–10 6.88 29.42 
Hemoglobin, g/dL 13–17 14.7 22.7 
Hematocrit, % 40–52 44.3 63.7 
Platelet, 103/mm3 140–440 259 133 
Albumin, g/dL 3.5–5.0 4.8 3.3 
Blood urea nitrogen, mg/dL 8–23 13.6 33 
Creatinine, mg/dL 0.7–1.2 0.94 2.0 
Aspartate transaminase, IU/L 10–35 22 30 
Alanine transferase, IU/L 0–40 14 4 
Total bilirubin, mg/dL 0.1–1.2 0.5 1.46 
Calcium, mg/dL 8.6–10.6 10.0 8.9 
Erythrocyte sedimentation rate, mm/h 0–20 Not done 13 
C-reactive protein, mg/dL 0–0.5 Not done 2.371 
Procalcitonin, ng/ml 0–5 Not done 0.641 
Troponin I, ng/mL 0–0.04 Not done 0.017 
Creatine kinase myocardial band, ng/mL 0.6–6.3 Not done 3.5 
N terminal-pro B-type natriuretic peptide, pg/mL 0–125 35.1 4,427 
Lactic acid, mmol/L 0.5–1.6 Not done 5.4 
Creatine phosphokinase, IU/L 1–171 Not done 276 
*Vaccine was Ad26.COV2.S (Johnson & Johnson/Janssen, https://www.jnj.com). SCLS, systemic capillary leak syndrome. 
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indicated that 44% of 134 patients had identifiable SCLS 
triggers; 88% of those were infections, usually respira-
tory, and 11% involved intense physical exertion or ex-
tended travel (7). There was also a case report of pos-
sible SCLS related to the influenza vaccine; although 
not clearly meeting all the criteria for SCLS, a peritoneal 
dialysis patient experienced recurrent episodes of hypo-
tension, peripheral edema, and hypoalbuminemia after 
2 consecutive seasons of influenza vaccination (8). Im-
munologic response to vaccination has been proposed 
as a possible mechanism (8), but further studies are 
needed to verify factors predisposing patients to SCLS 
after COVID-19 immunization.

In South Korea, 1,129,796 people had received 
the Ad26.COV2.S vaccine as of August 2, 2021 (9); 
we have found no other reports of possible SCLS 
in vaccine recipients in South Korea. Our report 
describes the clinical course and characteristics of 
SCLS after COVID-19 vaccination. SCLS is often dif-
ficult to diagnose and may be misdiagnosed as other 
diseases, such as culture-negative sepsis. Therefore, 
clinicians should be aware of possible SCLS, espe-
cially in at-risk populations, and medical histories 
should be examined before vaccine is administered. 
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After half of the adult popu-
lation in the United States 

has been fully vaccinated against 
coronavirus disease (COVID-19) 
to date (1), we seem to finally see 
the light at the end of the tun-
nel, after a 1.5-year battle with 
the most unprecedented public 
health crisis in modern history. 
We are reckoning with dev-
astating mid-pandemic chaos 
caused by avoidable mistakes that have added to  
adverse outcomes.

In this second edition of The Covid-19 Catastrophe: 
What’s Gone Wrong and How to Stop It Happening Again, 
Richard Horton, a medical expert and editor-in-chief of 
Lancet, leads us to revisit the COVID-19 crisis with his 
acumen, sharp arguments, and strong conscientious-
ness. Published in January 2021, this newer edition fea-
tures updated epidemiologic numbers on COVID-19 
and provides better data that account for discoveries 
and perspectives in the second half of 2020.

Before the main body, the author added a com-
prehensive introduction to explain the biology of the 
COVID-19 coronavirus and challenges of vaccine de-
velopment and distribution. It also summarizes ma-
jor lessons learned in response to COVID-19. Horton 
addresses awareness of the “terrible human cost” 
caused by lockdowns and potential long-term conse-
quences that could afflict COVID-19 survivors.

Chapter 1 describes the origin of the COVID-19 
pandemic by reviewing spread of the pandemic and 
responses from each country and the World Health 
Organization with a clear timeline. In Chapter 2, Hor-
ton engages the reader by asking, “Why were we not 
prepared?” A critical reason that most countries were 
unprepared was an underestimation of the danger of 
the coronavirus by political leaders and the general 
public, despite lessons learned from outbreaks of Eb-
ola and Zika.

Chapters 3–5 further discuss the “disturb-
ing twists” that might explain why countries were 

unprepared for COVID-19. Chapter 3 praises the 
efforts of frontline health workers and scientific 
groups in providing dependable knowledge regard-
ing COVID-19 and criticizes indecisive policymak-
ing in handling the emergency. In Chapter 4, Horton 
analyses responses of various countries and identi-
fies elements needed to have a robust and resilient 
health system capable of responding to such a pan-
demic. Chapter 5 details the failures of government 
responses to COVID-19 and discusses how political 
misinformation played a role in the failure.

