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Invasive meningococcal disease (IMD) remains a 
major cause of death and permanent disability 

worldwide (1). IMD is caused by Neisseria meningitidis, 
a gram-negative diplococcus bacterium, which fre-
quently colonizes the human nasopharynx and might 
spread from person-to-person by respiratory droplets 
or direct contact with respiratory secretions. However, 
only a small proportion of persons will show develop-
ment of invasive infection, typically with serogroups 
A, B, C, W or Y (2). IMD is most common in the dry 
winter and spring, in overcrowded households, and 
in persons who have preceding upper respiratory 
tract infections, splenectomy, and in the presence of 
terminal complement deficiencies (3,4).

Untreated, IMD can rapidly progress to death or 
major disability because of sepsis and the sequelae 
of meningitis. Early disease identification and treat-
ment with parenteral antimicrobial drugs are vital in 
reducing illness and death. Initial signs and symp-
toms of the disease can be nonspecific and difficult 
to distinguish from those of less severe illnesses (5). 
In addition to the typical manifestations of sepsis or 
meningitis, atypical manifestations are well described 
and include septic arthritis, pneumonia, pericarditis, 
gastroenteritis, and epiglottitis (5–9). Conjunctivitis 
is also recognized, although is not usually associated 
with systemic illness (10,11).

Since early outbreaks were described during 
the Hajj pilgrimages of 2000 and 2001 (12,13), IMD 
caused by N. meningitidis serogroup W (MenW) has 
been increasingly responsible for epidemics globally 
(1,14–16). MenW has also emerged as a cause for en-
demic disease in South Africa, the United Kingdom, 
and Chile (17–19).

In Australia, IMD has historically been caused by 
endemic cases of serogroup B and C infection (3,6). 
Since 2013, there has been an increase in the incidence 
and proportion of IMD caused by MenW; in 2016, it 
was the predominant meningococcal serogroup in 
Australia (3,6). During 2003–2015, the case-fatality 
rate for infection with MenW in Australia was 10.7%, 
which was more than twice the case-fatality rate for 
all IMD serogroups combined (6). Until 2017, the 
Northern Territory was the only state in Australia 
that had not experienced an increase in IMD caused 
by MenW (20).

A conjugate meningococcal C vaccine has been 
funded and provided by the Australian National Im-
munisation Program since 2003 for all children at the 
age of 12 months, which reflects the previous pre-
dominance of IMD caused by this serogroup (6,21). 
A meningococcal B vaccine, and several quadrivalent 
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Neisseria meningitidis serogroup W has emerged as an 
increasingly common cause of invasive meningococcal 
disease worldwide; the average case-fatality rate is 10%. 
In 2017, an unprecedented outbreak of serogroup W in-
fection occurred among the Indigenous pediatric popu-
lation of Central Australia; there were 24 cases over a 
5-month period. Among these cases were atypical mani-
festations, including meningococcal pneumonia, septic 
arthritis, and conjunctivitis. The outbreak juxtaposed a 
well-resourced healthcare system against unique chal-
lenges related to covering vast distances, a socially 
disadvantaged population, and a disease process that 
was rapid and unpredictable. A coordinated clinical and 
public health response included investigation of and em-
piric treatment for 649 febrile children, provision of pro-
phylactic antimicrobial drugs for 465 close contacts, and 
implementation of a quadrivalent meningococcal ACWY 
conjugate vaccine immunization program. The response 
contained the outbreak within 6 months; no deaths and 
only 1 case of major illness were recorded.

SYNOPSIS
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meningococcal A, C, W, Y (MenACWY) conjugate 
vaccines, are registered for use in Australia but were 
not part of the funded program during 2017 (6,21).

During July–December 2017, an outbreak of IMD 
caused by MenW occurred in Central Australia. We 
report case manifestations and the clinical and public 
health response.

Methods

Ethics and Setting
This study was approved by the Central Australian 
Human Research Ethics Committee (CA-18-3032). 
Alice Springs Hospital is the regional referral center 
for Central Australia and has a catchment area that 
covers ≈1.6 million km2 (Figure 1). This area encom-
passes the city of Alice Springs, Northern Territory, 
and the surrounding remote communities and has a 
total population of ≈60,000 persons, many of whom 
are Indigenous Australians, identifying as Aboriginal 
or Torres Strait Islander (ATSI). The hospital has a 40-
bed pediatric ward with ≈1,800 pediatric admissions/
year. The closest tertiary pediatric service with a pe-
diatric intensive care unit (ICU) is ≈1,600 km away, in 
Adelaide, South Australia.

Of the 58 communities within the catchment 
area, 20 are within South Australia and Western 
Australia state jurisdictions. Pediatric patients 
from these communities are treated at Alice Springs 
Hospital because of cultural links and the relative 
proximity of the pediatric unit in comparison to 
those within state borders. The communities are lo-
cated 80–1,000 km from the hospital. Most remote 
communities are serviced by a local medical clinic 
staffed by remote area nurses or general practitio-
ners. The clinics are equipped with common anti-
microbial drugs, including ceftriaxone, and are able 
to administer these drugs by intravenous cannula-
tion or intramuscular injection. The clinic staff do 
not routinely perform more complex investigative 
procedures such as lumbar punctures and difficult 
venipuncture.

Case Definitions and Laboratory Methods
After the outbreak period, we conducted a retro-
spective review of MenW cases treated by the Alice 
Springs Hospital pediatric service during July–De-
cember 2017. We used a standardized questionnaire 
to gather information from medical records at the 
hospital and, where necessary, at the community clin-
ics. We defined cases as detection of N. meningitidis 
by culture or PCR from a usually sterile site (blood, 
cerebrospinal fluid [CSF], or synovial fluid) or from 

purulent eye discharge, with serogrouping demon-
strating serogroup W.

Culture samples were initially incubated in the 
Bact/Alert 3D Microbial Detection System (bioMéri-
eux, https://www.biomerieux.com). Positive blood 
cultures were then inoculated onto chocolate agar 
and further incubated in an atmosphere of 5% CO2 at 
35°C. Colonies were identified N. meningitidis by us-
ing API NH (bioMérieux). Susceptibility testing was 
performed by using Etest (bioMérieux) and the Aus-
tralian Meningococcal Surveillance Programme in-
terpretive criteria (20) and serogroup determined by 
using Pastorex Meningitis test kits (Bio-Rad, https://
www.bio-rad.com) and Remel Meningococcus Ag-
glutinating Sera (ThermoFisher Scientific, https://
www.thermofisher.com). Meningococcal PCR was 
used for the sodC, porA, and ctrA genes by using 
reported methods (22,23). Cultured isolates were 
subsequently characterized by using multilocus se-
quence typing (24).

Clinical and Public Health Response
In September 2017, after 9 case-patients with MenW 
(4.1 cases/100,000 persons in the ATSI population 
<15 years of age) had been admitted to the pediat-
ric ward at Alice Springs Hospital, the Centre for 
Disease Control (CDC) in the Northern Territory 
declared an outbreak (25). A clinical and public 
health response was coordinated by CDC and Alice 
Springs Hospital.

The team developed a clinical case definition 
to denote any child <16 years of age who had a fe-
ver (temperature >38°C) as a suspected case-patient 
with IMD. A management protocol, referred to as 
the fever protocol, was instituted in which all pa-
tients from the Alice Springs Hospital catchment 
area who fit the case definition were investigated 
by using a blood culture and meningococcal PCR, 
and treated empirically with intravenous or intra-
muscular ceftriaxone (100 mg/kg/d) until their 
results were available. Additional investigations 
(e.g., lumbar puncture) were performed as clini-
cally indicated. All primary and secondary health 
services in the Alice Springs Hospital catchment 
area across the Northern Territory, South Austra-
lia, and Western Australia followed this protocol. 
Patients from remote communities were retrieved 
by the Royal Flying Doctor Service (RFDS) and 
admitted to Alice Springs Hospital for observa-
tion until their results were available. For patients 
from urban Alice Springs, access to transport and 
social circumstances were considered in determin-
ing admission to the pediatric ward or discharge 
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home with outpatient review within 24 hours by a 
dedicated, daily, pediatric fever clinic. Cases were  
classified on the basis of clinical signs and symptoms 
at presentation and  investigation results (Table 1) 
and based on case definitions used in previous out-
breaks (7,10,11,26–29).

Concurrent to the clinical response, CDC launched 
a widespread public health response that included pro-
viding prophylactic antimicrobial drugs (ceftriaxone 
or ciprofloxacin) to close contacts and implementing  

of an MenACWY immunization campaign. A total of 
530 close contacts (30) were identified, of whom 465 
(87.7%) received prophylactic antimicrobial drugs.

The immunization campaign began in early Oc-
tober 2017. Initially, the vaccine was provided for all 
persons 1–19 years of age who were living in remote 
communities in the Central Australia, Barkly, and 
Katherine West regions. In urban Alice Springs, Ten-
nant Creek, and Katherine, the vaccine was initially 
provided to ATSI persons (1–19 years of age), but on 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1357

Figure 1. Alice Springs Hospital 
catchment area, Central Australia. 
Red dot indicates Alice Springs 
township; orange dots indicate 
Northern Territory communities; 
purple dots indicate Western 
Australia communities;  
gray dots indicate South  
Australia communities.
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November 1, 2017, this campaign was expanded to 
also include non-Indigenous persons. On  December 
1, 2017, the MenACWY vaccine replaced the menin-
gococcal C vaccine in the Northern Territory vacci-
nation schedule for all babies 12 months of age. As 
March 21, 2018, the MenACWY vaccine had been ad-
ministered to 81% of the estimated eligible ATSI pop-
ulation and to 49% of the estimated eligible non-In-
digenous population living in the outbreak area (31).

As the immunization campaign was implement-
ed, the protocol for managing febrile patients was ad-
justed to reflect immunization status. Management of 
immunized patients was based on their clinical signs 
and symptoms, rather than on the presumption of 
IMD. The outbreak was declared over on March 23, 
2018, 3 months after the last case was identified.

Results

Outbreak Description
During the 5 months starting in July 2017, a total of 
24 patients with MenW were admitted to the Alice 
Springs Hospital pediatric ward. We found an attack 
rate of 10.9 cases/100,000 persons for the ATSI popu-
lation <15 years of age (Figure 2). In comparison, in 
Australia during 2011–2015, there were 0–2 cases/
year in the ATSI population (0–0.9 cases/100,000 per-
sons/year) and 9 cases during 2016 (4.1 cases/100,000 
persons) (20,25,32).

During the 9-month outbreak period, ≈649 pa-
tients were managed under the fever protocol. In 
addition to the 24 cases of MenW, 1 case was caused 
by meningococcal serogroup Y and 1 by nongroup-
able meningococci. One additional case-patient had 
MenW during March 2017 (isolated meningococce-
mia) but the isolate was a different sequence type (ST) 
and was not classified as part of the outbreak. Two 
additional cases of MenW occurred in adult patients 
during this time but were not managed according to 
the pediatric fever protocol.

The 24 cases of MenW during the outbreak 
comprised 23 cases of IMD and 1 case of MenW 

conjunctivitis. Only 1 patient had had possible con-
tact with an index case-patient; this contact was 4 
days before development of MenW infection. For 
all other patients, there was no identified contact 
with an index case-patient.

We compiled demographic and clinical details for 
the 24 outbreak patients (Table 2). The patients came 
from 18 of the 58 communities in the Alice Springs Hos-
pital catchment area (Figure 1). All cases were among 
ATSI children. Fifteen (63%) patients were transferred 
to Alice Springs Hospital from remote communities by 
the RFDS. There were more male (71%) patients than 
female (29%) patients. Patients ranged in age from 3 
months to 14 years; 54% were <4 years of age.

The MenACWY immunization campaign started 
in early October 2017. After mid-October, 6 addition-
al cases of IMD were reported; the final case-patient 
came to the hospital on December 23, 2017 (Figure 
2). All cases of MenW occurred in unimmunized pa-
tients. One patient with suspected MenW infection 
had received the MenACWY vaccine 12 days before 
being identified. For this case-patient, the blood PCR 
result was equivocal; the patient was given intrave-
nous antimicrobial drugs for 5 days, but results for 
this patient are not included in this report.

Seventeen (71%) cases were confirmed by culture 
(blood, synovial fluid, or eye swab specimen) and 7 
by PCR (blood or CSF). Of the cases that were culture 
positive, susceptibility to penicillin was intermediate 
(MIC 0.064 to <0.5 µg/mL) for 15 cases (88%) and re-
sistant (MIC >0.5 to 1 µg/mL) for 2 cases (12%). No 
isolates were penicillin susceptible, and all were sus-
ceptible to ceftriaxone. Multilocus sequence typing of 
isolates indicated that all belonged to clonal complex 
11 (MenW:cc11), ST 1287 (33).

All but 1 case-patient (96%) had samples that 
were tested by PCR. For 7 case-patients, this testing 
was necessary to obtain a diagnosis because ceftri-
axone had been administered before blood or CSF 
collection. For the remaining 16 case-patients, PCR 
testing was used to obtain a more rapid diagnosis 
because PCR results were available in a shorter time 
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Table 1. Diagnostic categories of patients with meningococcal serogroup W infection, Central Australia, 2017* 

Diagnostic category (reference) Clinical signs/symptoms 
Site of MenW isolation by 

culture or PCR Additional investigations 
Meningococcemia (28,29) Fever (temperature >38°C) without a focus Blood None 
Meningitis  Fever; any signs of meningism (e.g., 

headache, neck stiffness, photophobia) 
CSF None 

Bacteremic pneumonia (7,26,27) Fever; cough Blood Radiologic consolidation 
by chest radiograph 

Septic arthritis (7) Fever; joint pain and swelling Synovial fluid None 
Conjunctivitis (10,11) Conjunctival inflammation with purulent 

discharge 
Eye discharge None 

*CSF, cerebrospinal fluid; MenW, serogroup W of Neisseria meningitidis. 
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frame than culture results, thereby enabling prompt 
allocation of appropriate resources.

All case-patients with invasive disease had a fe-
ver (temperature >38°C) (Table 2). The time interval 
between first arrival at a clinic and commencement 
of appropriate antimicrobial drug treatment (ceftriax-
one) varied between 36 minutes and almost 55 hours 
(median 4.7 hours) (Table 2). For the patient who re-
ceived ceftriaxone 55 hours after first arrival, the pa-
tient received daily examinations at the local clinic for 
respiratory symptoms. The first documented fever 
was on day 3 of illness, at which point ceftriaxone was 
administered and the patient was transferred to Alice 
Springs Hospital by RFDS. The patient was given a 
diagnosis of isolated meningococcemia, given ceftri-
axone for 5 days, and showed a full recovery.

Seven patients received penicillin (amoxicillin 
or benzathine penicillin) before ceftriaxone. Of those 
patients, 5 had positive cultures, 4 had intermediate 
penicillin sensitivity, and 1 had penicillin resistance. 
For 6 case-patients, penicillin was administered be-
fore specimen collection (≈8–24 hours before for each 
case-patient). The mean time from initial clinic arrival 
to first dose of ceftriaxone was significantly longer for 
these patients compared with patients who received 
ceftriaxone as first-line treatment (26.1 hours vs. 6.0 
hours; p = 0.0011). The mean length of stay was also 
significantly longer for patients who initially received 
penicillin compared with patients who received cef-
triaxone as first-line therapy (25.6 days vs. 6.4 days, p 
= 0.06). These patients include 1 patient who required 
transfer to a tertiary center because of meningococ-
cemia, purpura fulminans, and a below-knee ampu-
tation and who had a prolonged hospital admission 
(128 days). The time interval from initial clinic arrival 
to the first dose of ceftriaxone for this patient was 16.8 
hours. Benzathine penicillin had been administered 
previously, and the isolate from this case-patient 
showed intermediate susceptibility to penicillin.

There were no deaths during the outbreak. Four 
(17%) patients (2 with meningitis, 1 with isolated me-
ningococcemia, and 1 with purpura fulminans) were 
initially admitted to the ICU; the remainder were 
admitted directly to the pediatric ward. When we 
excluded the patient who had major illness and re-
quired transfer to a tertiary center, we found that the 
median length of stay for the remaining 23 patients 
was 5 days (range 4–15 days) (Table 2).

The most common diagnosis was isolated me-
ningococcemia (50%), followed by meningitis (25%), 
bacteremic pneumonia (17%), septic arthritis (4%), 
and conjunctivitis (4%) (Table 2). Typical manifesta-
tions occurred across all age groups, whereas atypical 

manifestations occurred only in younger patients (<7 
years of age). Of the 12 patients with isolated menin-
gococcemia, 7 (58%) were suspected by the admitting 
clinician of having alternative dignoses: pneumoni-
tis/bronchiolitis (2), gastroenteritis (2), meningitis (1), 
acute rheumatic fever (1), and viral illness (1). Three 
patients had a purpuric rash (purpura fulminans de-
veloped in 1 of these patients). There was no signifi-
cant difference in age (mean 9.3 years vs. 3.8 years; 
p = 0.08) or the time interval to receiving ceftriaxone 
(mean 11.5 hours vs. 11.5 hours; p = 0.30) between 
patients with isolated meningococcemia who had a 
purpuric rash compared with patients who did not 
have this rash.

Six (25%) patients had meningitis, all confirmed 
by PCR for CSF. One patient who had meningitis also 
had meningococcemia (positive blood culture and 
PCR). Four patients with meningitis (80%) had per-
sistent bradycardia during their admission.

Four (17%) patients had MenW bacteremic pneu-
monia. Eight (33%) patients had arthritis or arthralgia 
as an initial symptom, but only 1 patient was given a 
diagnosis of MenW septic arthritis. One patient had 
severe, bilateral MenW conjunctivitis that was con-
firmed by culture and PCR. Although conjunctivitis 
was not invasive disease, this patient was admitted 
for administration of parenteral antimicrobial drugs 
and required a public health response. Despite ap-
propriate antimicrobial treatment, 4 patients had a 
prolonged admission at Alice Springs Hospital (12–15 
days) because of persistent fevers, persistent arthral-
gias, or both.

Anaphylaxis developed in 1 patient managed 
under the fever protocol after administration of  
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Figure 2. Timeline for outbreak of meningococcal W disease, 
showing case manifestations, by month, Central Australia,  
2017. MenACWY, quadrivalent meningococcal A, C, W, Y 
conjugate vaccine.
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ceftriaxone. This patient was given treatment in the 
emergency department at Alice Springs Hospital and 
admitted to the ICU overnight for observation. The pa-
tient had had no history of allergy or anaphylaxis to any 
antimicrobial drug. This episode was the only adverse 
event that occurred as a result of the fever protocol.

Discussion
The outbreak of MenW among the ATSI population 
in Central Australia was unique because it juxtaposed 
a well-resourced healthcare system against challeng-
es related to covering vast distances, a socially dis-
advantaged population, and a disease process that 
was  rapid and unpredictable. The clinical and pub-
lic health responses resulted in no deaths and only 
1 case-patient who had major illness, in contrast to 
previously documented case-fatality rates elsewhere 
of 10% (2,6,34,35).

The ATSI population of Australia has a higher 
rate of IMD than the non-Indigenous population 
(36,37). During 2016, Indigenous persons in Australia 
comprised 3.3% of the total population of this country 
but accounted for >10% of IMD reports (38). The ATSI 
population has a high disease burden for numerous 
infectious conditions, including lower respiratory 
tract infections, group A Streptococcus skin sores, and 
scabies (39,40). The underlying determinants relate 
to socioeconomic factors and include higher rates of 
overcrowded housing, educational disadvantage, 
poorer nutrition, higher unemployment rates, and re-
duced access to specialist medical care (41). These fac-
tors overlap with known risk factors for IMD (42–44).

Early signs of IMD make it difficult to distin-
guish from other causes of febrile illness. Therefore, 
the broad case definition used in the fever protocol 
was considered necessary, given the remote location 
of the affected communities. The spread of a relative-
ly small number of pediatric patients across a wide 
and remote area, with access to well-equipped local 
medical services, an air retrieval service (RFDS), and 
a secondary pediatric referral service, made the fever 
protocol response possible.

A total of 25% of case-patients had atypical 
manifestations of IMD (bacteremic pneumonia, sep-
tic arthritis, conjunctivitis), and all those cases were 
in younger children (<7 years of age). In previous 
MenW outbreaks overseas, rates of atypical mani-
festations have varied from 4% to 25% (29,45,46). 
Gastrointestinal symptoms (vomiting, diarrhea, or 
both) were present in 11 (44%) patients during this 
outbreak, although only 2 (8%) patients were initially 
believed to have gastroenteritis at initial clinic visit. 
Gastrointestinal symptoms have been associated 
with a high case-fatality rate in 2 previous studies, al-
though these studies involved a hypervirulent ST11 
strain of MenW (8,46).

For the 17 case-patients from whom MenW was 
isolated by culture, reduced susceptibility to penicil-
lin reflected previously documented antimicrobial 
drug susceptibility patterns for MenW in Australia 
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Table 2. Characteristics of 24 case-patients who had 
meningococcal serogroup W infection, Central Australia, 2017* 
Characteristic Value 
Age, y  
 Median (25%–75% percentile) 5.2 (1.7–7.2) 
 Range 0.3–14.7 
Sex  
 M 17 (71) 
 F 7 (29) 
Australian Aboriginal 24 (100) 
No. communities affected (n = 58) 18 (31) 
Location of communities  
 Northern Territory 14 (78) 
 South Australia 3 (17) 
 Western Australia 1 (5) 
Air retrieval to Alice Springs Hospital 15 (63) 
Signs/symptoms  
 Fever 23 (96) 
 Tachycardia 18 (75) 
 Vomiting 10 (42) 
 Cough/respiratory distress 7 (29) 
 Arthritis/arthralgia 8 (33) 
 Meningism 7 (29) 
 Hypotension 6 (25) 
 Purpuric rash 3 (13) 
 Diarrhea 2 (8) 
 Petechial rash 1 (4) 
 Conjunctivitis 1 (4) 
Diagnosis  
 Isolated meningococcemia 12 (50) 
 Meningitis 6 (24) 
 Bacteremic pneumonia 4 (16) 
 Septic arthritis 1 (4) 
 Conjunctivitis 1 (4) 
Admission location 
 Pediatric ward 20 (83) 
 Intensive care unit 4 (17) 
Length of admission, d 
 Median (25%–75% percentile) 5.5 (5–8.5) 
 Range 4–128 
Duration of antimicrobial drug use, d  
 Median (25%–75% percentile) 6 (5–8) 
 Range 4–14 
Time from visit to health service to first dose of ceftriaxone, h 
 Median (25%–75% percentile) 4.7 (1.6–15.6) 
 Range 0.6–54.9 
Complications  
 Persistent bradycardia 4 (17) 
 Persistent arthralgia 4 (17) 
 Persistent fevers 3 (13) 
 Coagulopathy 1 (4) 
 Acute kidney injury 1 (4) 
 Below-knee amputation 1 (4) 
Culture positive 17 (71) 
Penicillin sensitivity  
 Intermediate 15 (88) 
 Resistant 2 (12) 
PCR positive 23 (96) 
*Values are no. (%) unless otherwise indicated. 
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(22,47). ST1287 isolates have previously been de-
scribed in sporadic cases in Western Australia and 
were associated with penicillin resistance (48). Of the 
7 patients in this outbreak who initially received peni-
cillin, 1 patient had a major illness (purpura fulmi-
nans) and a complication (below-knee amputation). 
The other 6 patients did not have a complicated clini-
cal course. Treatment with penicillin is still effective 
against penicillin-intermediate strains if given at high 
doses (48), and it is possible that the clinical course for 
these patients was somewhat attenuated compared 
with if they had received no initial treatment before 
being given ceftriaxone.

Prolonged hospital admission was required for 
5 case-patients (4 patients at Alice Springs Hospital 
and 1 patient at a tertiary referral center). The cause 
of the prolonged duration of symptoms for the 4 pa-
tients at Alice Springs Hospital was not clear, but all 
patients had their illnesses resolve before discharge 
from the hospital. No characteristics clearly differ-
entiated these patients from the rest of the cohort. 
The 4 patients had meningitis, septic arthritis, bac-
teremic pneumonia, and meningococcemia. Two of 
these patients had a comparatively longer time in-
terval between first presentation to a clinic and re-
ceiving their first dose of ceftriaxone (20.8 hours for 
the patient with meningitis and 39.2 hours for the 
patient with septic arthritis). However, the intervals 
were much shorter for the other 2 patients (1.2 hours 
for the patient with bacteremic pneumonia and 14.3 
hours for the patient with meningococcemia). For 
the second 2 patients, there was an interval of only 
2.2 hours between their first documented fever and 
their first dose of ceftriaxone. These case-patients 
were clinically challenging, which resulted in longer 
admissions, additional investigations (e.g., echocar-
diogram, lumbar puncture, joint aspirate) and lon-
ger courses of antimicrobial drug therapy. A possible 
cause was immune complex disease, known to occur 
in the subacute phase of meningococcal disease. This 
disease can cause symptoms of arthritis, vasculitis, 
pleuritis, body temperature increase, and increased 
levels of inflammatory markers 4–10 days after sys-
temic disease (49).

The public health response coordinated by CDC 
required complex planning because of geographic 
and logistical challenges. This response was further 
limited by movement of persons between communi-
ties, which is inherent to the ATSI population of Cen-
tral Australia. This limitation complicated the task of 
locating contacts for provision of prophylactic antimi-
crobial drugs, as well as the subsequent MenACWY 
vaccination campaign.

The number of pediatric meningococcal case-pa-
tients admitted to Alice Springs Hospital decreased 
after the vaccination campaign was initiated (Figure 
2). The fever protocol considered persons to be pro-
tected 4 weeks after vaccination (50), at which time 
their management was based on clinical manifesta-
tions, rather than on the presumption of IMD.

The response incurred costs and might not be 
practical for other settings. The response also greatly 
increased the workload of the local medical clinics, 
the RFDS, and the Alice Springs Hospital emergen-
cy department and pediatric department. There was 
an economic impact of increased staffing; additional 
investigations, including meningococcal PCR and 
blood cultures; and increased provision of antimicro-
bial drugs. However, this impact must be balanced 
against the cost of the probable increased rate of com-
plications and transfers to a tertiary center, which 
might have occurred if treatment had been delayed. 
The empiric administration of ceftriaxone to all pa-
tients who had fever during the early phase of the 
outbreak also carries the potential for promoting anti-
microbial drug resistance.

Replicating the response to this outbreak in more 
densely populated areas would be challenging, and 
a different approach might be appropriate in situa-
tions in which direct access to secondary and tertiary 
health services is available. However, the response to 
this outbreak was extremely effective in this particu-
lar setting and resulted in a low illness rate and a zero 
fatality rate for a disease that is typically devastating.
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In the 21st century, chikungunya virus (CHIKV) 
has emerged as a mosquitoborne disease of glob-

al relevance, causing large epidemics because of its 
widespread dissemination in tropical and subtropical 
areas (1). Infected persons usually develop an acute 
febrile illness associated with joint pains, myalgia, 
headache, and other signs and symptoms that can 

lead to misdiagnosis with other arboviral illnesses, 
such as dengue virus (DENV) and Zika virus (ZIKV) 
infections. Noteworthy with chikungunya, the ar-
thralgia is often severely debilitating and may last for 
months to years (1,2). 

After the introduction of CHIKV into the Carib-
bean region in 2013, the virus spread rapidly, caus-
ing large outbreaks (3,4). In certain Caribbean islands, 
such as Puerto Rico and the US Virgin Islands, the 
rate at which CHIKV infection was symptomatic was 
estimated at >70% (5,6). However, it remains unclear 
whether the attack rates in outbreaks in large popu-
lation centers in the Americas created sufficiently 
high levels of herd immunity to preclude subsequent 
epidemics. Furthermore, 2 CHIKV strains were in-
troduced and are cocirculating in the Americas; it is 
unclear whether the proportions of symptomatic in-
fections differ on the basis of strain type, population, 
or region. 

In Brazil, CHIKV was first detected in September 
2014, almost simultaneously in the cities of Oiapoque, 
in the northern state of Amapá, where the Asian gen-
otype was implicated (7), and in Feira de Santana, in 
the northeast state of Bahia, where the East/Central/
South African (ECSA) genotype was detected (7,8). The 
virus spread rapidly throughout the country, reach-
ing all states by 2015 (9), and peaked in 2016, when 
≈280,000 probable cases were recorded (10). The north-
east region was the most affected by CHIKV (9,10,11); 
this same area was also the most affected by ZIKV in 
2015–2016 (12,13). 

In Salvador (population 2.9 million [14]), the capi-
tal of Bahia state, which is located ≈100 km from Feira 
de Santana, we retrospectively identified that CHIKV 
had been circulating since September 2014 (15), but 
outbreaks first occurred between June and November 
2015 (12,15). In this study, we used the prevalence 
of CHIKV IgG as an indicator of all (i.e., symptom-
atic and asymptomatic) previous infection in a slum  
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After a chikungunya outbreak in Salvador, Brazil, we 
performed a cross-sectional, community-based study of 
1,776 inhabitants to determine chikungunya virus (CHIKV) 
seroprevalence, identify factors associated with expo-
sure, and estimate the symptomatic infection rate. From 
November 2016 through February 2017, we collected so-
ciodemographic and clinical data by interview and tested 
serum samples for CHIKV IgG. CHIKV seroprevalence 
was 11.8% (95% CI 9.8%–13.7%), and 15.3% of seropos-
itive persons reported an episode of fever and arthralgia. 
Infections were independently and positively associated 
with residences served by unpaved streets, a presump-
tive clinical diagnosis of chikungunya, and recall of an epi-
sode of fever with arthralgia in 2015–2016. Our findings 
indicate that the chikungunya outbreak in Salvador may 
not have conferred sufficient herd immunity to preclude 
epidemics in the near future. The unusually low frequency 
of symptomatic disease points to a need for further longi-
tudinal studies to better investigate these findings. 
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community of Salvador and assessed the proportion 
of cases in which these infections were symptomatic. 
In addition, we investigated factors potentially asso-
ciated with prior CHIKV infection. 

Methods 

Study Site and Participant Selection
We performed a cross-sectional study in Pau da 
Lima, a poor community in Salvador characterized 
by high population density and substandard sani-
tation infrastructure (16,17). Since 2003, this com-
munity has been the site for several studies aiming 
to determine the epidemiology and the transmis-
sion dynamics of leptospirosis (17–19), dengue, and 
other arboviral diseases (15,16,20,21), as well as the 
burden of chronic noncommunicable diseases on 
the community and its residents (22,23). Detailed 
information about the sociodemographics of the 
Pau da Lima community, environment, and urban 
infrastructure has been previously described in  
these studies.

We surveyed the residents of 3 contiguous val-
leys in Pau da Lima from November 2016 through 
February 2017. During the enrollment process, we 
visited all households in the study site and invited 
all residents ≥5 years of age who slept ≥3 nights per 
week in the house to participate. 

Data Collection
We used a standardized questionnaire during house-
hold visits to obtain data on participant demographic 
and socioeconomic conditions. Data collected were 
age, sex, self-reported skin color, education level, oc-
cupation or work, household per capita income, ma-
terial of housing walls (wood or other material that is 
not brickwork, plastered or not plastered), quality of 
streets accessing house (paved or unpaved), and num-
ber of residents per household (Appendix, https://
wwwnc.cdc.gov/EID/article/26/7/19-0846-App1.
pdf). We also collected self-reported data on prior 
presumptive clinical diagnosis of DENV, ZIKV, and 
CHIKV infection and on history of fever, arthralgia, 
myalgia, rash, and pruritus, at any time after January 
2015. This information covered health effects from 
the period immediately before and after the peak of 
CHIKV transmission in Salvador, which occurred 
during June–November 2015 (12,15). We recorded 
the duration of arthralgia among participants who 
reported this symptom. We conducted the interviews 
on computer tablets and used Research Electronic 
Data Capture software (REDCap; https://projectred-
cap.org/software/) to store the data (24). 

Serologic Evaluation
During the household visits, we collected 10 mL of 
blood from each participant and transported the 
samples on the same day, stored at 2°C–8°C, to our 
laboratory at the Instituto Gonçalo Moniz, Fundação 
Oswaldo Cruz, in Salvador. We centrifuged the sam-
ples to obtain serum, which we aliquoted and stored 
at -20°C until evaluation. We tested serum samples by 
using the IgG ELISA technique (Euroimmun, https://
www.euroimmun.com) to detect specific CHIKV IgG. 

For samples showing positive results for IgG, 
we then tested with a CHIKV IgM ELISA (InBios, 
https://inbios.com); we used the presence of IgM as a 
proxy for a more recent CHIKV infection than if there 
were no IgM. We interpreted both the CHIKV IgG 
and IgM ELISA results according to manufacturer in-
structions: CHIKV IgG absorbance/calibrator levels 
were negative at <0.8, indeterminate at ≥0.8 to <1.1, 
and positive at ≥1.1; CHIKV IgM absorbance/calibra-
tor levels were negative at <0.9, indeterminate at ≥0.9 
to <1.1, and positive at ≥1.1. We retested samples in-
dicating indeterminant results on the initial test and 
considered the results obtained final. 

To confirm the accuracy of results from the IgG 
ELISA, we performed a blind plaque-reduction neu-
tralization test (PRNT) of a stratified random sample 
of 60 serum samples (30 positive and 30 negative from 
the CHIKV IgG ELISA) for CHIKV to determine ≥90% 
reductions in plaque counts (PRNT90), as described 
elsewhere (25). To investigate whether cryoglobuli-
nemia could have reduced the sensitivity of the IgG 
ELISA, we retested 100 samples, randomly selected 
from those that had been IgG negative, using a pre-
warmed (2 h at 37°C) and centrifuge protocol (26). 

Data Analysis
We used absolute and relative frequencies or medi-
ans and interquartile ranges (IQR) to characterize the 
sociodemographics and also reported presumptive 
diagnoses and history of symptoms of study partici-
pants. We used χ2 or Wilcoxon rank-sum tests to com-
pare the sex and age distribution for those who did 
agree to be enrolled in the study with the distribution 
for those who did not. We used a 2-tailed p value of 
<0.05 to define statistically significant differences. 

We calculated the prevalence of CHIKV IgG 
overall and according to participants’ characteristics 
and categorized continuous variables so we could 
estimate CHIKV seroprevalence by groups. We 
stratified age into ranges of 5–14 years, 15–39 years, 
and ≥40 years to account for the disproportionately 
young average age of the sample; we characterized 
education level as illiterate for participants who had 
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never studied and literate for participants who had 
studied >1 year. We determined those living in pov-
erty using the World Bank’s criteria for poverty in 
upper-middle-income countries of <$5.50/day (US 
dollars) per capita household income (27). We ob-
tained 95% CIs for the prevalence measures, adjust-
ing them for the design effect of sampling house-
holds as clusters. 

We used bivariate and multivariate Poisson re-
gression models with robust variance and adjustment 
for design effect to verify associations between previ-
ous CHIKV infection and the sociodemographic and 
clinical characteristics of participants. We calculated 
prevalence ratios with 95% CIs and included all vari-
ables that had bivariate analyses with a p value <0.20 
in the multivariate analyses. We then used a back-
ward selection method to build 2 final multivariate 
models, retaining variables with a p value <0.05. The 
first model included only sociodemographic variables 
to investigate their role in CHIKV infection, whereas 
the second model included only clinical characteris-
tics to address their capacity to predict a positive se-
rologic result. 

Among the participants with a positive CHIKV 
IgG ELISA, we estimated the frequencies of symp-
tomatic CHIKV infection by calculating the propor-
tion of those who reported fever simultaneously ac-
companied by arthralgia after January 2015, likely 
recent CHIKV infection by calculating the proportion 
of those with a positive IgM test result, and presump-
tive clinical suspicion of chikungunya by calculating 
the proportion of those who reported having received 
that diagnosis. Wilcoxon rank-sum test was used to 
compare the median duration of arthralgia between 
those reporting arthralgia accompanied by fever and 
those reporting only arthralgia. Poisson regression 
models with robust variance, adjusted for design ef-
fect, were used to compare sociodemographic and 
clinical characteristics between participants with 
symptomatic CHIKV infections and those with as-
ymptomatic infections and between participants with 
likely recent and those with likely nonrecent CHIKV 
infections. We set a two-tailed p value <0.05 to define 
statistically significant differences. We performed 
data analysis using Stata version 14 software (Stata-
Corp, https://www.stata.com) (28). 

Ethics Considerations
This study was approved by the Research Ethics Com-
mittee of Gonçalo Moniz Institute, Oswaldo Cruz 
Foundation (CAAE n° 55904616.4.0000.0040). Before 
any study procedure, all participants ≥18 years of age 
signed an informed consent form; those <18 years of 

age who were able to read signed an informed assent, 
with their parents providing a signed consent. 

Results 

Participants Characteristics
Among the 2,651 eligible residents in the study site, 
1,776 (67.0%) agreed to participate in this study. Those 
who consented were younger than those who refused 
(median age 26 years [IQR 16–40] vs. 35 years [IQR 
21–46]; p <0.01). Of those who consented, a greater 
proportion were female (57.0%) than those who did 
not consent (52.0%; p<0.01). Most participants had a 
nonwhite (black or mixed) skin color (93.8%), lived in 
a household with a per capita income <$5.50/day (US 
dollars) (80.8%), and had not completed elementary 
school education (59.0%) or were illiterate (4.3%). 

Prevalence of Previous CHIKV Infection and  
Associated Factors
Among the 1,772 (99.8%) participants from whom we 
collected and tested a blood sample, 209 (11.8%, 95% 
CI 9.8%–13.7%) had had a previous CHIKV infec-
tion, as determined by the detection of CHIKV IgG. 
Of the 30 random IgG ELISA positive samples tested 
by CHIKV PRNT90, 27 (90%) were positive; of the 30 
random IgG-negative samples, all were also negative 
in PRNT90 (agreement 95%; kappa 90%). Of the 100 
IgG-negative samples that we retested to evaluate 
whether cryoglobulinemia had reduced ELISA sensi-
tivity, 2 (2%) returned positive results, but these re-
sults had low absorbance/calibrator levels (1.11 and 
1.15) compared with those observed for the 209 posi-
tive samples (median 3.53, IQR 3.11–3.82). 