Chapter 6 offers a thought-provoking philoso-
phy that emerging risks and problems we encounter 
today might result from our own developments (2). 
This chapter and the epilogue conclude with Hor-
ton’s opinions on the impact of COVID-19 on our fu-
ture, and strategies that help prepare us for the next 
pandemic. It is indispensable for the World Health 
Organization to strengthen its global coordinating 
role by mobilizing resources and establishing an ac-
countability mechanism.

The book is replete with straightforward facts 
and honest, bold, and sometmes furious arguments 
that show how COVID-19 is much more than merely 
a health crisis. “It is a crisis about life itself,” Hor-
ton writes. Although Horton makes some repetitive 
points throughout the book, we found it informative 
and a compelling reflection on the COVID-19 pan-
demic. It is a fascinating read for health professionals 
and nonhealth professionals who wish to understand 
the full scale of the cataclysmic pandemic we are cur-
rently experiencing.
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In 1874, members of the Société Anonyme des Artistes-
Peintres, Sculpteurs, Graveurs staged an exhibition 

of their work in the highly esteemed Salon de Paris, 
launching a movement now identified as Impression-
ism. Art historian Margaret Samu writes, “Their work 
is recognized today for its modernity, embodied in 
its rejection of established styles, its incorporation of 
new technology and ideas, and its depiction of mod-
ern life.” But this nascent art form was not universally 
applauded. Art and culture critic Jason Farago notes, 
“The movement’s name was originally a critic’s in-
sult. ‘Impressionist’ came from a venomous review of 
an 1874 exhibition of paintings by Monet, Renoir, De-
gas, Pissarro—and one woman.” A second exhibition 
in the spring of 1876 in Paris induced more mixed 
reactions; one detractor described its participants as 
“five or six lunatics, one of which is a woman.”

That woman, Berthe Morisot, became a leading 
figure of the Impressionist artistic movement of the 
19th century and is perhaps the most underrated Im-
pressionist. The granddaughter of the Rococo painter 

Jean-Honoré Fragonard, Morisot decided at an early 
age to become an artist. From 1862 to 1868, she worked 
under the guidance of landscape artist Camille Corot. 
Morisot exhibited paintings at the Salon de Paris from 
1864 through 1874, when, in support of the burgeon-
ing Impressionist movement, she vowed to never 
again show her paintings in the officially sanctioned 
forum. In 1868, Morisot developed a working friend-
ship with French modernist painter Édouard Manet. 
Manet had a liberating effect on her work, and she 
in turn aroused his interest in outdoor painting. In 
1874, she married Manet’s younger brother, Eugène, 
a writer and painter.

Columnist Tessa Solomon explains that “. . . 
Morisot’s gender also played a role in how she was 
perceived. Writers in her day used terms like ‘flir-
tatious’ and ‘charming’ to describe her work; nei-
ther were labels given to the paintings of Claude 
Monet, Pierre-Auguste Renoir, and others.” Even 
today, sexist undertones surface in the ways in 
which Morisot is discussed. In 2018, when the 
Barnes Foundation in Philadelphia mounted the 
first US retrospective devoted to her, it was sub-
titled “Woman Impressionist.” “Imagine a parallel 
case, say, ‘Georges Braque: Man Cubist,’” quipped 
art critic Peter Schjeldahl. (

Berthe Morisot (1841−1895), Hanging the Laundry Out to Dry (detail), 1875. Oil on canvas, 13 in x 16 in/33 cm x 40.6 cm. Public 
domain image, National Gallery of Art, Washington, DC, USA.
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Social conventions of the day kept Morisot from 
pursuing the same subject matter as her male counter-
parts, such as Monet and Renoir, who often painted 
popular sites of leisure around Paris. Because Morisot 
liked to paint outdoors―and frequenting such sites 
without a chaperone would have invited scandal―she 
instead depicted domestic scenes, landscapes, and 
portraits, stating, “It is important to express oneself, 
provided the feelings are real and are taken from your 
own experience.” Like Manet, she portrayed contem-
porary life, taking inspiration from quotidian life.  
Much of her work focused on the lives of women in 
French society, and this month’s cover image, Hanging 
the Laundry Out to Dry, is an example of her plein-air 
painting; that is, painting outdoors, which better cap-
tures the appearance of light and weather conditions. 