In bivariate analyses, prevalence of previous 
CHIKV infection did not differ by sex, skin color, pov-
erty level, or number of residents per household (Ta-
ble 1). However, we found a statistically significant 
association with other indicators of socioeconomic 
status, residing on unpaved streets and living in 
houses whose walls were unplastered or were made 
of wood or other materials; in addition, we found a 
nonsignificant trend of greater prevalence among 
participants who were older, illiterate, or reported 
not working (Table 1). Furthermore, the prevalence of 
previous CHIKV infection was statistically greater for 
participants who had received a presumptive clinical 
diagnosis of an infection by any of 3 cocirculating ar-
boviruses—CHIKV, DENV, or ZIKV—and for those 
who reported having symptoms compatible with an 
arboviral infection—fever with arthralgia, myalgia, 
rash, or pruritus—after January 2015, when CHIKV 
emerged in Salvador (Table 1).
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The only sociodemographic characteristic associ-
ated with previous CHIKV infection in the multiple 
variable analyses was residence on an unpaved street 
(prevalence ratio [PR] 1.52, 95% CI 1.07–2.15) (Table 

2). In addition, independent clinical predictors for 
previous CHIKV infection included recall of a pre-
sumptive medical diagnosis of chikungunya (PR 2.83, 
95% CI 1.97–4.05) and report of an episode of fever 
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Table 1. Prevalence of previous chikungunya virus infection, determined by detection of IgG, by demographic and clinical 
characteristics, Salvador, Brazil, November 2016–February 2017 
Characteristic No. participants No. positive (prevalence, %) p value 
Sociodemographic    
 Sex    
  M 761 93 (12.2) 0.60 
  F 1,011 116 (11.5)  
 Age, y    
  5–14 396 41 (8.1) 0.35 
  15–39 921 104 (11.9)  
  ≥40 455 63 (14.9)  
 Skin color    
  Nonwhite 1,662 199 (12.0) 0.39 
  White 110 10 (9.1)  
 Household per capita income in US$/day*    
  ≤5.50 1,429 171 (12.0) 0.69 
  >5.50 340 37 (10.9)  
 Education    
  Illiterate 76 14 (18.4) 0.06 
  Literate 1,696 195 (11.5)  
 Occupation/work    
  Yes 604 60 (9.9) 0.08 
  No 1,164 148 (12.7)  
 Residence located in an unpaved street    
  Yes 1,003 139 (13.9) 0.02 
  No 767 70 (9.1)  
 Type of residence construction    
  Plastered wall 1,447 154 (10.6) 0.04 
  Unplastered wall 211 33 (15.6)  
  Wood or other material 106 21 (19.8)  
 Residents per household    
  1 145 13 (9.0) 0.31 
  2–3 676 89 (13.2)  
  4–5 608 60 (9.0)  
  ≥6 340 5 (13.5)  
Clinical: reported symptoms† 
 Fever and arthralgia    
  None 1,212 111 (9.2) <0.01 
  Only fever 322 38 (11.8)  
  Only arthralgia 89 20 (22.5)  
  Both, not simultaneous 40 7 (17.5)  
  Both, simultaneous 96 32 (33.3)  
 Myalgia    
  Yes 222 42 (18.9) <0.01 
  No 1,548 167 (10.8)  
 Rash    
  Yes 216 50 (23.2) <0.01 
  No 1,554 158 (10.2)  
 Pruritus    
  Yes 206 46 (22.3) <0.01 
  No 1,563 163 (10.4)  
Presumptive clinical diagnosis 
 Chikungunya    
  Yes 48 24 (50.0) <0.01 
  No 1,724 185 (10.7)  
 Dengue    
  Yes 111 21 (18.9) 0.02 
  No 1,661 188 (11.3)  
 Zika    
  Yes 147 38 (25.9) <0.01 
  No 1,625 171 (10.5)  
*Data not shown for 3 participants. 
†Reported symptoms with onset after January 2015. 
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with arthralgia (PR 2.26, 95% CI 1.43–3.57) after Janu-
ary 2015, but not for separate episodes of fever or ar-
thralgia (Table 2). 

Frequency of Symptomatic Infections among  
Participants with CHIKV IgG
Of the 209 participants with detected CHIKV IgG, 32 
(15.3%) recalled an episode of fever and arthralgia 
after January 2015. The median duration of arthral-
gia for these 32 positive participants was 5 (IQR 3–9) 
days; the longest duration was 60 days for 1 person. 
Participants with symptomatic infection tended to be 
older (p = 0.07); more frequently reported other clini-
cal manifestations compatible with CHIKV infection, 
such as myalgia, rash, and pruritus (p<0.01 for each 
symptom); and more commonly received a presump-
tive clinical diagnosis of chikungunya or Zika (p<0.01 
for both) but not of dengue (p = 0.62) (Table 3).

Frequency of Presumptive Clinical Diagnosis  
of Chikungunya
Among the 209 participants with a previous CHIKV 
infection, 24 (11.5%) reported receiving a clinical pre-
sumptive diagnosis of chikungunya. Although low, 
this frequency was 7.5 (95% CI 4.3–12.9) times greater 
than the 1.5% (24/1,563) frequency among the par-
ticipants who were negative for CHIKV IgG (p<0.01). 
Noteworthy for the 32 CHIKV-infected participants 
who had symptomatic disease, 20 (62.5%) reported a 

presumptive clinical diagnosis of chikungunya (Table 
3). On the other hand, of the 48 participants who re-
ported having received a clinical presumptive diag-
nosis of chikungunya, 24 had CHIKV IgG detected, 
indicating a positive predictive value of 50% for the 
presumptive diagnosis.

Frequency of CHIKV IgM 
Among the 209 participants who were positive for 
CHIKV IgG, 49 (23.4%) also had CHIKV IgM, possibly 
indicating a recent infection. We found no associations 
between sociodemographic or clinical characteristics 
and the presence of CHIKV IgM (data not shown).

Discussion
Despite retrospective evidence of a chikungunya 
outbreak in Salvador during June–November 2015 
(12,15), we found that ≈2 years later (November 
2016–February 2017), <12% of the subjects enrolled 
in this large cross-sectional neighborhood survey had 
been infected by CHIKV. This seroprevalence is much 
lower than that found in 3 additional CHIKV sero-
logic surveys performed in Brazil at that time. During 
November–December 2015, in Feira de Santana, ≈100 
km from Salvador, the prevalence of prior CHIKV 
infection was estimated at 57.1%; in the urban area 
of Riachão do Jacuípe, 185 km from Salvador, preva-
lence was estimated at 45.7% (29). In the rural area of 
Riachão do Jacuípe, the prevalence of prior CHIKV 
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Table 2. Crude and adjusted prevalence ratios for persons with previous chikungunya virus infection, by demographic and clinical 
characteristics, Salvador, Brazil, November 2016–February 2017 
Characteristic Crude prevalence ratio (95% CI)* Adjusted prevalence ratio (95% CI)† 
Sociodemographic  Model 1 
 Illiteracy 1.60 (0.99–2.60) 

 

 Not working 1.28 (0.97–1.68) 
 

 Residence located in an unpaved street 1.52 (1.07–2.15) 1.52 (1.07–2.15) 
 Type of residence construction   
  Plastered wall Referent 

 

  Unplastered wall 1.47 (0.92–2.35) 
 

  Wood/Other material 1.86 (1.06–3.28) 
 

Clinical: reported symptoms‡  Model 2 
 Fever and arthralgia  

 

  None Referent Referent 
  Only fever 1.29 (0.89–1.86) 0.96 (0.62–1.49) 
  Only arthralgia 2.45 (1.60–3.75) 1.55 (0.95–2.53) 
  Both, not simultaneous 1.91 (0.97–3.77) 1.22 (0.56–2.67) 
  Both, simultaneous 3.64 (2.51–5.28) 2.26 (1.43–3.57) 
 Myalgia 1.75 (1.23–2.50) 

 

 Rash 2.28 (1.68–3.08) 
 

 Pruritus 2.14 (1.51–3.03) 
 

 Presumptive clinical diagnosis   
  Chikungunya 4.66 (3.35–6.48) 2.83 (1.97–4.05) 
  Dengue 1.67 (1.09–2.56) 

 

  Zika 2.45 (1.78–3.39) 
 

*Crude prevalence ratios shown for variables with bivariate p values <0.20, selected for inclusion in the initial multiple variable model. 
†Two different multiple variable models were applied using backward selection. The first model included only sociodemographic variables to investigate 
potential exposures associated with CHIKV infection; the second model included only clinical characteristics to investigate predictors of seropositivity.  
‡Reported symptoms with onset after January 2015. 
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infection was 20.0% in April 2016 (30). It is unlikely 
that a gradual decrease in the IgG levels over time in-
fluenced these differences, because we surveyed the 
participants relatively soon after the outbreak. Thus, 
the wide range of prevalence levels in adjacent cities 
most possibly indicates that the intensity of CHIKV 
transmission, after its first introduction, may vary 
greatly even among relatively close locations. 

Serum surveys performed in Haiti during De-
cember 2014 and February 2015, about 1 year af-
ter detection of the index case in the country, also 
found large variations in the seroprevalence (mean 
of 78.4% for the urban sites and 44.9% for the rural 

sites) (31). These differences may be related to Ae-
des spp. infestation levels and diversity, variations 
in local geographic and climate conditions, the pre-
dominant CHIKV strain circulating, and even by in-
teractions when the vector species may be coinfected 
with CHIKV and other circulating arboviruses, such 
as ZIKV and DENV. Furthermore, a very localized 
and self-restricted CHIKV outbreak has been recent-
ly described in Salvador (32), which suggests that lo-
cal environmental characteristics and patterns of hu-
man activity and movement in specific regions may 
be responsible for the emergence of CHIKV and the 
extent of its spread. 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1369

 
Table 3. Comparison of sociodemographic and clinical characteristic of participants with symptomatic versus asymptomatic 
chikungunya virus infection Salvador, Brazil, November 2016 to February 2017* 

Characteristic 
Disease status of infected participants, no. %† 

p value Symptomatic, n = 32 Asymptomatic, n = 177 
Sociodemographic 
 Sex    
  M 12 (37.5) 81 (45.8) 0.39 
  F 20 (62.5) 96 (54.2)  
 Age, y    
  5–14 2 (6.3) 40 (22.6) 0.07 
     15–39 22 (68.8) 82 (46.3)  
  ≥40 8 (24.9) 55 (31.1)  
 Education‡    
  Illiterate 1 (3.1) 13 (7.4) 0.42 
  Literate 31 (96.9) 163 (92.6)  
 Skin color    
  White 0 10 (5.7) NA 
  Nonwhite 32 (100) 167 (94.3)  
 Household per capita income, US$/day‡    
  ≤5.50 27 (84.4) 144 (81.8) 0.73 
  >5.50 5 (15.6) 32 (18.2)  
Clinical: reported symptoms 
 Fever and arthralgia    
  None 0 111 (62.7) <0.01 
  Only fever 0 39 (22.0)  
  Only arthralgia 0 20 (11.3)  
  Both, not simultaneous 0 7 (4.0)  
  Both, simultaneous 32 (100) 0  
 Myalgia    
  Yes 18 (56.3) 24 (13.6) <0.01 
  No 14 (43.7) 153 (86.4)  
 Rash    
  Yes 22 (68.7) 28 (15.9) <0.01 
  No 10 (31.3) 148 (84.1)  
 Pruritus    
  Yes 21 (65.6) 25 (14.1) <0.01 
  No 11 (34.4) 152 (85.9)  
Presumptive clinical diagnosis 
 Chikungunya    
  Yes 20 (62.5) 12 (6.8) <0.01 
  No 12 (37.5) 165 (93.2)  
 Dengue    
  Yes 4 (12.5) 17 (9.6) 0.62 
  No 28 (87.5) 160 (90.4)  
 Zika    
  Yes 18 (56.3) 20 (11.3) <0.01 
  No 14 (43.7) 157 (88.7%)  
*NA, not available 
†CHIKV disease status was defined as symptomatic on the basis of self-reported fever accompanied by arthralgia after January 2015. 
‡Data not available for 1 participant with an asymptomatic CHIKV infection. 
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In bivariate analyses, we found that structural 
deficiencies in the housing and on the streets where 
the houses were located were associated with previ-
ous CHIKV infection, pointing to a social gradient 
that poses an increased risk for virus exposure among 
the most vulnerable residents. Urban areas served by 
unpaved streets and where the walls of houses are 
not plastered, or made of wood or of other mate-
rial other than brick, often also lack basic sanitation 
services, such as regular garbage collection and po-
table water. These conditions, in turn, influence im-
proper disposal of trash and accumulation of water 
in containers, both well-known breeding grounds for  
Aedes mosquitoes. 

In addition, low education levels in such settings 
may limit residents’ ability to access, understand, 
and act on information about measures to prevent 
mosquitoborne diseases (33,34). Individual- and 
ecologic-level studies in rural Kenya (35), Nicaragua 
(36), and Colombia (37) have also showed that socio-
economic vulnerability and living near sites where 
water accumulates are associated with increased 
chikungunya incidence. 

The widely accepted understanding of CHIKV 
infection has been that the majority (>70%) of infected 
persons develop a symptomatic form of the disease 
(1). We, conversely, found a frequency of symptom-
atic infection, defined by having arthralgia accompa-
nied by fever, of only 15.3%. Other studies have also 
found low proportions of symptomatic CHIKV infec-
tion. In Brazil, serologic surveys estimated the pro-
portion of symptomatic CHIKV infection to be 32.7% 
in Feira de Santana and 41.2% in Riachão do Jacuípe 
(29). Prospective cohort studies, a more robust study 
design for determining the natural history of disease, 
have also found low proportions of symptomatic in-
fections. For example, during a cohort follow-up in 
the Philippines, the subclinical incidence of CHIKV 
infection was 10.0 per 100 person-years, while the in-
cidence of symptomatic CHIKV infection was 2.2 per 
100 person-years, indicating that <20% of those in-
fected exhibited symptoms (38). However, because of 
the small geographic range of the studies, these find-
ings should be considered limited. 

Differences in symptomatic infection rates may 
be related to the lineage of CHIKV that is circulat-
ing (39,40), the diversity in human immunological 
responses driven by specific genetic characteristics 
(41), or even by the CHIKV exposure dose delivered 
by mosquitoes (42). In our study, we found that both 
women and persons ≥15 years of age were more like-
ly to have symptomatic CHIKV infections than oth-
ers, but the power of our analyses was limited by the 

small number of CHIKV infections that we detected. 
However, our results are in accordance with other 
studies that suggest that women are at increased risk 
for symptomatic disease and that risk for symptomat-
ic disease increases with age (29). Further cohort stud-
ies are needed to determine the factors that may in-
fluence whether the infection becomes symptomatic.  
We also found that chronic arthralgia after CHIKV in-
fection was uncommon; the maximum reported dura-
tion for the articular pain was 60 days, observed in 
just 1 (0.5%) of the 209 CHIKV-infected persons. 

On the basis of these findings, we hypothesize 
that asymptomatic and milder clinical manifesta-
tions with less severe arthralgia and low rates of the 
disease becoming chronic may occur under certain 
circumstances of CHIKV infection. If further inves-
tigation supports this hypothesis, this finding might 
partially explain the low proportion of participants 
testing positive for CHIKV who received a correct 
presumptive diagnosis. 

We did find that report of a presumptive clinical 
diagnosis of chikungunya disease was strongly associ-
ated with having CHIKV IgG (positive predictive val-
ue of 50%). Thus, during and after outbreaks, persons 
exhibiting CHIKV-associated symptoms and suspect-
ed disease should be clinically tested because of the 
likelihood of having confirmed chikungunya disease. 

Our study findings have limitations. First, we 
surveyed just 1 neighborhood of Salvador and, thus, 
could not capture potential variations in prior expo-
sure to CHIKV within the city. However, because the 
community where we conducted the study has poor 
sanitation infrastructure, which is associated with a 
higher density of Aedes aegypti mosquitoes, and high 
population density, associated with greater risk of 
arboviral transmission, it is unlikely that the CHIKV 
seroprevalence of the city population overall was 
much higher than the one we measured in the Pau da 
Lima community. 

Second, we used a commercial CHIKV IgG ELI-
SA to detect previous CHIKV infections. Prior studies 
have reported high accuracy levels for this test (sen-
sitivity 88%–100%, specificity 82%–95% (43,44). In 
our ELISA retesting of 100 IgG negative samples, we 
found that cryoglobulinemia likely did not influence 
our seroprevalence; moreover, we found an excellent 
agreement between the IgG ELISA and the PRNT90. 
However, because cryoglobulinemia had been de-
scribed for CHIKV (45), further surveys should con-
sider this possible effect. 

Third, although transmission of other alphavi-
ruses, such as Mayaro and o’nyong-nyong, has not 
been reported in northeastern Brazil, because we 
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did not perform PRNT90 for other alphaviruses, we 
cannot completely rule out the possibility of cross-
reactions. In addition, it has been shown that IgG 
seroconversion might not occur or may occur at 
later stages after CHIKV infection, possibly due to 
a strong and longlasting CHIKV IgM immune re-
sponse (46). It is possible that this diagnostic limi-
tation hampered detection of some cases of CHIKV 
infection, especially those occurring shortly before 
the survey was conducted. 

Fourth, the proportion of symptomatic infections 
may have been underestimated because of the 2-year 
gap between the chikungunya outbreak in Salvador 
and when the study was conducted and because we 
did not consider those reporting only fever or only 
arthralgia to have symptomatic disease. Thus, the ob-
served symptomatic rate from our study should be 
considered a minimum level. Last, the cross-sectional 
design made it difficult to determine the temporal 
relation between exposures to risk and occurrence of 
CHIKV infection. 

In summary, our findings suggest that although 
CHIKV and ZIKV both spread through Salvador 
in the same year, 2015 (12,15,47), transmission of 
CHIKV seems to have been much less intense, reach-
ing ≈12% of the population, compared to estimates of 
63%–73% for ZIKV (22,48). Viral competition within 
hosts and vectors may be a key element in explaining 
this dynamic. Further comparative studies on immu-
nopathogenesis and vectorial competence are needed 
to clarify why these 2 arboviruses, transmitted by the 
same mosquito vectors, presented such different pat-
terns of transmission spread, given that the popula-
tion was completely naive for both of them. 

Our findings also show that other parts of Bra-
zil and the Americas may be largely susceptible to 
CHIKV transmission. It is thus necessary to maintain 
surveillance to promptly detect further epidemics 
and to invest in developing and evaluating target in-
terventions, such as vaccines and novel approaches 
for vector control, that will help protect the popula-
tion from CHIKV and other arboviral infections. 
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Hepatitis A virus (HAV) is transmitted through 
the fecal–oral route either by person-to-person 

contact or by ingestion of contaminated food or water 
(1). With the availability of the hepatitis A vaccine in 
1995 and the routine vaccination of children in high-
incidence states (including California) since 1999 and 
nationally since 2006, the incidence of HAV infection 
has declined dramatically in the United States (2,3). 
Hepatitis A vaccine is highly effective; it has a sero-

conversion rate of ≈100% (4). Nevertheless, despite 
the substantial decline in HAV infection, sporadic 
cases and outbreaks continue to occur.

During 2016–2018, San Diego County, California, 
experienced one of the largest hepatitis A outbreaks 
in the United States in 2 decades (5). This outbreak 
was characterized by hepatitis A spread through 
person-to-person contact among persons experienc-
ing unstable housing situations with or without illicit 
drug use (5). Since 2017, similar outbreaks have been 
reported in 25 states; some of the index cases in those 
outbreaks were linked to San Diego. As of Novem-
ber 1, 2019, a total of 27,634 cases, 16,679 hospital-
izations, and 275 deaths have been recorded in the 
United States (6).

The public health response to the outbreak in 
San Diego focused on a 3-pronged strategy to vacci-
nate, sanitize, and educate (7). Local health systems, 
including University of California San Diego Health 
(UCSDH), closely and proactively collaborated with 
San Diego County Public Health (SDCPH) to partici-
pate in the outbreak control initiatives. We report the 
public health contribution of the academic medical 
center through the implementation of hospital-level 
prevention and outbreak management activities.

Methods

Study Setting
Our study was a retrospective review of hepatitis 
A diagnoses and vaccinations administered by SD-
CPH and UCSDH. SDCPH first declared a hepati-
tis A outbreak on March 8, 2017, and traced the first 
case to November 22, 2016 (Figure 1). The outbreak 
control vaccination initiatives began on March 10, 
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During 2016–2018, San Diego County, California, USA, 
experienced one of the largest hepatitis A outbreaks in 
the United States in 2 decades. In close partnership 
with local healthcare systems, San Diego County Public 
Health led a public health response to the outbreak that 
focused on a 3-pronged strategy to vaccinate, sanitize, 
and educate. Healthcare systems administered nearly 
half of the vaccinations delivered in San Diego County. 
At University of California San Diego Health, the use of 
informatics tools assisted with the identification of at-risk 
populations and with vaccine delivery across outpatient 
and inpatient settings. In addition, acute care facilities 
helped prevent further disease transmission by delaying 
the discharge of patients with hepatitis A who were expe-
riencing homelessness. We assessed the public health 
roles that acute care hospitals can play during a large 
community outbreak and the critical nature of ongoing 
collaboration between hospitals and public health sys-
tems in controlling such outbreaks.



Community Outbreak of Hepatitis A, California

2017. SDCPH declared a public health emergency 
on September 1, 2017, and California health officials 
declared a state of emergency on October 13, 2017 
(Figure 1). A declining number of cases resulted in 
lifting of the public health emergency on January 23, 
2018. SDCPH declared the outbreak over on October 
18, 2018 (7) (Figure 1).

UCSDH comprises 2 geographically distinct cam-
puses within the same healthcare system. The Hill-
crest campus of UCSDH is a 386-bed hospital in the 
urban center of the city of San Diego and is located at 
the epicenter of the acute hepatitis A outbreak. The 
Institutional Review Board at University of California 
San Diego reviewed this study and deemed it to be 
exempt from approval as a category 4 study.

Implementation of Hospital-Level  
Outbreak-Control Initiatives
Hospital-level prevention and outbreak management 
focused on a similar strategy. The strategy comprised 
3 components: vaccinate, sanitize, and educate.

Vaccination
Vaccination initiatives began with self-identified 
homeless patients seeking care at the UC San Diego 
Medical Center Hillcrest emergency department 
(ED) upon outbreak recognition in March 2017. To 
optimize vaccination administration, a best practice 
advisory (BPA), a customized alert in the electronic 
health records (EHR) (EpicSystems, https://www.
epic.com), was constructed to flag the charts of self-
identified homeless patients starting August 1, 2017. 
This BPA prompted providers to order the hepatitis 
A vaccine as described in Castillo et al. (8). From June 
2017 through full implementation of the interven-
tion in homeless persons in October 2017, these ef-
forts were expanded with a second BPA, designed to 
identify patients with >1 of the following risk factors:  

homelessness, illicit drug use, alcohol abuse, cirrhosis, 
hepatitis B infection, and hepatitis C infection. This 
second BPA was constructed to increase preexposure 
vaccination efforts during inpatient hospitalizations 
at both campuses or when patients entered the care 
system in the ambulatory clinics or urgent care cen-
ters at UCSDH. Patients were not tested for HAV im-
munity before vaccination, but with each vaccination 
ordered, we reviewed the countywide vaccination 
registry for prior vaccinations. In addition, we con-
tacted a subgroup of high-risk patients using the on-
line patient portal for prioritized vaccination.

In May 2017, acute hepatitis A developed in a 
healthcare worker at UCSDH. The healthcare worker 
had provided care to several patients hospitalized 
with acute HAV infection and did not report any risk 
factors for hepatitis A other than occupational expo-
sure. According to SDCPH, 7 additional healthcare 
workers acquired acute hepatitis A occupationally 
throughout San Diego County. Thus, healthcare per-
sonnel were deemed to be at risk, and SDCPH sup-
ported the recommendation by the UCSDH health-
care epidemiologist to offer vaccines at no charge to 
healthcare workers. Priority was given to healthcare 
providers with direct patient contact, along with en-
vironmental service workers and food handlers em-
ployed by the hospital, given the possibility of HAV 
transmission through ingestion of contaminated 
food or water. Hepatitis A vaccine and seasonal in-
fluenza vaccine were offered together as peer-to-peer 
vaccines during hospitalwide influenza vaccination 
drives, and hepatitis A vaccine was not denied to any 
healthcare workers requesting vaccination.

Sanitation
Enhanced contact precautions were implemented in 
patients with acute HAV infection during the out-
break period. These precautions were instituted in 
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Figure 1. Timeline of hepatitis A outbreak, San Diego County, California, USA, 2017–2018. BPA, best practice advisory; ED, 
emergency department.
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the setting of difficult-to-control diarrhea in patients 
with HAV infection, which most likely contributed 
to the documented transmission to healthcare work-
ers who had direct contact with patients. Enhanced 
cleaning and disinfection were applied to rooms of 
patients with hepatitis A. Given some data suggest-
ing that quaternary ammonium compounds provide 
insufficient virucidal disinfection (9), rooms occupied 
by patients with hepatitis A were cleaned daily with 
chlorine bleach products using the same disinfection 
procedures used for rooms occupied by patients with 
Clostridioides difficile infection. Potluck meals on hos-
pital units were temporarily discontinued to further 
reduce the possibility that healthcare workers would 
acquire hepatitis A at work. In addition, because 
the outbreak centered on poor sanitary conditions, 
personal hygiene kits provided by SDCPH, which 
included hand sanitizers, soaps, cleansing wipes, 
bottled water, informational flyers, and waste bags, 
were widely distributed to at-risk patients in EDs 
and inpatient hospitalizations. Because the popula-
tion at risk lacked regular access to sanitary living 
conditions, SDCPH coordinated with hospital staff 
on discharge planning. Patients who were potentially 
contagious and homeless remained hospitalized until 
they were able to be discharged to a temporary shel-
ter with private restrooms. Starting October 2017, SD-
CPH contracted with a hotel for housing of infectious 
patients. All hotel staff who interacted with patients 
were vaccinated, and rooms were disinfected using a 
standard protocol.

Education
Several articles and communications on hepatitis A 
were published and disseminated in UCSDH patient-
oriented email newsletters to educate the general 
public. Nurses distributed information about hepa-
titis A, along with personal hygiene kits, to at-risk 
patients. Healthcare personnel were informed of the 
ongoing HAV outbreak and employee vaccination 
clinics through regularly scheduled UCSDH commu-
nications emails.

Data Collection
We defined a hepatitis A case as illness that met the 
clinical case definition (an acute illness with a discrete 
onset of any signs or symptoms consistent with acute 
viral hepatitis and either jaundice or elevated serum 
alanine aminotransferase or aspartate aminotrans-
ferase) with laboratory criteria for diagnosis (posi-
tive IgM) or an epidemiologic link to a person with 
laboratory-confirmed hepatitis A (10). We obtained 
the number of hepatitis A cases in San Diego County 

during November 1, 2016–October 31, 2018, from SD-
CPH. We obtained the number of hepatitis A cases 
diagnosed at UCSDH from the infection prevention/
clinical epidemiology unit and Epic Icon (EpicSys-
tems), a data-mining software used in infection sur-
veillance. We further stratified hepatitis A cases di-
agnosed at UCSDH on the basis of whether patients 
required inpatient hospitalization. We derived length 
of stay using Epic Icon.

We obtained the number of hepatitis A vaccines 
administered in San Diego County March 1, 2017–
October 31, 2018, through the vaccination initiative 
from SDCPH. To collect the number of vaccinations 
administered at UCSDH, we used Epic Slicer Dicer 
(EpicSystems), a self-service analytics tool within the 
Epic EHR. We further stratified vaccinations admin-
istered at UCSDH according to the locations in which 
vaccinations were delivered (inpatient hospitaliza-
tion, urgent care, ambulatory clinic, ED, or occupa-
tional health) and the patients’ risk factors (homeless-
ness, illicit drug use, alcohol abuse, hepatitis B virus 
infection, hepatitis C virus infection, HIV infection, 
cirrhosis) within the EHR-based registries. The risk 
factors were not mutually exclusive, and we stratified 
data to identify patients with >1 risk factors.

Results

Hepatitis A Cases
During November 1, 2016–October 31, 2018, a total of 
592 confirmed or probable outbreak-associated cases 
of HAV infection occurred in San Diego County. Al-
though the initial cases of hepatitis A could be traced 
back to November 2016, the outbreak was recognized 
in March 2017, and cases peaked in August 2017 (Fig-
ure 2). During the 2-year period, acute hepatitis A 
was diagnosed in 144 patients at UCSDH. Cases be-
gan in March 2017 and peaked in July 2017 (Figures 2, 
3). Among these 144 patients, 119 (83%) were hospi-
talized (Figure 3). In comparison, before the outbreak 
period (November 1, 2012–October 31, 2016), acute 
hepatitis A was diagnosed in 9 patients at UCSDH, of 
whom 5 (56%) were hospitalized.

The mean length of stay for the 119 patients ad-
mitted to UCSDH was 6.0 days (median 3.0 days, 
range 1–57 days) (Figure 3). Mean length of stay for 
all patients admitted to UC San Diego Medical Center 
was 5.38 days during November 1, 2016–October 31, 
2018. Starting October 2017, SDCPH contracted with 
a hotel for housing of infectious patients. During No-
vember 1, 2016–September 31, 2017, before the avail-
ability of housing, mean length of stay for the 102 
patients hospitalized was 6.4 days (range 1–57 days) 
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(Figure 3). In comparison, during October 1, 2017–Oc-
tober 31, 2018, after housing became available, 17 pa-
tients were hospitalized; mean length of stay was 3.8 
days (range 1–17 days) (Figure 3).

Vaccine Administration
During March 1, 2017–October 31, 2018, a total of 
207,862 hepatitis A vaccines were administered in San 
Diego County (Table 1). Vaccination efforts in San Di-
ego County began in March 2017, sharply increased in 
August 2017, and peaked in October 2017. A second 
peak occurred around April 2018, when the second 
dose, which is typically given 6–12 months after the 
primary vaccination, was due (Figure 2). Among the 
207,862 vaccines delivered in San Diego, San Diego 
County administered 57,052 (27%) vaccines: 23,620 
(11%) by mass vaccination events, 5,820 (3%) by foot 
teams, and 848 (<1%) by mobile vans (Table 1). The 
remaining 150,810 (73%) vaccines were administered 
by noncounty providers; 99,931 (48%) were admin-
istered by healthcare systems, which included EDs, 
outpatient clinics, inpatient hospitals, and urgent 

care centers. Occupational health units throughout 
San Diego County administered 7,831 (4%) vaccines 
(Table 1).

At UCSDH, 10,324 vaccines were administered 
during March 1, 2017–October 31, 2018; 9,288 hepa-
titis A vaccine (Havrix; GlaxoSmithKline, https://
www.gsksource.com) doses and 1,036 recombinant 
hepatitis A and B vaccine (Twinrix; GlaxoSmithKline) 
doses were administered (Table 2; Appendix Fig-
ure, https://wwwnc.cdc.gov/EID/article/26/7/19-
1352-App1.pdf). Similar to vaccination efforts in the 
county, vaccinations at UCSDH increased sharply in 
August 2017 and peaked in October 2017 and then 
peaked again in April 2018 (Figures 4, 5). In compari-
son, during March 1, 2016–February 28, 2017, before 
the outbreak-control vaccination initiatives, a mean 
(± SD) of 118.7 (± 17.5) hepatitis A vaccines (Havrix) 
and 55.8 (± 11.8) recombinant hepatitis A and B vac-
cines (Twinrix) were administered each month. Most 
vaccines were delivered in ambulatory care clinics 
(7,700 [75%]), followed by urgent care centers (1,208 
[12%]) and occupational health (961 [9%]) (Table 2; 
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Figure 2. Monthly trend of 
hepatitis A cases in San Diego 
and UCSDH and all vaccinations 
administered in San Diego 
County, California, USA, 2016–
2018. UCSDH, University of 
California San Diego Health.

Figure 3. Monthly trend 
of persons with hepatitis A 
admitted to UCSDH and mean 
length of stay, San Diego, 
California, USA, 2016–2018. 
UCSDH, University of California 
San Diego Health.
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Figure 4). Illicit drug use was the most common risk 
factor (2,477 [24%]) of patients who were vaccinated 
at UCSDH, followed by homelessness (1,385 [13%]) 
and alcohol abuse (970 [9%]) (Table 2; Figure 5). For 
patients experiencing homelessness, vaccinations 
peaked in August 2017; for patients with risk factors 
of illicit drug use, alcohol abuse, HIV, and cirrhosis, 
vaccination peaked in October 2017 (Figure 5). Vac-
cination rates remained unchanged throughout the 
vaccination initiative for patients with chronic infec-
tions from hepatitis B, hepatitis C, or both (Figure 5).

A total of 882 (85.1%) of 1,036 Twinrix doses 
were administered in ambulatory primary and spe-
cialty care clinics. Another 117 (11%) were provided 
in the urgent care setting. The Twinrix vaccination 
series was administered to established patients who 
also met criteria for hepatitis B vaccination, such as 
patients with HIV infection, hepatitis C infection, 
end-stage liver disease, or active illicit drug use, and 
who were expected to return to complete the series. 

A second peak of Twinrix administration occurred 6 
months later in these same clinics. In contrast, Twin-
rix was administered twice at the UCSD Free Clinic, 
which focused on care of the uninsured community.

Discussion
This study highlights the public health contribution 
of an acute care hospital to prevention and outbreak 
management activities during a hepatitis A outbreak. 
Unlike many other counties in California, San Diego 
does not have a county hospital; therefore, local acute 
care hospitals are actively involved in the care of vul-
nerable and uninsured populations. This outbreak 
and subsequent similar ones across the United States 
have been characterized by direct human-to-human 
spread and poor sanitary conditions disproportion-
ately affecting the homeless population and to some 
extent illicit drug users (7,11–13). In response, the Ad-
visory Committee on Immunization Practices recent-
ly added homelessness as an indication for hepatitis 
A vaccination (14,15).

Because this outbreak affected persons with lim-
ited access to routine medical care, outbreak manage-
ment and prevention efforts were particularly chal-
lenging. Nevertheless, close coordination between 
public health and the city, behavioral health, acute 
care hospitals at the epicenter of the epidemic, and 
pharmacies helped contain the outbreak. Healthcare 
systems provided nearly half of the vaccinations ad-
ministered in San Diego County. Although 75% of 
vaccinations administered at UCSDH were delivered 
at ambulatory clinics, and similar efforts occurred in 
other outpatient clinics in San Diego (16), proactive 
vaccination administration in EDs and urgent care 
settings or during inpatient hospitalizations with 
real-time access to analytics and clinical informatics 
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Table 1. Adult hepatitis A virus vaccinations registered in the 
vaccination registry, San Diego, California, USA, March 1, 2017–
October 31, 2018 
Vaccination reason or provider No. (%) 
County  
 Postexposure prophylaxis 1,026 (0.5) 
 Jail 9,862 (4.7) 
 Psychiatric hospital 522 (0.3) 
 Public health center 13,584 (6.5) 
 Public health clinic 1,770 (0.9) 
 Field event  
  Mobile van 848 (0.4) 
  Foot team 5,820 (2.8) 
  Point of dispensing/mass vaccination 23,620 (11.4) 
Noncounty  
 Federally qualified health center 30,877 (14.9) 
 Healthcare system 99,931 (48.1) 
 Pharmacy 12,171 (5.9) 
 Occupational health entity 7,831 (3.8) 
Total 207,862 (100) 

 

 
Table 2. Characteristics of adults receiving hepatitis A virus vaccine administered at University of California San Diego Health, March 
1, 2017–October 31, 2018* 

Characteristic 

No. vaccines administered 

Hepatitis A, n = 9,288 
Hepatitis A and hepatitis B, 

recombinant, n = 1,036 Total (%), N = 10,324 
Location administered    
 Inpatient admission 135 4 139 (1) 
 Urgent care 1,091 117 1,208 (12) 
 Ambulatory clinic 6,818 882 7,700 (75) 
 Occupational health 865 96 961 (9) 
 ED BPA triggered 1,369 5 1,374 (13) 
Risk factors    
 Homelessness 1,357 28 1,385 (13) 
 Illicit drug use 2,247 230 2,477 (24) 
 Alcohol abuse 873 97 970 (9) 
 Hepatitis C infection 55 49 104 (1) 
 Hepatitis B infection 0 0 0 (0) 
 HIV infection 444 141 585 (6) 
 Cirrhosis 411 127 538 (5) 
*ED, emergency department; BPA, best practice advisory. 
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support were crucial given that highest-risk popula-
tion most likely had limited access to routine outpa-
tient care (8,17).

Data are sparse on the use of acute care inpa-
tient facilities as a setting for an aggressive outbreak-
control vaccination program. However, programs 
to receive catch-up vaccinations among hospital-
ized children, as well as routine vaccinations against 
pneumococcus and influenza during inpatient hospi-
talizations, have been shown to be effective (16–18). 
Similarly, ED-based vaccination programs for pneu-
mococcus and influenza have proven successful (19–
21). Because EDs and urgent care may be the sole con-
tact of a disenfranchised population with the medical 
system, data on EDs partnering with public health 
departments to administer outbreak-control vaccina-
tions have increased (8,17,22).

As healthcare systems become an important site 
for vaccination administration, optimizing EHR sup-
port tools is crucial in increasing vaccination rates. 
Previous efforts focused on EDs only, but for this 
response, UCSDH implemented EHR-based alerts 
across the continuum of care to achieve higher vac-
cination rates (8). Although the direct effects of the 

alerts cannot be measured, vaccination of the home-
less population peaked in August 2017 when the ED-
focused alert was first implemented, whereas vacci-
nation of other at-risk populations peaked in October 
2017, when the second BPA alert with the wider 
range of risk factors was implemented across all care 
settings. Prior studies have shown that both comput-
erized reminders and standing orders are effective in 
increasing influenza and pneumococcal vaccination 
rates (23,24).

In addition, although HAV infection is not typi-
cally viewed as a healthcare-associated infection, 8 
unvaccinated healthcare personnel acquired hepatitis 
A in the healthcare setting during this outbreak. The 
Centers for Disease Control and Prevention does not 
recommend routine hepatitis A vaccination of health-
care workers because healthcare-associated HAV 
infection is considered infrequent. Instead, because 
hepatitis A is transmitted through the fecal–oral 
route, the Centers for Disease Control and Prevention 
recommends routine infection control precautions 
with proper hand hygiene to prevent transmission 
to hospital staffs (25). However, continued and pro-
longed exposure to patients with acute hepatitis A 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1379

Figure 4. Location and 
monthly trend of HAV 
vaccinations administered at 
University of California San 
Diego Health, San Diego, 
California, USA, 2017–2018. 
BPA, best practice advisory; 
ED, emergency department; 
HAV, hepatitis A virus.

Figure 5. Risk factors 
and monthly trend of HAV 
vaccinations administered 
at University of California 
San Diego Health, San 
Diego, California, USA. HAV, 
hepatitis A virus.
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infection can result in disease in unvaccinated health-
care workers; therefore, vaccination of healthcare per-
sonnel can be considered in outbreak settings.

Finally, compared with prior outbreaks, in this 
outbreak, disproportionate numbers of patients with 
acute hepatitis A required inpatient hospitalization. 
Prior studies have reported that hospitalization rates 
for all reported hepatitis A cases were 33%–43% dur-
ing 2005–2011 (6,26–29). Before the outbreak, during 
November 1, 2012–October 31, 2016, five (56%) of 9 
patients in whom acute hepatitis A was diagnosed 
required inpatient hospitalization. During the out-
break we report, 83% of all hepatitis A patients at 
UCSDH were admitted, and their mean length of 
stay was of 6.0 days. Given that this outbreak cen-
tered on homelessness and poor sanitation, hospi-
talization of patients with hepatitis A most likely 
prevented continued human-to-human transmis-
sion through prolonged viral shedding in the home-
less community. Starting in October 2017, SDCPH 
contracted with a hotel to arrange housing for po-
tentially infectious patients and coordinated with 
hospital staff on discharge planning. Designation of 
protected facilities increased housing capacity and 
decreased the length of hospitalization for acutely 
infected homeless patients.