Morisot depicts several women hanging the 
washing to dry on a windy day. Clothing hangs off 
almost everything conceivable object in the garden. 
In the background, trees dot the countryside, perhaps 
marking the edges of the property, and steam trains 
travel across the horizon.  Clumps of billowing clouds 
race across the canvas, revealing glimpses of blue sky.  
In the foreground, a wood fence that parallels the dis-
tant horizon is also draped with laundry. By relying 
on flickering brushstrokes and a light palette, Morisot 
succeeds in briskly conveying a scene, not fixating on 
accuracy or detail.

Art historian Aleid Ford observes, “Figures and 
features of the scene are roughed-in rapidly. Per-
spective makes quick sense of the scene but Morisot 
doesn’t dither with sharp or acute detail. Rather, she 
seems to scrub the view clean with a bleached-out 
palette of pastels, anchoring the lot with that spindled 
fence along the front.” The large house and extended 
grounds suggest that a wealthy family lives there and 
employs a number of workers to handle daily chores 
such as laundry. According to exhibition notes from 
the Barnes Foundation, “Working women are a recur-
ring subject in Morisot’s painting. The cooks, maids, 
and servants employed by upper-middle-class house-
holds in the late 19th century were as much a part of 
Morisot’s daily life as her family and friends.”

A prolific artist, Morisot never enjoyed great 
commercial success despite having attained signifi-
cant critical recognition during her lifetime. In 1895, 
Morisot’s daughter Julia was ill with pneumonia, and 
although Julia recovered, Morisot succumbed to the 
disease while caring for her daughter and died at the 
age of 54. 

During Morisot’s lifetime, today’s vaccines and 
antimicrobials that can prevent or treat pneumonia 
did not exist. Even with prevention and treatment 

availability, pneumonia continues to affect hundreds 
of millions of people, old and young, around the globe. 
Many cases of pneumonia are caused by transmissible 
pathogens associated with outbreaks of disease, in-
cluding influenza A and B virus, parainfluenza, meta-
pneumovirus, measles virus, and respiratory syncytial 
virus. Of particular importance is the ongoing corona-
virus disease pandemic, approaching its second year 
of circulating globally. Its mitigation requires both 
vaccines and nonpharmaceutical interventions.

Respiratory infections caused by transmissible 
pathogens can also be mitigated by wearing masks, 
maintaining physical distance, practicing hand and 
face hygiene, cleansing surfaces, avoiding crowds, 
and increasingly engaging in outdoor activities as 
feasible. Morisot’s portrayal of women working out-
doors in the fresh air and sunshine may be a picture 
of days past, but, nonetheless, it now also conveys a 
modern message, showing how nonpharmaceutical 
interventions can help prevent the transmission of re-
spiratory diseases.
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1.  Your patient is a 62-year-old male kidney transplant 
recipient with fever and respiratory symptoms in 
whom ehrlichiosis is suspected. On the basis of 
the case series and literature review by Mowla and 
colleagues, which one of the following statements 
about donor-derived ehrlichiosis and anaplasmosis 
cases in the United States among solid organ 
transplant recipients is correct? 
A.  During 1997 to 2020, most cases of ehrlichiosis  

and anaplasmosis in transplant recipients were  
donor-derived

B.  Ehrlichia chaffeensis ehrlichiosis was the most 
common organ donor-derived infection, occurring in 
8 solid organ transplant recipients (7 kidney, 1 liver 
transplant recipient)

C.  Half of cases in transplant recipients had fever
D.  None of the donor-derived ehrlichiosis cases died, but 

two thirds of the confirmed cases were admitted to the 
intensive care unit (ICU)

2.  According to the case series and literature review 
by Mowla and colleagues, which one of the following 
statements about donor-derived ehrlichiosis and 
anaplasmosis cases in the United States among 
transfusion recipients is correct?

A.  Of the 12 cases of transfusion-transmitted ehrlichiosis 
or anaplasmosis reported from 1997 to 2020, 8 were a 
result of transfused platelet components 

B.  Most transfusion-associated cases were ehrlichiosis
C.  Among anaplasmosis cases, 2 had ICU treatment for 

respiratory failure, hypotension, and hypoxia 
D.  One third of transfusion recipients with donor-derived 

ehrlichiosis and anaplasmosis died

3.  On the basis of the case series and literature 
review by Mowla and colleagues, which one of the 
following statements about clinical implications of 
donor-derived ehrlichiosis and anaplasmosis cases 
in the United States among solid organ transplant and 
transfusion recipients is correct? 
A.  Transfusion- or transplant-transmitted ehrlichiosis and 

anaplasmosis are rare but cause severe outcomes 
including recipient death, mandating clinician 
awareness of these infections

B.  Ehrlichiosis and anaplasmosis cases in the US have 
been stable since 2000

C.  Solid organ transplant donors should be screened 
using approved laboratory screening interventions

D.  Studies of asymptomatic infection among blood 
donors and survivability of infection in blood  
suggest the risk for transmission is lower than 
previously recognized