Limitations to this study include its single-cen-
ter and retrospective study designs. Although other 
local acute care centers participated in the outbreak 
control initiatives, we do not have information about 
the number of vaccinations administered and hepa-
titis A cases diagnosed at other facilities. In addi-
tion, the retrospective nature of the study precludes 
a precise assessment of the direct effect of BPAs on 
the number of hepatitis A vaccines administered 
and the effect on vaccinations by risk factors and on 
the scope of the sanitation efforts within the UCSDH 
system. Finally, the effect of inpatient hospitaliza-
tions on limiting human-to-human transmission 
in the homeless community cannot be definitively 
demonstrated. Communitywide initiatives, in addi-
tion to hospital-level efforts, might have influenced 
the actions of UCSDH providers.

Although the hepatitis A outbreak in San Diego 
and California was ultimately contained, ongoing ep-
idemiologically linked larger outbreaks are occurring 
in other states (6,12,13). Because acute care hospitals 
play an increasing role in outbreak-control programs, 
close coordination between public health and acute 
care hospitals, as well as optimization of informatic 
tools to improve the identification of at-risk popula-
tion, can contribute substantially to control of com-
munitywide outbreaks.
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Mycoplasma pneumoniae is a common causative 
pathogen in community-acquired pneumonia 

(CAP) during childhood. In the post–pneumococcal 
conjugate vaccine (PCV) 13 era, the epidemiology of 
pediatric pneumonia has changed. In some countries 
where PCV13 is already included in national immu-
nization program, M. pneumoniae has become the 
leading pathogen in pediatric CAP (1,2).

The clinical manifestations of M. pneumoniae in-
fection are usually mild and self-limited. However, 
life-threatening pneumonia or even acute respiratory 
distress syndrome requiring extracorporeal membrane 
oxygen has been reported (3). Furthermore, some ex-
trapulmonary symptoms, such as mucositis, hepatitis, 
encephalitis, hemolysis, or erythema multiforme, have 

linked M. pneumoniae infection to the formation of au-
toimmunity or immune complexes. The association 
between M. pneumoniae and refractory asthma has also 
been mentioned (4).

Macrolides are the first-line therapy for M. pneu-
moniae. Because of high oral bioavailability and once-
daily formulation, macrolides have been widely 
used in outpatient settings. During the past 10 years, 
however, macrolide-resistant Mycoplasma pneumoniae 
(MRMP) has emerged worldwide. The most prevalent 
area is Asia, where prevalence rates are 13.6%–100% 
(5). In Japan and China, resistance rates are >90% in 
some epidemic years (5,6).

The treatment of MRMP has become challeng-
ing. Although 1 report showed more complications 
in managing MRMP infections (7), the association be-
tween severe disease and resistance remains inconsis-
tent and unclear. We conducted a systematic review 
and meta-analysis to examine the effect of macrolide 
resistance on the manifestations, outcomes, and clini-
cal judgment of M. pneumoniae infection.

Methods

Search Strategy
We conducted a systematic literature search in PubMed, 
Embase, and the Cochrane Library database using the 
keywords Mycoplasma pneumoniae, macrolide, antibi-
otic resistance, and drug resistance. There was no lan-
guage restriction in our search. We reviewed eligible 
full texts and the reference lists of the relevant studies. 
The last update of the study was on December 1, 2019.

Two independent reviewers (Y.-C.C. and T.-H.C.)  
screened all titles and abstracts for eligibility. Stud-
ies were eligible for inclusion if the study popula-
tion was restricted to children (<18 years of age) 
with community-acquired pneumonia; macrolide  
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A high prevalence rate of macrolide-resistant Mycoplas-
ma pneumoniae (MRMP) has been reported in Asia. We 
performed a systematic review and meta-analysis to in-
vestigate the effect of macrolide resistance on the mani-
festations and clinical judgment during M. pneumoniae 
infections. We found no difference in clinical severity be-
tween MRMP and macrolide-sensitive Mycoplasma pneu-
moniae (MSMP) infections. However, in the pooled data, 
patients infected with MRMP had a longer febrile period 
(1.71 days), length of hospital stay (1.61 day), antibiotic 
drug courses (2.93 days), and defervescence time after 
macrolide treatment (2.04 days) compared with patients 
infected with MSMP. The risk of fever lasting for >48 hours 
after macrolide treatment was also significantly increased 
(OR 21.24), and an increased proportion of patients was 
changed to second-line treatment (OR 4.42). Our findings 
indicate diagnostic and therapeutic challenges after the 
emergence of MRMP. More precise diagnostic tools and 
clearly defined treatment should be appraised in the future.
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resistance was detected by PCR including the 2 com-
mon point mutations, positions 2063 and 2064; and a 
direct comparator was used in the same cohorts (mac-
rolide-sensitive M. pneumoniae [MSMP] group). We 
excluded review articles, editorial comments, case 
reports, and posters but included correspondence or 
letters that fulfilled these criteria.

Data Extraction and Quality Assessment
After full-text screening for eligibility and review, 
the 3 authors extracted data independently of one an-
other. We resolved disagreements by consensus or re-
view by another reviewer. We extracted the following 
variables from each study, if available: author, jour-
nal, year of publication, study design, study country, 
time period, detected point mutations, clinical symp-
toms, total febrile days, length of hospital stay, de-
fervescence days after macrolide, antibiotic history, 
laboratory results, and chest radiographic findings. 
We also extracted pediatric data from studies with 

both children and adults, if available. We assessed 
the quality of nonrandomized studies included in the 
meta-analysis using the Newcastle-Ottawa Scale and 
excluded articles with poor quality (score 0–3).

Data Analysis
We used Review Manager software version 5.3 (Co-
chrane Collaboration, https://training.cochrane.org) 
and Comprehensive Meta-Analysis version 3 (Biostat, 
https://www.meta-analysis.com) for the analysis and 
conducted meta-analysis when >3 studies with avail-
able data reported the same outcome. We calculated 
heterogeneity (I2) to examine statistical heterogeneity 
across the included studies. We considered I2 >50% 
and p<0.05 to indicate substantial heterogeneity. We 
used random effects models to calculate odds ratios for 
binary outcomes and mean differences for continuous 
outcomes. We used Egger precision weighted linear 
regression tests and funnel plots to test potential pub-
lication bias. If publication bias was present, we used 
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Figure 1. Flow diagram of 
selection process for meta-
analysis of macrolide-resistant 
Mycoplasma pneumoniae 
infections in pediatric 
community-acquired pneumonia.
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the trim-and-fill method and calculated Rosenthal’s 
fail-safe N to evaluate the effect.

Results

Study Characteristics
We identified 1,100 articles in the initial search (Fig-
ure 1). After removing duplicates, we screened 892  

articles by titles and abstracts. We excluded obviously 
irrelevant articles and retrieved the remaining 151 for 
full text assessment. We then excluded epidemiologic 
or in vitro studies without clinical data. We included 
27 full-text studies in the qualitative synthesis. We 
identified 3 records through manual search of the ref-
erence lists of retrieved articles. Finally, we included 
24 full-text articles in the meta-analysis. The studies 
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Table. Characteristics of the eligible studies of macrolide resistance and Mycoplasma pneumoniae infections. 
Author Study period Country Mutations detected Disease entity Case no. Resistance  
Chen (8) 2014–2016 China A2063G, A2064G CAP, inpatient 136 60% 
Ma (9) 2010–2011 China A2063G, A1290G CAP, inpatient 57 63% 
Xin (10) 2004–2005 China A2063G, A2064G CAP, inpatient 64 59% 
Yuan (11) 2016 China A2063G, A2064G, C2617G CAP, inpatient 120 82% 
Zhou (7) 2009–2010 China A2063G, A2063T, A2064G CAP, inpatient 235 88% 
Cheong (12) 2011–2013 HK A2063G CAP, inpatient 93 27% 
Lung (13) 2010–2013 HK A2063G CAP, inpatient 48 71% 
Cardinale (14) 2010 Italy A2063G, A2064G CAP, inpatient 46 17% 
Akashi (15) 2016–2017 Japan A2063G, A2064G CAP, mixed 222 65% 
Ishiguro (16) 2013–2015 Japan A2063G CAP, mixed 109 54% 
Kawai (17) 2005–2010 Japan A2063G, A2064G CAP, mixed 29 72% 
Kawai (18) 2005–2012 Japan A2063G, A2064G CAP, mixed 188 80% 
Matsubara (19) 2002–2006 Japan A2063G, A2064G CAP, NS 69 32% 
Miyashita (20) 2008–2011 Japan A2063G, A2064G CAP, NS 71 59% 
Okada (21) 2011 Japan A2063G, A2064G CAP, mixed 202 87% 
Kim JH (22) 2011–2015 Korea A2063G CAP, inpatient 250 74% 
Kim YJ (23) 2010–2015 Korea A2063G CAP, inpatient 107 10% 
Lee (24) 2015 Korea A2063G CAP, mixed 94 13% 
Seo (25) 2011 Korea A2063G CAP, inpatient 95 52% 
Yoo (26) 2011 Korea A2063G CAP, mixed 91 30% 
Yoon (27) 2010–2015 Korea A2063G CAP, inpatient 116 71% 
Wu HM (28) 2011 Taiwan A2063G CAP, inpatient 73 12% 
Wu PS (29) 2010–2011 Taiwan A2063G CAP, inpatient 60 23% 
Yang (30) 2010–2017 Taiwan A2063G, A2063T, A2064G CAP, mixed 471 24% 
*CAP, community acquired pneumonia; HK, Hong Kong; NS, not specified. 

 

Figure 2. Forest plots of difference in total febrile days between MRMP and MSMP in meta-analysis of MRMP infections in pediatric 
community-acquired pneumonia. MD, mean difference; MRMP, macrolide-resistant Mycoplasma pneumoniae; MSMP, macrolide-
sensitive Mycoplasma pneumoniae.
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were conducted in the Asia-Pacific region, except for 
1 in Italy. The range of resistance rates was 10%–88%. 
The A2063G transition mutation was detected in all 
studies (Table).

Effect on Clinical Features and Outcomes
The duration of fever was longer in patients with 
MRMP than in patients with MSMP (mean differ-
ence [MD] 1.71, 95% CI 1.34–2.09; p<0.001) (Figure 
2). The result was stable and consistent within stud-
ies (I2 = 0%; p = 0.54). MRMP infections were also 
associated with prolonged hospitalization compared 
with MSMP infections (MD 1.61, 95% CI 1.08–2.13; 
p<0.001) (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/26/7/20-0017-App1.pdf). We found 
no significant heterogeneity in the studies included 
(I2 = 28%; p = 0.18).

We examined the effect of macrolide resistance 
on work of breath and extrapulmonary symptoms. 
We found a slight trend toward MRMP patients 
with more extensive disease (Appendix Figure 2). 
Nevertheless, we found no difference in clinical fea-
tures, such as dyspnea (OR 1.71, 95% CI 0.69–4.24; 
p = 0.24) or extrapulmonary manifestations (OR 
1.31, 95% CI 0.85–2.02; p = 0.22), in patients with  
MRMP infections.

Laboratory Results
We assessed inflammatory markers commonly ex-
amined during M. pneumoniae infection (Appendix 
Figure 3). Eleven studies provided data on leukocyte 
count; we found no significant difference between 
MRMP and MSMP patients (MD 0.09, 95% CI -0.31 
to 0.50; p = 0.65). Nine studies assessed C-reactive 
protein (mg/L) during infection; again, we found no 
significant differences between MRMP and MSMP 
patients (MD -2.79, 95% CI -8.33 to 2.76; p = 0.32).

Chest Radiographic Findings
We assessed the difference in chest radiographic 
findings in MRMP and MSMP patients (Appendix 
Figure 4). Neither consolidation ratio (OR 1.06, 95% 
CI 0.88–1.27; p = 0.52) nor pleural effusion (OR 1.19, 
95% CI 0.70–2.03; p = 0.51) was influenced by mac-
rolide resistance.

Effect on Macrolide Efficacy and Antibiotic Prescription
In children with MRMP infection, fever may persist 
for >48 hours despite macrolide use. Figure 3 illus-
trates significantly increased odds of poor response 
to macrolide in patients with MRMP infections (OR 
21.24, 95% CI 7.90–57.09; p<0.001).

Because efficacy of macrolides was reduced in pa-
tients with MRMP infections, we further investigated 
the exact effect of macrolide resistance on deferves-
cence. The pooled results show significantly longer 
febrile duration (days) after ineffective treatment 
(MD 2.04, 95% CI 1.40–2.69; p<0.001). However, we 
observed an overall low-to-moderate heterogeneity 
within studies (I2 = 49%; p = 0.07). Considering differ-
ent treatment policies (timing to initiate second-line 
antibiotic or corticosteroid) for M. pneumoniae among 
regions, we performed a subgroup analysis according 
to country (Figure 4). 

During macrolide treatment, some patients 
with M. pneumoniae infection would be switched 
to other classes of antibiotic drugs, such as the 
most commonly used fluoroquinolones and tetra-
cyclines, that have different mechanisms of action 
(Figure 5). Increased proportions of patients were 
changed to second-line treatment when infected 
with MRMP (OR 4.42, 95% CI 2.32–8.41; p<0.001). 
Subgroup analysis divided by countries reveals 
that the heterogeneities were still high in Japan and 
Hong Kong.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1385

Figure 3. Forest plots comparing the pooled odds ratio of fever lasting for 48 hours after macrolide treatment between MRMP and 
MSMP in meta-analysis of MRMP infections in pediatric community-acquired pneumonia. MRMP, macrolide-resistant Mycoplasma 
pneumoniae; MSMP, macrolide-sensitive Mycoplasma pneumoniae; OR, odds ratio.
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The total duration of antibiotic drug treatment 
was longer when used to treat MRMP infections than 
when used to treat MSMP infections (MD 2.93, 95% 
CI 1.97–3.89; p<0.001) (Figure 6). There was no sub-
stantial heterogeneity (I2 = 0%; p = 0.48).

Discussion
This systematic review and meta-analysis summa-
rized currently available studies to compare the dif-
ference between MRMP and MSMP infections. The 
resistance rates varied within the studies, even in the 
same country (5). The overall resistance rate in large 
cohort studies in South Korea and Taiwan (30,31) in-
creased over time; in contrast, the rate has gradually 
decreased in Japan since 2012 (32,33).

We applied multiple molecular methods to explain 
the spread of MRMP in Asia. Some reports using mul-
tilocus variable-number tandem-repeat analysis as the 
molecular typing method showed that the spread of M. 
pneumoniae seemed to be polyclonal (34,35). However, 
2 recently published reports in South Korea and Japan 
that used multilocus sequence typing as the diagnostic 
method revealed that the wide spread of MRMP was 
associated with clonal expansion of the resistant ST3 
clone (31,36). Whole-genome sequencing might be a 
better and more comprehensive tool for solving incon-
sistency and investigating M. pneumoniae evolutionary 
trends in the future.

The clinical manifestations, chest radiograph-
ic findings, and laboratory data were not altered 
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Figure 4. Forest plots depicting the defervescence time (days) after macrolide treatment in meta-analysis of MRMP infections in 
pediatric community-acquired pneumonia. Subgroup analysis was performed according to country. MD, mean difference; MRMP, 
macrolide-resistant Mycoplasma pneumoniae; MSMP, macrolide-sensitive Mycoplasma pneumoniae.
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Figure 5. Forest plots comparing MRMP and MSMP by the pooled odds ratio of changing antibiotics in meta-analysis of MRMP 
infections in pediatric community-acquired pneumonia. MRMP, macrolide-resistant Mycoplasma pneumoniae; MSMP, macrolide-
sensitive Mycoplasma pneumoniae; OR, odds ratio.
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by macrolide resistance. Although some studies 
showed more severe radiological findings (30) and 
more complications (7) after MRMP infections, there 
appeared to be no significant difference in the pooled 
data. M. pneumoniae presents a unique virulence fac-
tor in humans, an ADP-ribosyl transferase known 
as the community-acquired respiratory distress syn-
drome toxin (CARDS toxin). Lluch-Senar et al. (37) 
performed sequence analysis of the P1 adhesin gene 
and stated that type 2 strain produced more CARDS 
toxin. However, Zhao et al. (38) and Eshaghi et al. 
(39) failed to demonstrate this difference between 
MRMP and MSMP. Currently, no evidence supports 
the causal relationship between macrolide resistance 
and disease severity.

The efficacy of macrolide is significantly de-
creased during MRMP treatment compared to MSMP 
treatment. The most common point mutation in the 
domain V 23S rRNA is A2063G, which will cause 
great MIC increase to all macrolide drugs. Other than 
A2063G, some studies also reported A2064G muta-
tion, which could result in decreased macrolide af-
finity and elevation of MIC (21). Based on these re-
sults, we expected to see much longer fever duration 
from ineffective treatment. However, the pooled data 
revealed only an interval difference of 1.71 days be-
tween fever durations in MRMP and MSMP infec-
tions. We further examined the exact days of patients 
being afebrile after macrolide treatment and the clini-
cal judgment on antibiotic drug use. The study results 
showed significant heterogeneity. 

We then performed subgroup analysis by coun-
try. The results reflected different treatment policies 
among countries, even among institutions. Treatment 
selection for MRMP might modify the effect of mac-
rolide resistance on clinical course. For instance, a re-
port in South Korea (22) demonstrated less effect of 
resistance on macrolide efficacy. The possible reason 
is that steroids were given to 18.5% of patients with 
MRMP in this cohort, but not to MSMP patients (3%; 

p = 0.002). The initiation of corticosteroid treatment is 
early in South Korea (40) but reserved for refractory 
cases in Japan (41). Another study in China (7) noted 
that all patients in the report received only macro-
lides, given that the antimicrobial drug options are 
limited for preschool-age children. Therefore, more 
extrapulmonary complications (encephalitis, myocar-
ditis, or hepatitis) occurred.

To treat or not to treat M. pneumoniae is still a di-
lemma to be resolved. MRMP treatment has raised 
another problem. Our meta-analysis identified 2 
knowledge gaps. The first is the diagnostic gap. Mac-
rolide resistance detection in most institutions relied 
on in-house PCR. Weighing the costs and benefits, it 
usually takes time to provide formal reports. Physi-
cians usually base their suspicions of MRMP infec-
tions on clinical judgment of patients’ response to 
treatment. In Japan and Taiwan, if fever persists for 
48–72 hours after macrolide treatment, second-line 
antimicrobial drugs, such as fluoroquinolone or tet-
racycline, would be considered (42,43). Delayed de-
fervescence of 2 days after macrolide (Figure 4) could 
be explained by this clinical practice. Timeliness of 
diagnostic tests after disease onset can be a factor in 
confirming macrolide resistance. Real-time or point-
of-care testing should be used to make the diagnosis 
more precisely and quickly.

The second challenge is the therapeutic gap. In 
Japan, the therapeutic efficacy of tosufloxacin and mi-
nocycline has been demonstrated in several studies 
(16,18,21). However, because of side effects and the 
development of new resistant strains, empirical treat-
ment for MRMP, especially in endemic areas, is the 
subject of an ongoing debate. In addition, delayed 
effective antimicrobial treatment for M. pneumoniae 
has been found to be related to immune reaction, 
which may lead to prolonged or extrapulmonary 
disease (30). Macrolide resistance is one of the signifi-
cant risk factors for delayed effective treatment. This 
finding partially explains why patients with MRMP  
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Figure 6. The duration difference (days) of antibiotic use between MRMP and MSMP infections in meta-analysis of MRMP infections 
in pediatric community-acquired pneumonia. MD, mean difference; MRMP, macrolide-resistant Mycoplasma pneumoniae; MSMP, 
macrolide-sensitive Mycoplasma pneumoniae.
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infections showed a trend of more extrapulmonary 
manifestations or consolidation in 2 studies (7,30). 
Some randomized controlled trials indicated a posi-
tive effect on early corticosteroid treatment whether 
or not there was macrolide resistance (44,45). Howev-
er, a retrospective study of a large database in Japan 
did not support this viewpoint (46). A well-designed 
randomized trial or meta-analysis should be consid-
ered to clarify the role of corticosteroids. In conclu-
sion, the management of M. pneumoniae infection 
might need to be reappraised.

In addition to prolonged clinical courses, our 
study indicates the effect of macrolide resistance on 
antibiotic drug consumption and imprecision. In-
creased macrolide usage in primary healthcare set-
tings, as well as unnecessary and inappropriate pre-
scriptions to treat acute respiratory tract infections, 
are common in countries in Asia (47–49). Continuous 
selective pressure of routinely used antibiotic drugs 
and high population density can possibly explain the 
emergence of MRMP. The extent of M. pneumoniae 
simultaneously increased with rising resistance, fur-
ther resulting in increased consumption of antibiotic 
drugs. Antibiotic stewardship should be promoted to 
reduce macrolide resistance.

Our meta-analysis has limitations. First, not 
all reported mutations (such as C2617G) were de-
scribed or checked in the included studies. Because 
positions 2063 and 2064 accounted for most of the 
mutations and have been reported in all articles in-
cluded in this analysis, this influence could be mini-
mized. Second, co-infection was not excluded in all 
studies. The co-infection rate with M. pneumoniae is 
low in some studies (1,12,30). Nevertheless, how to 
discriminate between carriage and infection is still 
a key issue. A combination of PCR and serologic 
tests, such as measurement of M. pneumoniae–spe-
cific IgM-secreting cells, would be a better way to 
determine the role of macrolide resistance in the 
future (50). Third, the natural course of MRMP in-
fection is modified because in institutions where 
physicians are alert to MRMP, second-line therapy 
or corticosteroids will be administered promptly. 
Although this bias existed in the initial selection 
process, it reflected the current clinical practice in 
MRMP-prevalent areas and the dilemma in man-
agement of MRMP.

In summary, our analysis found that MRMP in-
fections are associated with longer febrile duration 
than MSMP infections. Decreased macrolide efficacy 
and increased ineffective antimicrobial drug use have 
also been found. The effect of macrolide resistance 
on disease severity is inconclusive, and there are still 

diagnostic and therapeutic gaps in the management 
of MRMP. Reappraisal of precise diagnostic tools and 
clearly defined treatment are needed.
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The monkey parasite Plasmodium knowlesi was 
discovered to be a common cause of malaria in 

humans in 2004, initially from investigations in the 
Kapit division of Sarawak state, Malaysian Borneo 
(1). Humans acquire infection primarily from wild 
long-tailed (Macaca fascicularis) and pig-tailed (M. 
nemestrina) macaque reservoirs (2); Anopheles mos-
quitoes of the leucosphyrus group are vectors (3,4). 

P. knowlesi malaria has been described across South-
east Asia, but most clinical cases are still reported in 
Malaysian Borneo (3,5–8). In 2017 and 2018, a total of 
7,745 cases were reported in Malaysia, 86.8% of which 
were detected in Malaysian Borneo (B. Singh, unpub. 
data) (9). P. knowlesi infections can be asymptomatic 
(10,11), and clinical cases exhibit a wide spectrum of 
disease ranging from mild symptoms to death (3).

Population genetic surveys of P. knowlesi infec-
tions in humans across Malaysia have revealed 2 di-
vergent subpopulations of the parasite in Malaysian 
Borneo that are associated with the 2 macaque species 
locally, suggesting 2 independent zoonoses (12,13). 
The cluster 1 type has been associated with long-
tailed macaques and the cluster 2 type with pig-tailed 
macaques (12). The existence of 2 sympatric subpop-
ulations also has been confirmed by whole-genome 
sequencing (WGS) of P. knowlesi from patients in Ma-
laysian Borneo (13,14). In peninsular Malaysia on the 
Asia mainland, all cases have been caused by another 
subpopulation, cluster 3, that has not been detected in 
Malaysian Borneo (13,15). Limited WGS (14,15) and 
microsatellite (13) genotyping of P. knowlesi isolates 
derived from human and only long-tailed macaque 
hosts from peninsular Malaysia showed allopatric di-
vergence for this subpopulation cluster from those of 
Malaysian Borneo because of geographic separation 
by the South China Sea.

Increasing numbers of P. knowlesi malaria cases 
detected might be due to increased zoonotic exposure 
along with a reduction of endemic malaria parasite 
species (16). With the recent identification of different 
zoonotic P. knowlesi genetic subpopulations, deter-
mining whether these populations vary in frequency 
over space and time is important. Interactions with 
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Population genetic analysis revealed that Plasmodium 
knowlesi infections in Malaysian Borneo are caused by 
2 divergent parasites associated with long-tailed (clus-
ter 1) and pig-tailed (cluster 2) macaques. Because the 
transmission ecology is likely to differ for each macaque 
species, we developed a simple genotyping PCR to ef-
ficiently distinguish between and survey the 2 parasite 
subpopulations. This assay confirmed differences in the 
relative proportions in areas of Kapit division of Sarawak 
state, consistent with multilocus microsatellite analyses. 
Analyses of 1,204 human infections at Kapit Hospital 
showed that cluster 1 caused approximately two thirds of 
cases with no significant temporal changes from 2000 to 
2018. We observed an apparent increase in overall num-
bers in the most recent 2 years studied, driven mainly by 
increased cluster 1 parasite infections. Continued moni-
toring of the frequency of different parasite subpopula-
tions and correlation with environmental alterations are 
necessary to determine whether the epidemiology will 
change substantially.
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vectors and reservoir hosts will affect distributions of 
these parasite subpopulations, and human contacts 
with these vectors and reservoir hosts would deter-
mine zoonotic incidence. Because the previously used 
microsatellite genotyping and WGS are time consum-
ing and expensive, we developed a simple PCR to 
discriminate between the 2 P. knowlesi subpopula-
tions in Malaysian Borneo.

Materials and Methods

Identification of Cluster-Specific Markers
We identified high-quality bi-allelic single-nucleo-
tide polymorphisms (SNPs) from whole-genome se-
quence data of P. knowlesi isolates from cluster 1 (n 
= 38) and cluster 2 (n = 10) subpopulations (15). We 
identified 9,293 SNPs with complete fixation of al-
ternative alleles between the 2 subpopulations. Oli-
gonucleotides for allele-specific PCRs were designed 
on the basis of genome regions with a high density 
of fixed SNPs and having multiple SNPs <5 nt apart, 
especially at the 3′ ends of the designed primers. For 
each subpopulation, we chose 5 pairs of forward and 
reverse PCR primers to evaluate for genotyping as-
says (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/26/7/19-0924-App1.pdf).

Cluster-Specific Genotyping PCR
PCRs to discriminate subpopulation clusters were 
optimized in 11-μL reaction volume containing 1X 
Green GoTaq Flexi buffer (Promega, https://www.
promega.com), 5 mmol/L MgCl2, 0.275 U GoT-
aq DNA polymerase, 0.2 mmol/L dNTP (Bioline, 
https://www.bioline.com), 1–2-µL DNA template, 
and 0.25 µmol/L each forward and reverse prim-
ers. We tested 2 thermal cycling methods to deter-
mine the optimum annealing temperature. The first 
conventional method was 94°C for 2 min, followed 
by 35 cycles of initial denaturation of 94°C for 30 s, 
gradient annealing from 50°C to 66°C for 1 min, ex-
tension at 72°C for 30 s, and final elongation at 72°C 
for 2 min. For the second method, we used the touch-
down PCR to increase the specificity and sensitivity 
in amplification (17) with the following 2 phases. We 
initiated the first phase with denaturation at 94°C for 
2 min, followed by 10 cycles of touchdown program 
of 94°C for 30 s, annealing of 10°C above the primer 
melting temperature for 45 s and 72°C for 30 s, with 
a decreased on 1°C of the annealing temperature ev-
ery cycle. Then, we performed an additional 25 cycles 
as follows: 94°C for 30 s, annealing of 5°C below the 
primer annealing primer melting temperature for 45 
s, 72°C for 30 s, and final elongation at 72°C for 5 min. 

We analyzed PCR products by electrophoresis on 
agarose gel stained with ethidium bromide and visu-
alized them under ultraviolet transillumination.

DNA and Blood Samples from Malaria Infections
To validate allele-specific PCRs, we obtained DNA 
samples of P. knowlesi infections in Malaysian Bor-
neo from previous studies (12,13,15). Samples from 
humans were from Betong (n = 29), Kanowit (n = 
34), Miri (n = 46), Sarikei (n = 23), Kapit (n = 52), 
Kudat (n = 46), Ranau (n = 62), and Tenom (n = 48); 
we also used samples from long-tailed macaques (n 
= 10) and pig-tailed macaques (n = 5) from Kapit (2). 
We determined subpopulation assignments (cluster 
1 or cluster 2) of each infection by analyzing multi-
locus microsatellite data (12) or whole-genome se-
quence data (15). Plasmodium DNA controls of hu-
mans (P. falciparum, P. vivax, P. malariae, and P. ovale) 
and macaques (P. knowlesi, P. inui, P. cynomolgi, P. 
fieldi, and P. coatneyi) were also used for specificity 
tests of the PCRs.

To determine the frequency of the 2 P. knowlesi 
subpopulations over time, we investigated samples 
derived from Kapit division, Sarawak state, Ma-
laysian Borneo, where high incidence of cases has 
been reported (7). New samples were collected as 
dried blood spots on filter papers (3MM Whatman, 
https://www.sigmaaldrich.com) from P. knowlesi 
clinical cases in Kapit Hospital during September 
2016–May 2018 (440 cases). DNA was extracted and 
P. knowlesi confirmed by species-specific nested PCRs 
(2) at the Malaria Research Centre, Universiti Malay-
sia Sarawak (UNIMAS, Kota Samarahan, Malaysia). 
We also analyzed 764 DNA samples from persons 
with P. knowlesi infection at Kapit Hospital collected 
previously: March 2000–December 2002, 110 samples 
(1); March 2006–February 2008, 176 samples (18); and 
June 2013–mid-September 2016, 478 samples (13).

Data Analysis and Ethics Approval
We tabulated genotyping data in Excel and conduct-
ed statistical analysis using R (https://www.r-proj-
ect.org). We also explored temporal patterns for over-
all P. knowlesi subpopulation cases over the previous 
5 years using the R package seasonal decomposition 
of time series (STL) by LOESS (locally estimated scat-
terplot smoothing) (19). We generated STL decom-
position using periodic as smoothing parameter for 
the seasonal component (ns) with no robustness it-
erations. LOESS is the seasonal-trend decomposition 
method used in estimating trend from the time series 
data. The Medical Ethics Committees of UNIMAS 
(NC-21.02/03-02 Jld 2 [19]) and the Medical Research 
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and Ethics Committee, Malaysian Ministry of Health 
(NMRR-16-943-31224), approved this study.

Results

Development of Simple PCR to Discriminate  
P. knowlesi Cluster 1 and 2 Subpopulations
We tested 10 PCRs on the basis of fixed SNP differ-
ences for performance in discriminating the 2 sympat-
ric P. knowlesi subpopulations. Of these, 1 assay each 
for cluster 1 (primer pair C1A) and cluster 2 (primer 
pair C2J) showed complete specificity when tested on 
5 cluster 1 and 9 cluster 2 DNA samples (Figure 1; 
Appendix Table 2) that were previously confirmed by 
microsatellites cluster assignments (13). These prim-
ers were also P. knowlesi–specific and did not show 
amplification on DNA of other simian malaria para-
sites (P. coatneyi, P. cynomolgi, P. fieldi, and P. inui) or 
human malaria parasites (P. falciparum, P. vivax, P. 
malariae, and P. ovale), or host DNA from humans or 
either macaque host species (Appendix Figure 1).

We further tested these primer sets for sensitiv-
ity using pure DNA of cluster 1 samples with starting 
parasitemias of 13,793 parasites/µL blood and cluster 
2 samples with starting parasitemias of 8,017 para-
sites/µL blood. We prepared 5-fold serial dilutions to 
serve as template in separate PCRs. Tests of sensitiv-
ity showed limit of detection at ≈4 parasites/µL blood 
for primer pair C1A and ≈13 parasites/µL blood for 
primer pair C2J (Appendix Figure 2).

Proportions of P. knowlesi Subpopulations in  
Different Areas
Analysis of DNA samples of 1,492 P. knowlesi ma-
laria cases in different regions of Malaysian Borneo 
showed cluster 1 as the predominant subpopulation 
(70%), followed by cluster 2 (28%) (Figure 2; Appendix  

Table 3). Only 2% of infections were positive for both 
primer sets, and these infections had mixed geno-
types as identified by previous microsatellite analy-
sis (12,13). Cluster 1 infections were more common at 
most individual locations sampled throughout Ma-
laysian Borneo, except for Miri and Kanowit, where 
cluster 2 infections were more common.

We also tested the primer sets on 15 natural in-
fections of wild macaques (10 long-tailed and 5 pig-
tailed) from Kapit. P. knowlesi infections from all 
macaques showed concordant macaque host associa-
tion (cluster 1 in long-tailed macaques and cluster 2 
in pig-tailed macaques), except for 1 long-tailed ma-
caque that was infected by both cluster 1 and cluster 2 
parasites (Appendix Table 3).

Temporal Analysis of P. knowlesi Subpopulation  
Types in a High-Incidence Area
In Kapit, where a high incidence of cases has been re-
ported since the zoonosis was discovered to be com-
mon (1,7,18), we analyzed DNA samples from 1,204 
human P. knowlesi infections collected in 3 study pe-
riods during 2000–2018. Of those infections, 69% be-
longed to the cluster 1 subpopulation (Figure 3, panel 
A; Appendix Table 4). Most (28%) of the remaining 
P. knowlesi infections belonged to the cluster 2 sub-
population, and only 2% had parasites of both types. 
During 3 study periods of 2000–2002 (n = 110 cases), 
2006–2008 (n = 176 cases), and 2013–2018 (n = 918 
cases), the proportion of cluster 1 and cluster 2 sub-
populations showed similar patterns of distribution 
with cluster 1 subpopulation as the predominant ones 
(Pearson p = 0.74). We also observed similar patterns 
across 12 months of these study periods (Figure 3, 
panel B), indicating a lack of strong seasonal variation 
between cluster 1 and cluster 2 infections in Kapit (p = 
0.56 by Fisher exact test).
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Figure 1. Specificity of PCR 
primer sets C1A and C2J for 
discriminating Plasmodium 
knowlesi infections of cluster 1 
and cluster 2 subpopulations, 
Kapit division, Sarawak state, 
Malaysian Borneo. Lane 1, 
DNA ladder; lane 2, KT025; 
lane 3, KT027; lane 4, KT029; 
lane 5, KT031; lane 6, KT042; 
lane 7, KT055; lane 8, KT057; 
lane 9, KT114; lane 10, 
BTG025; lane 11, BTG026; 
lane 12, BTG033; lane 13, 
BTG035; lane 14, BTG044; 
lane 15, BTG062. Primer 
sequences and amplification 
conditions are shown in Appendix Table 1 (https://wwwnc.cdc.gov/EID/article/26/7/19-0924-App1.pdf).
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We conducted a more intensive analysis on in-
fections sampled during the most recent 5-year study 
period (June 2013–May 2018); we made a particular 
effort to recruit most of the case-patients seeking care 
at Kapit Hospital during this time. Of the 918 infec-
tions genotyped from this period, 637 were cluster 1 
infections, 258 were cluster 2 infections, and 23 were 
mixed cluster infections. The proportion of cluster 1 

infections always ranged from 63% to 78% (Pearson 
p = 0.007) and was highest in the most recent year. 
The total number of P. knowlesi cases was also high-
est in the most recent year (Figure 4, panel A). Using 
an STL decomposition method of analysis based on 
numbers plotted on a monthly basis (Figure 4, panel 
B), we noted a trend of increasing numbers of cases 
overall, as well as of the cluster 1 subpopulation  
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Figure 2. Proportions of cluster 
1 and cluster 2 Plasmodium 
knowlesi infections as defined 
with the cluster-specific PCRs, 
Malaysian Borneo. A total of 
1,492 P. knowlesi infections from 
humans were genotyped using the 
cluster-specific PCR primers. The 
exact numbers for each location 
are shown in Appendix Table 
3 (https://wwwnc.cdc.gov/EID/
article/26/7/19-0924-App1.pdf). 

Figure 3. Proportions of Plasmodium knowlesi subpopulations in humans of the Kapit division, Sarawak state, Malaysian Borneo, 
2000–2018. A total of 1,204 P. knowlesi infections were genotyped, and distribution patterns of subpopulation clusters were analyzed 
for 3 different study periods (A) and by months (B). Numbers in parentheses indicate numbers of cases. Blue indicates cluster 1; green, 
cluster 2; red, clusters 1 and 2.
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separately, from June 2016 onward. We found no 
significant trend for cluster 2 cases separately.

Discussion
On the basis of fixed SNP differences between the 2 P. 
knowlesi genetic subpopulations in Malaysian Borneo, 
identified by whole-genome sequence data analysis 
(14,15), we successfully developed an allele-specific 
PCR for discriminating these in large-scale studies. 
This method enables identification of cluster 1 and 
cluster 2 subpopulations from field isolates through-
out the sympatric distribution, without the need to 
perform population genetic analysis of multilocus 
data on all samples. A different P. knowlesi subpopu-
lation termed cluster 3 has been described to account 
for all cases in Peninsular Malaysia (13,15), but we 
did not study that subpopulation because it has not 
been detected in Malaysian Borneo.

The use of these allele-specific PCRs is limited to 
P. knowlesi infections in Malaysian Borneo because 
they were designed on the basis of the genome se-
quences of the cluster 1 and cluster 2 parasites found 
there. These assays could potentially be applied to an-
alyze P. knowlesi infections in Kalimantan, Indonesian 
Borneo, which shares international borders with Ma-
laysian Borneo. The allopatric divergence of cluster 3 
subpopulations in Peninsular Malaysia (13) indicates 
the need for development of a separate allele-specific 
PCR for those parasites, which would require analy-
sis of whole-genome data from substantially more P. 
knowlesi isolates from Peninsular Malaysia.

The validation of this allele-specific PCR shows 
remarkable sensitivity with single-round (nonnested) 
amplification, even at a parasitemia of ≈4 parasites/
µL blood. Although all samples tested from patients 
at Kapit Hospital could be genotyped, this PCR 
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Figure 4. Frequency and trend 
line patterns of Plasmodium 
knowlesi subpopulations in 
Kapit division, Sarawak state, 
Malaysian Borneo, June 2013–
May 2018. A) Distribution of 
637 cluster 1 and 258 cluster 
2 infections during each year 
of the 5-year period. B) The 
frequency pattern of infections 
and estimation of trend for the 
combination of cluster 1 and 
cluster 2 infections, and cluster 
1 infection alone. The trend 
line of cluster 2 infections is 
not shown because of a low 
number of cases.



Surveillance of P. knowlesi, Borneo

would have limitations on subpatent P. knowlesi in-
fections when parasites are undetectable under the 
microscope (10,11,20).

No clear evidence of direct human–mosquito–
human transmission of P. knowlesi has yet been detr-
emined, although such transmission might be occur-
ring. Most hospitalized P. knowlesi malaria patients 
have been adult farmers or logging camp workers, 
who regularly spend time in forests or forest fring-
es, or travelers entering forests (3), suggesting that 
macaque–vector–human transmission is the pri-
mary route of infection (21). Although the distribu-
tion of long-tailed and pig-tailed macaques overlaps 
throughout Southeast Asia, these macaque species 
show different habitat preferences (22). The prefer-
ence of long-tailed macaques for cropland, wetland, 
and urban areas brings them in close proximity to 
humans, but whether transmission occurs outside of 
the forests is not known. The widespread distribution 
of long-tailed macaques corresponds with the clus-
ter 1 parasite subpopulation accounting for most P. 
knowlesi infections in Kapit. The lower frequency of 
the cluster 2 subpopulation in humans is as expected, 
given that those parasites are associated with pig-
tailed macaques, which occur in more remote forest-
ed areas (22).

Like many other vectorborne parasitic diseases, 
malaria is sensitive to environmental changes such 
as deforestation (23); the association between inci-
dences of P. knowlesi infections and environmental 
changes in Sabah, Malaysian Borneo, supports this 
fact (16,24), because overall numbers of cases have 
increased in the past few years (8). We have shown 
that most of the cases in Sabah are of the cluster 1 
genetic subpopulation of P. knowlesi, and that num-
bers of this parasite subpopulation have increased 
in Kapit in the most recent 2 years of the study pe-
riod. Whether changes in the landscape in Sarawak 
or other factors have contributed to the increasing 
numbers of P. knowlesi cases needs to be studied. De-
termining whether any significant differences exist 
between the clinical outcomes after infection with 
the different subpopulations also is important. Such 
determination requires collecting detailed clinical 
and laboratory data on P. knowlesi patients infected 
with the 2 different subpopulation clusters and per-
forming careful association study analysis to deliver 
robust inference for the benefits of both clinicians 
and public health experts.

P. knowlesi infections require separate efforts from 
those being targeting elimination of human malaria 
(P. falciparum and P. vivax), particularly in Malaysia, 
where zoonotic malaria is dominant (25). Although 

P. knowlesi is not part of the national elimination  
program (26), monitoring this parasitic infection is 
crucial because of its increasing incidence. Zoonotic 
malaria requires new strategies in prevention and 
control, including monitoring of the different parasite 
genetic subpopulations.
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Bats are vital to many ecosystems and provide 
benefits to humans (1). However, under certain 

circumstances, bats may pose a risk to human health, 

as they host several zoonotic pathogens (2). Humans 
should therefore avoid bat contact unless appropriate 
precautions are taken. Among the most concerning 
batborne pathogens are viruses within the genus Lys-
savirus. Previously unimmunized humans exposed to 
any of the >16 currently recognized and putative lys-
saviruses (typically through a bite from an infected 
animal) will have 1 of 3 outcomes. First is a complete 
lack of any lyssavirus infection, characterized by the 
absence of both illness and lyssavirus-neutralizing 
antibody production. Second is a productive lyssa-
virus infection, characterized by a fatal encephalitis 
known as rabies (3). A human with rabies may pro-
duce lyssavirus-neutralizing antibodies in the end 
stages of illness as the disease progresses, although 
this response is typically inadequate for viral clear-
ance (4). Third is an abortive lyssavirus infection 
(sometimes termed an exposure) characterized by 
the absence of frank encephalitis but with produc-
tion of lyssavirus-neutralizing antibodies. Although 
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Using questionnaires and serologic testing, we evaluated 
bat and lyssavirus exposure among persons in an area 
of Nigeria that celebrates a bat festival. Bats from festival 
caves underwent serologic testing for phylogroup II lys-
saviruses (Lagos bat virus, Shimoni bat virus, Mokola vi-
rus). The enrolled households consisted of 2,112 persons, 
among whom 213 (10%) were reported to have ever had 
bat contact (having touched a bat, having been bitten by 
a bat, or having been scratched by a bat) and 52 (2%) to 
have ever been bitten by a bat. Of 203 participants with 
bat contact, 3 (1%) had received rabies vaccination. No 
participant had neutralizing antibodies to phylogroup II lys-
saviruses, but >50% of bats had neutralizing antibodies to 
these lyssaviruses. Even though we found no evidence of 
phylogroup II lyssavirus exposure among humans, per-
sons interacting with bats in the area could benefit from 
practicing bat-related health precautions.



RESEARCH

rarely documented, the prevalence of abortive lyssa-
virus infections among some Amazonian communi-
ties whose members experience frequent bites from 
vampire bats has challenged the paradigm that lys-
savirus infections are nearly always productive and 
therefore fatal (5).

The various lyssaviruses sort into different 
phylogroups (6). Phylogroup I includes rabies virus, 
Duvenhage virus, and several others. Rabies can be 
prevented after exposure to phylogroup I lyssavi-
ruses with prompt administration of postexposure 
prophylaxis (PEP) that includes wound cleansing, 
rabies vaccine, and, when indicated, rabies immune 
globulin (3,7,8). Phylogroup II includes Lagos bat vi-
rus, Shimoni bat virus, and Mokola virus. These vi-
ruses are phylogenetically and antigenically distant 
from phylogroup I members (9). West Caucasian bat 
virus and Ikoma lyssavirus are even more distant lys-
saviruses (10,11). The rabies vaccines available for use 
in the previously described PEP regimen may not be 
effective against non–phylogroup I lyssaviruses (10–
12). Evidence of abortive lyssavirus infections outside 
the Amazon is limited, but they could possibly occur 
wherever humans frequently interact with infected 
animals (5,13,14). 

Twice a year in the Idanre area of Nigeria, a 
1-day bat festival takes place in which boys and men 
enter into designated caves to capture bats, typically 
with their bare hands (15) (Figure 1). Captured bats 
are cooked and eaten, sold in markets, and used in 
cultural ceremonies. Pathogen spillover from bats to 
humans might occur during these festivities, given 
that some Nigerian bats harbor lyssaviruses such 
as Lagos bat virus and other pathogens such as Bar-
tonella rousetti (16–20). Furthermore, the most fre-
quently identified bat species roosting in the festival 
caves is the Egyptian fruit bat (Rousettus aegyptiacus), 
which is a reservoir for Marburg virus and Sosuga 
virus (15,21–23).

We evaluated bat and lyssavirus exposure 
among humans in the area around Idanre, Nigeria. 

Our objectives were to determine the prevalence of 
bat contact, to identify factors associated with bat 
contact, to assess knowledge about batborne infec-
tions and health precautions related to bats, to de-
termine whether febrile illnesses occur following the 
bat festival, to determine whether abortive lyssavirus 
infections occur, and to identify whether lyssaviruses 
circulate among bats in the festival caves.

Methods

Study Design
Work with human participants was approved by the 
Centers for Disease Control and Prevention (CDC), 
Ahmadu Bello University, and the National Health 
Research Ethics Committee of Nigeria. All animal 
sampling was conducted in compliance with a pro-
tocol approved by the CDC Animal Institutional Care 
and Use Committee.

Persons eligible to participate were those resid-
ing in communities located near the 2 festival caves 
in the Idanre area (Figure 2). We recruited study par-
ticipants through community surveys and through a 
convenience sample; some respondents participated 
in a follow-up survey. Before enrolling, adults (per-
sons >18 years of age) and mature minors (persons 
13–17 years of age who were married, had children, or 
provided for their own livelihood) provided consent. 
Persons <18 years of age who were not mature minors 
had to get guardian consent and provide assent if >7 
years of age. We administered study questionnaires 
verbally and recorded responses electronically. After 
administering the study questionnaire, we collected 
blood specimens from participants who agreed.

We completed community surveys during Sep-
tember 26–28, 2010 (2010 community survey; 9–11 
days after the September 17, 2010, bat festival) and 
March 2–March 6, 2013 (2013 community survey; 11–
15 days after the February 19, 2013, bat festival) (Fig-
ure 3). We enrolled households into the survey from 
9 rural villages near the festival caves and from the 
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Figure 1. Bat hunters and bats captured during a bat festival, Idanre area, Nigeria, 2013. A) Bat hunters with slingshots and bats 
captured during a bat festival. B) Bats captured during a bat festival. C) Bat hunter with a bat captured during a bat festival. 
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town of Idanre. Generally, all households within rural 
villages were offered enrollment in the study. In con-
trast, Idanre was divided into ≈100 zones, and house-
holds from 10 randomly selected zones were offered 
enrollment in the study. At the time of the household 
visit, an adult or mature minor had to be present. If 
consent was provided, this adult or mature minor 
was considered the main household respondent and 
was the first person of the household to whom the 
study questionnaire was administered (Appendix 1, 
https://wwwnc.cdc.gov/EID/article/26/7/19-1016-
App1.pdf). We then administered a similar study 
questionnaire to additional household respondents, 
who were other consenting or assenting household 
members. However, to enroll as an additional house-
hold respondent, the household member had to be 
immediately available and either had previously had 
bat contact (defined as having touched a bat, having 
been bitten by a bat, or having been scratched by a 
bat) or had eaten a bat. This requirement was differ-
ent than that for main household respondents, for 
whom having had bat contact or having eaten a bat 
were not requirements for enrollment.

We recruited additional participants outside the 
community surveys on March 6, 2013 (2013 bat hunt-
er survey) using a convenience sample of bat hunt-
ers composed exclusively of persons who actively 
trapped bats during the bat festival (they may also 
have trapped bats at other times of the year) (Figure 
3). These participants answered the same study ques-
tionnaire as main household respondents from the 
community survey (Appendix 1). Study participants 
in the community surveys may also have hunted bats 
(in that they actively trapped bats during and outside 
the bat festival), but data for these participants were 
analyzed with other community survey data and 
handled separately from the 2013 bat hunter survey. 
Persons who participated in the 2013 community sur-
vey or 2013 bat hunter survey and who agreed un-
derwent a follow-up survey during May 14–19, 2013 
(2013 follow-up survey; 85–90 days after the February 
19, 2013, bat festival took place) (Appendix 1).

Human Serologic Testing
We stored blood specimens on ice and centrifuged 
them within 12 hours of collection. We stored  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1401

Figure 2. Locations of festival caves and households enrolled in 2 community surveys and a bat hunter survey of bat exposures, Idanre 
area, Nigeria, 2010 and 2013. Inset map shows location of Idanre area within Nigeria.
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serum specimens at -80°C except while in the field 
and during shipment to the United States, when 
they were stored on dry ice. We tested serum speci-
mens for neutralizing antibodies against rabies 
virus, Duvenhage virus, Lagos bat virus, Shimoni 
bat virus, Mokola virus, and West Caucasian bat  
virus using a modification of the rapid fluorescent 
focus inhibition test (5,24–26). We considered se-
rum samples that exhibited complete neutraliza-
tion of challenge lyssavirus at a 1:5 serum dilu-
tion to have detectable neutralizing antibodies to  
that lyssavirus (3).

Bat Capture, Species Identification, Specimen  
Collection, and Testing
We captured bats from the 2 festival caves (Figure 2) 
using nets. Taxonomic identification of bat species 
was based on morphology. We anesthetized bats by 
intramuscular injection of ketamine and then eutha-
nized them via cardiac exsanguination. We centri-
fuged blood specimens within 4 hours of collection. 
We also collected bat brains. We stored serum and 
brain specimens at -80°C except while in the field 
and during shipment to the United States, when they 
were stored on dry ice.

We tested serum samples for neutralizing antibod-
ies against Duvenhage virus, Lagos bat virus, Shimoni 
bat virus, Mokola virus, and Ikoma lyssavirus using 
a microneutralization test (27). We considered serum 
samples that exhibited >50% neutralization of chal-
lenge lyssavirus at 1:10 serum dilution to have detect-
able neutralizing antibodies to that lyssavirus. We 
tested brains for lyssavirus antigens with the direct flu-
orescent antibody test using a FITC-labeled monoclo-
nal antibody kit (Fujirebio Diagnostics, https://www.
fujirebio.com) (28) (Appendix 2, https://wwwnc.cdc.
gov/EID/article/26/7/19-1016-App2.pdf).

Data Analysis
We analyzed data using SAS software (https://www.
sas.com) (details in Appendix 2). A p value <0.05 was 
considered statistically significant.

Results
Through the community surveys in 2010 and 2013, we 
enrolled 264 households (254 unique households and 
10 that participated in both years) (Table 1). Each en-
rolled household had a main household respondent; 
87 persons from enrolled households participated as 
additional household respondents. Most of the 2013 
respondents also participated in the 2013 follow-up 
survey (172/217 [79%] from the 2013 community sur-
vey and 18/21 [86%] from the 2013 bat hunter survey).

More than one quarter of enrolled households 
(72/264; 27%) had ≥1 household member who had 
ever participated in the bat festival (Table 1). Almost 
two thirds of enrolled households (168; 64%) had >1 
household member who had ever had bat contact. 
Nearly two thirds of enrolled households (166; 63%) 
had >1 household member who had ever touched 
a bat. About one fifth of households had >1 house-
hold member who had ever been bitten (44; 17%) or 
scratched (56; 21%) by a bat. Nearly three quarters of 
households had >1 household member who had ever 
eaten a bat (188; 71%).

The enrolled households were composed of 2,112 
persons, among whom 213 (10%) were reported to 
have ever had bat contact, 211 (10%) to have ever 
touched a bat, 52 (2%) to have ever been bitten by 
a bat, 66 (3%) to have ever been scratched by a bat, 
and 265 (13%) to have ever eaten a bat (Table 2). Of 
254 main household respondents, 141 (56%) reported 
having ever had bat contact (Table 3, https://wwwnc.
cdc.gov/EID/article/26/7/19-1016-T3.htm). Factors 
significantly associated with bat contact included 
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Figure 3. Timeline of events for 2 community surveys, a bat hunter survey, and a follow-up survey of bat exposures, Idanre area, 
Nigeria, 2010 and 2013.
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being male (OR 2.08, 95% CI 1.24–3.49), having ever 
participated in the bat festival (OR 20.17, 95% CI 6.09–
66.82), having ever entered a bat cave or bat refuge 
(OR 31.45, 95% CI 7.45–132.73), having ever prepared 
a bat as food (OR 9.85, 95% CI 5.37–18.07), and having 
ever eaten a bat (OR 8.56, 95% CI 4.57–16.03).

Although more than half of participants with bat 
contact in the 2010 community survey, 2013 commu-
nity survey, and 2013 bat hunter survey knew that 
animal bites are a mechanism of rabies virus trans-
mission or that rabies is severe, they more often at-
tributed dogs as being a rabies source (≥60%) than 
bats (≤3%) (Appendix 2 Table 1). About 50% of par-
ticipants with bat contact in the 2010 and 2013 com-
munity surveys and 86% of participants in the 2013 
bat hunter survey stated that they would do nothing 
if bitten or scratched by a bat. Among participants 
with bat contact in the 2010 community survey, 2013 
community survey, and 2013 bat hunter survey, only 
1%, 2%, and 5%, respectively, had ever received ra-
bies vaccination. Furthermore, only 3%, 7%, and 5% 

of these participants, respectively, were aware that 
bats can cause diseases other than rabies.

More main household respondents with bat contact 
knew that animal bites are a mechanism of rabies virus 
transmission and that rabies is severe compared with 
those without bat contact (Table 3). However, knowl-
edge about bats as a potential rabies source was low and 
not different among main household respondents with 
and without bat contact. There was no significant dif-
ference between main household respondents with and 
without bat contact regarding history of rabies vaccina-
tion and awareness that bats can cause diseases other 
than rabies. Study participants with bat contact in the 
2010 community survey, 2013 community survey, and 
2013 bat hunter survey infrequently reported knowl-
edge of any illness as a result of bats or being in a bat cave  
(1%, 3%, and 0%, respectively) (Appendix 2 Table 1).

Among 170 main household respondents and ad-
ditional household respondents in the 2013 communi-
ty survey who participated in the 2013 follow-up sur-
vey, 23 (14%) had experienced a febrile illness within 
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Table 1. Characteristics of households enrolled in 2 community surveys of bat exposures, Idanre area, Nigeria, 2010 and 2013 

Characteristic 
2010 community 
survey, no. (%) 

2013 community 
survey, no. (%) Total, no. (%) 

Households visited 90 183 273 
Households enrolled 90 (100) 174 (95) 264 (97) 
Total participants enrolled 134 217 351 
 Main household respondents* 90 (67) 174 (80) 264 (75) 
 Additional household respondents* 44 (33) 43 (20) 87 (25) 
Mean participants enrolled per household (SD) 1.5 (0.9) 1.2 (0.6) 1.3 (0.7) 
 Main household respondents* 1.0 (0) 1.0 (0) 1.0 (0) 
 Additional household respondents* 0.5 (0.9) 0.2 (0.6) 0.3 (0.7) 
Mean persons per household (SD) 7.6 (4.7) 8.2 (5.7) 8.0 (5.4) 
Persons living within enrolled households 688 1,424 2,112 
 Male 372 (54) 734 (52) 1,106 (52) 
 Female 316 (46) 690 (48) 1,006 (48) 
Age distribution of persons represented among enrolled households n = 688 n = 1,424 n = 2,112 
 <6 y 115 (17) 278 (20) 393 (19) 
 6‒17 y 162 (24) 419 (29) 581 (28) 
 >18 y 411 (60) 727 (51) 1,138 (54) 
Main material used to build house n = 90 n = 174 n = 264 
 Adobe/mud 56 (62) 82 (47) 138 (52) 
 Cement/brick 33 (37) 92 (53) 125 (47) 
 Wood 1 (1) 0 1 (0.4) 
Openings in house that could allow bats to enter 56 (62) 106 (61) 162 (61) 
Households with animals (pets or livestock) (%) 52 (58) 90 (52) 142 (54) 
Households with ≥1 animal (pet or livestock) that had been vaccinated 
against rabies 

0 (0) 7 (8) 7 (5) 

Households with >1 member who had ever participated in bat festival† 22 (24) 50 (29) 72 (27) 
Households with >1 member who had ever had bat contact‡ 51 (57) 117 (67) 168 (64) 
Households with >1 member who had ever touched a bat 50 (56) 116 (67) 166 (63) 
Households with >1 member who had ever been bitten by a bat 14 (16) 30 (17) 44 (17) 
Households with >1 member who had ever been scratched by a bat 19 (21) 37 (21) 56 (21) 
Households with >1 member who had ever eaten a bat 64 (71) 124 (71) 188 (71) 
*Main household respondents are adults or mature minors (persons aged 13–17 y who were married, had children, or provided for their own livelihood) 
present at the time of household visit who provided consent to participate in the survey; the main household respondent was the first person of the 
household to whom the study questionnaire was administered. Additional household respondents are other consenting or assenting household members 
who were immediately available to answer the study questionnaire and either had previously had bat contact or had previously eaten a bat. 
†This may be an underestimate, as only main and additional household respondents were asked if they had participated in the bat festival. We did not ask 
if other members of the household had ever participated in the bat festival. 
‡Bat contact was defined as having touched a bat, having been bitten by a bat, or having been scratched by a bat. 
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90 days of the February 19, 2013, bat festival (Table 4). 
Factors such as having had any bat contact within the 
past 90 days, having touched a bat within the past 90 
days, having been bitten by a bat within the past 90 
days, having been scratched by a bat within the past 
90 days, having participated in the bat festival within 
the past 90 days, and having entered a bat cave or bat 
refuge within the past 90 days were not significant-
ly different between those with a febrile illness and 
those without.

Among 18 participants from the 2013 bat hunter 
survey who participated in the 2013 follow-up sur-
vey, 7 (39%) had experienced a febrile illness within 
90 days of the February 19, 2013, bat festival. Mean 
age was significantly higher among those with a fe-
brile illness compared with those without (61 years 
vs. 49 years; p = 0.048). The odds of having entered a 
bat cave or bat refuge within the past 90 days was sig-
nificantly higher among those without a febrile illness 
compared with those with a febrile illness (p = 0.03). 
There were no other significant differences between 
those with a febrile illness and those without when 
analyzing the same characteristics (Table 4).

Of all study participants who underwent serolog-
ic testing, only 2 had lyssavirus neutralizing antibod-
ies, both against rabies virus (Appendix 2 Table 2). 
Both denied recent encephalitis-like illness or having 
ever received rabies vaccine, but 1 reported prior bat 
contact. One of these respondents underwent repeat 
serologic testing for rabies virus neutralizing antibod-
ies during the 2013 follow-up survey, and rabies virus 
neutralizing antibodies were still detectable.

We sampled 211 bats: 120 bats during September 
2010 (112 Rousettus aegyptiacus, 8 Hipposideros gigas) 
and 91 during February 2013 (all R. aegyptiacus); none 
demonstrated clinical illness at time of capture. No 
R. aegyptiacus bats had neutralizing antibodies to Du-
venhage virus; >50% had neutralizing antibodies to 
Lagos bat virus, Shimoni bat virus, and Mokola virus; 
and 1 had neutralizing antibodies to Ikoma lyssavi-
rus (Table 5; Appendix 2 Table 3). Lyssavirus anti-
gens were not detected in brain specimens from any 
of the 211 bats.

Discussion
The occurrence of purposeful human interactions 
with bats, such as hunting for food (e.g., bushmeat), 
has been identified in several parts of the world and 
can pose a risk to human health through spillover of 
zoonotic pathogens from bats to humans (29–31). We 
therefore investigated bat and lyssavirus exposures 
among humans in an area of Nigeria that celebrates a 
biannual bat festival. Overall, we found that persons 
who interact with bats in this area are likely at risk 
for phylogroup II lyssavirus exposures, and public 
health precautions are warranted.

Although nearly two thirds of households en-
rolled in our study had >1 household members who 
had ever had bat contact, only about one quarter of 
households reported having >1 household members 
who had ever participated in the bat festival. This 
finding strongly suggests that a sizable proportion 
of the human population in the area has had bat ex-
posures unrelated to the bat festival. Furthermore, 
10% of persons living within households enrolled 
in our community surveys had previously had bat 
contact and 2% had been bitten by a bat. We do not 
know whether the bat contact and bat bites among 
these persons are related to participation in the bat 
festival or to interactions with bats from the festi-
val caves. Because entry into the festival caves is al-
lowed only during the bat festivals, we suspect that 
many of these persons have had interactions with 
bats that are not from the festival caves. Regardless, 
these person-level data on the prevalence of bat con-
tact and bat bites are likely an underestimate of the 
true prevalence of bat contact and bat bites in the 
area; persons with a history of bat interactions might 
not have been available or were not referred by oth-
er household members so they were not enrolled in 
the study, or persons who have had such bat inter-
actions might have failed to report them when re-
sponding to the survey.

We also found strong serologic evidence that lys-
saviruses circulate among bats in the festival caves. 
We found neutralizing antibodies to Lagos bat virus, 
Shimoni bat virus, and Mokola virus in >50% of bats, 
which is higher than in some prior reports (17,32–34). 
All 3 of these lyssaviruses belong to phylogroup II. 
We did not detect lyssavirus antigen in brains of any 
seropositive bat that we captured, suggesting that 
these bats survived past exposure to a phylogroup II 
lyssavirus. We cannot be sure which phylogroup II 
lyssavirus predominantly circulates in this bat popu-
lation, given potential serologic cross reactivity and 
because we did not isolate any lyssavirus from bats. 
However, we suspect Lagos bat virus because it has 
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Table 2. Types of bat exposure among persons living within 
households enrolled in 2 community surveys of bat exposures, 
Idanre area, Nigeria, 2010 and 2013 
Type of bat exposure No. (%), n = 2,112 
Ever had bat contact* 213 (10) 
 Ever touched a bat 211 
 Ever bitten by a bat 52 
 Ever scratched by a bat 66 
 Ever eaten a bat 265 (13) 
*Bat contact was defined as having touched a bat, having been bitten by a 
bat, or having been scratched by a bat. 

 



Bat and Lyssavirus Exposure among Humans, Nigeria

been documented in R. aegyptiacus bats before and 
because it was first isolated in a fruit bat in Nigeria, 
although we cannot rule out the possibility that a yet 
uncharacterized phylogroup II lyssavirus circulates 
among these bats (18,35).

Although some respondents reported a febrile 
illness after the 2013 bat festival, this finding was 
not associated with having recent bat contact or re-
cent participation in the bat festival. We recommend 
caution in interpreting these findings. A variety of 
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Table 4. Characteristics associated with experiencing a febrile illness within 90 days of the bat festival in a community survey of bat 
exposures, Idanre area, Nigeria, 2013* 

Characteristic 

Febrile illness within 
90 d of bat festival, 

no. (%), n = 23 

No febrile illness within 
90 d of bat festival, no. 

(%), n = 147 p value OR (95% CI) 
Demographics     
 Mean age (SD) 47 (18) 43 (17) 0.39 NA 
 Age range, min–max 18–80 18–89 NA NA 
 Median age (interquartile range) 47 (32–65) 38 (30–55) NA NA 
 Age <25 y 2 (9) 18 (12) 0.63 0.68 (0.14–3.27) 
 Male sex 13 (57) 80 (54) 0.85 1.09 (0.45–2.65) 
Education     
 Some secondary or above 11 (48) 65 (44) 0.73 1.16 (0.51–2.61) 
 Completed secondary or above 9 (39) 40 (27) 0.21 1.72 (0.74–4.00) 
Household characteristics     
 Persons in household     
  <5 persons 7 (30) 38 (26) 0.66 1.25 (0.46–3.41) 
  <10 persons 18 (78) 97 (66) 0.31 1.86 (0.56–6.15) 

Main material used to build house     
  Adobe/mud 14 (61) 71 (48) 0.29 1.67 (0.65–4.24) 
  Cement/brick 9 (39) 76 (52) Referent Referent 
  Wood 0 0 NP NP 
 Openings present in house that could allow 
 bats to enter 

14 (61) 91 (62) 0.93 0.96 (0.38–2.44) 

 Household with animals† 12 (52) 68 (46) 0.62 1.27 (0.50–3.24) 
 Household with >1 animal† that has been 
 vaccinated against rabies 

2 (17) 6 (9) 0.43 2.07 (0.34–12.64) 

Bat contact within past 90 d‡     
 Any bat contact  3 (13) 40 (27) 0.15 0.40 (0.11–1.40) 
 Touched a bat with skin uncovered  3 (13) 40 (27) 0.15 0.40 (0.11–1.40) 
 Bitten by bat  1 (4) 10 (7) 0.66 0.62 (0.07–5.21) 
 Scratched by bat  1 (4) 15 (10) 0.39 0.40 (0.05–3.22) 
Other bat-related activities within past 90 d     
 Participated in bat festival  1 (4) 34 (23) 0.07 0.15 (0.02–1.17) 
 Entered a bat cave or bat refuge  1 (4) 18 (12) 0.29 0.33 (0.04–2.61) 
 Prepared a bat as food  7 (30) 57 (39) 0.45 0.69 (0.26–1.82) 
 Eaten a bat  7 (30) 56 (38) 0.49 0.71 (0.27–1.87) 
Knowledge     
 Indicated animal bites as mechanism of rabies 
 transmission 

13 (57) 78 (53) 0.74 1.15 (0.51–2.62) 

 Described rabies as severe 13 (57) 84 (57) 0.95 0.98 (0.43–2.23) 
 Identified bats as a rabies source 1 (4) 3 (2) 0.49 2.18 (0.24–20.11) 
 Identified dogs as a rabies source 16 (70) 84 (57) 0.26 1.71 (0.67–4.36) 
If bitten or scratched by a bat     
 Wash wound with soap and water 0 5 (3) NP NP 
 Seek medical care 9 (39) 52 (35) 0.70 1.17 (0.51–2.69) 
 Seek a traditional healer or pray 2 (9) 5 (3) 0.24 2.70 (0.52–13.97) 
 Do nothing 9 (39) 69 (47) 0.50 0.73 (0.28–1.85) 
If bitten by a potentially rabid animal     
 Wash wound with soap and water 0 1 (1) NP NP 
 Seek medical care 16 (70) 92 (63) 0.53 1.37 (0.51–3.64) 
 Seek a traditional healer or pray 3 (13) 4 (3) 0.03 5.36 (1.17–24.48) 
 Do nothing 3 (13) 33 (22) 0.32 0.52 (0.14–1.89) 
History of rabies vaccination 1 (4) 1 (1) 0.19 6.64 (0.39–111.64) 
Aware that bats can cause disease other than 
rabies 

3 (13) 6 (4) 0.08 3.53 (0.86–14.40) 

Know of reports of illness as a result of bats or 
being in bat cave 

2 (9) 1 (1) 0.03 13.90 (1.25–154.63) 

*NA, not applicable or not calculated; NP, logistic regression could not be performed due to zero cells; OR, odds ratio. 
†Pet or livestock. 
‡Bat contact was defined as having touched a bat, having been bitten by a bat, or having been scratched by a bat. 
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bat species, including R. aegyptiacus, which we iden-
tified in the festival caves, are known reservoirs for 
a range of potential pathogens, including filovi-
ruses and coronaviruses (18,22,36,37). It is therefore 
plausible that at least some zoonotic pathogens are  
present in bats residing in the festival caves and that 
these pathogens can spill over into humans (16). 
Furthermore, the data we present on febrile illness 
are a snapshot from 2013, and given that excretion 
of virus in bats can be episodic, the risk of batborne 
infections may vary over time (23).

We did not find neutralizing antibodies to lyssa-
viruses in any person in the study, other than 2 per-
sons who had neutralizing antibodies to rabies virus, 
perhaps reflecting prior rabies vaccination that was not 
recalled during the survey or abortive infection from 
bites of rabid dogs (5). Thus, we found no evidence of 
abortive phylogroup II lyssavirus infections among 
humans in this study, despite the high prevalence of 
neutralizing antibodies to phylogroup II lyssaviruses 
among bats in the festival caves and that many persons 
in the area frequently interact with bats. This result is 
perhaps not surprising. First, as previously explained, 
we suspect that many interactions with bats among the 
population are unrelated to the bat festival and unre-
lated to bats from the festival caves (although bat hunt-
ers who participated in the 2013 bat hunter survey, 
by definition, would have had interaction with bats 
from the festival caves). The data we present on the 
prevalence of neutralizing antibodies to phylogroup II 
lyssaviruses among bats are specific to bats from the 
festival caves and cannot be generalized to other bat 
populations in the area; the prevalence of these anti-
bodies in other bat populations with which humans 
also interact might be lower than that for bats from the 
festival caves. Second, in the Amazon, where abortive 
lyssavirus infections have been documented, humans 
likely experience bat bites on a more continuous basis 
because of the predatory nature of vampire bats (5). In 
contrast, the bat festival in this part of Nigeria occurs at 
discrete times, leading to a lower frequency of bat bites 
and thus lower risk of lyssavirus exposure. Finally, the 

dates of the bat festivals vary each year and are deter-
mined based on traditional wisdom. Whether the bat 
festival timing, as determined by cultural leaders, im-
plicitly accounts for periods of lower risk of batborne 
infections to festival participants warrants further in-
vestigation by an interdisciplinary team of biologists 
and anthropologists (23).

Our study has limitations. Accurate information 
on the distribution of communities in the area was 
limited, making it unclear whether persons we en-
rolled are representative of the area. We did not use a 
strict definition for febrile illness, nor could we verify 
the occurrence of a febrile illness; rather, we relied on 
retrospective, subjective reports. Our study did not 
have a robust method of identifying encephalitis-like 
illness and deaths that occurred between the initial 
data collection in 2013 and the 2013 follow-up survey, 
and we do not know what happened to participants 
who could not be located for the follow-up survey. 
Thus, we cannot draw conclusions on the ability of 
the predominant phylogroup II lyssavirus that circu-
lates among bats in the festival caves to cause produc-
tive lyssavirus infections (rabies) in humans.

Emerging infectious diseases are on the rise 
around the world; most originate from animals (38). 
Although the source of the 2014–2016 Ebola outbreak 
remains unknown, it may have begun with a single 
spillover event involving initial bat contact (39), which 
underscores the health risks of interacting with bats 
without appropriate precautions. If we assume that 
the households we enrolled are representative of the 
Idanre area, then this part of Nigeria has high rates of 
bat contact and is at high risk for bat-related zoono-
ses. We therefore recommend that officials strengthen 
health security in the Idanre area, recognizing that an 
approach that bans hunting and consumption of bats 
is unlikely to be effective. Rather, a more productive 
approach will focus on harm reduction and commu-
nity engagement. Specific recommendations include 
educating the population, particularly persons who 
participate in high-risk bat-related activities, about the 
health risks associated with bats and the ecosystem 
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Table 5. Summary of serologic testing results for lyssavirus antibodies among Rousettus aegyptiacus bats roosting in caves used in a 
bat festival, Idanre area, Nigeria, 2010 and 2013* 

Lyssavirus type (species) 
Duvenhage virus 

(South Africa, 1970) 

Lagos bat virus 
(lineage B,  

Nigeria, 1956) 
Shimoni bat virus 

(Kenya, 2009) 
Mokola virus  

(South Africa, 1998) 
Ikoma lyssavirus 
(Tanzania, 2009) 

Lyssavirus phylogroup I II II II Undetermined 
Year 2013 2010, 2013 2013 2013 2013 
No. bats tested 67 169 60 62 64 
No. (%) bats with detectable 
neutralizing antibodies 

0 89 (53) 30 (50) 37 (60) 1 (2) 

*A total of 211 bats were collected: 120 bats during September 2010 (112 Rousettus aegyptiacus, 8 Hipposideros gigas) and 91 during February 2013 (all 
R. aegyptiacus). This table displays only data on serologic testing for lyssaviruses among R. aegyptiacus bats; serum specimens were not available for all 
R. aegyptiacus bats. 
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benefits provided by bats; providing preexposure pro-
phylaxis for rabies and possibly other batborne disease 
(potentially even Ebola) for persons who participate 
in high-risk bat-related activities; and developing sur-
veillance and outbreak response capacity in the area 
for syndromes such as febrile illness, encephalitis, and 
hemorrhagic fevers.
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Rickettsioses and related infections, including 
scrub typhus, caused by Orientia tsutsugamushi; 

spotted fever group rickettsioses (SFGR), often called 
tick typhus; and typhus group rickettsioses (TGR), 
also called murine typhus, are reemerging and ne-
glected causes of acute febrile illness (AFI) in South-
east Asia (1–4). Serologic confirmation of acute rick-
ettsioses, however, requires demonstration of a 4-fold 
rise in IgG titer by indirect fluorescent antibody (IFA) 
because acute-phase IgG might represent prior infec-
tion and IgM might indicate recent or cross-reactive 
antibody (1). Furthermore, serologic testing in the 
early phase of illness is not helpful because antirick-
ettsial antibodies are often not present within the first 
2 weeks.

Rickettsioses have been reported in Malaysia 
historically (2–4). Malaysia state tertiary hospital 
data for the period 1994–1999 identified antirick-
ettsial IgG or IgM in 6,442 (10.6%) tested samples 
(IgG or IgM titer >400 by the indirect immunoper-
oxidase test), including 4.9% O. tsutsugamushi, 3.1% 
TGR, and 2.6% SFGR (5). Although rickettsioses are 
notifiable diseases according to Malaysia Ministry 
of Health guidelines (6), routine testing is not con-
ducted, paired acute-phase and convalescent-phase 
serum samples are rarely available, and only 53 in-
fections were reported nationally during 2009–2015 
(7). In the East Malaysia state of Sabah, 2 cases were 
reported over that period despite a seroprevalence 
of 5.5% among 11,037 patients tested in previous 
years at the state tertiary referral hospital (5) and 
high (>50%) seropositivity reported in febrile pa-
tients from certain rural areas (8). We prospectively 

enrolled patients and performed reference standard 
diagnostic testing to document and describe the epi-
demiology and clinical features of confirmed rickett-
sioses among patients with nonmalarial AFI in Sa-
bah, East Malaysia.

Methods

Study Sites and Referral System
We conducted the study during December 12, 2013–
July 15, 2015, in 2 adjacent district referral hospitals, 
Kudat and Kota Marudu, in northwest Sabah, Ma-
laysia, on the island of Borneo. These districts cover 
an area of 3,204 km2 and had an estimated popula-
tion in 2015 of ≈169,000 (9). According to Malaysia 
Ministry of Health divisional health facility struc-
tures, each district has a single central referral hos-
pital and subdistrict health clinics. The climate is 
tropical, has no defined dry season, and experiences 
increased rainfall during November–March. The re-
gion consists of both coastal and inland areas with 
elevations up to 1,000 m and extensive recent human 
land-use change from intact forest to oil palm plots 
and plantations (10).

Study Population
Patients >4 weeks of age with a documented temper-
ature of >38°C within 48 hours of admission to the 
medical or pediatric wards and a negative malarial 
blood film were eligible. We obtained consent from 
the patient or a parent or guardian if the patient was 
<18 years of age; we also obtained assent from per-
sons 7–17 years of age.

Study Procedures
Trained research nurses used standardized case 
record forms to collect structured epidemiologic, 
clinical, and laboratory data, including the admit-
ting clinician’s findings on examination, provisional 
diagnosis, and management. At enrollment, venous 
blood was obtained for routine and research-relat-
ed testing after consent. Patients were requested 
to return for routine hospital outpatient follow-up 
and convalescent-phase serum sampling 14 days  
after enrollment.

Laboratory Procedures
Hematologic and biochemical tests, blood cultures, 
and malaria smears were performed in the hospi-
tal laboratory. Anemia was classified according to 
World Health Organization age- and sex-based cri-
teria (11). Acute kidney injury was defined per KDI-
GO criteria (12).
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Orientia tsutsugamushi, spotted fever group rickettsio-
ses, and typhus group rickettsioses (TGR) are reemerg-
ing causes of acute febrile illness (AFI) in Southeast 
Asia. To further delineate extent, we enrolled patients 
>4 weeks of age with nonmalarial AFI in Sabah, Malay-
sia, during 2013–2015. We confirmed rickettsioses (past 
or acute, IgG titer >160) in 126/354 (36%) patients. We 
confirmed acute rickettsioses (paired 4-fold IgG titer rise 
to >160) in 38/145 (26%) patients: 23 O. tsutsugamu-
shi, 9 spotted fever group, 4 TGR, 1 O. tsutsugamushi/
spotted fever group, and 1 O. tsutsugamushi/TGR. PCR 
results were positive in 11/319 (3%) patients. Confirmed 
rickettsioses were more common in male adults; agri-
cultural/plantation work and recent forest exposure were 
risk factors. Dizziness and acute hearing loss but not es-
chars were reported more often with acute rickettsioses. 
Only 2 patients were treated with doxycycline. Acute 
rickettsioses are common (>26%), underrecognized, 
and untreated etiologies of AFI in East Malaysia; empiri-
cal doxycycline treatment should be considered.
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We conducted IFA testing at the Uniformed Ser-
vices University for the Health Sciences (Bethesda, 
MD, USA) to confirm rickettsial infections; 2 experts 
read each slide, as described (13,14). We screened 
convalescent-phase serum samples using IFA at 1:80 
dilution for IgG to O. tsutsugamushi (Karp strain), 
SFGR (Rickettsia conorii Malish 7 strain), and TGR 
(R. typhi); for reactive samples, we tested acute- and 
convalescent-phase paired serum samples together 
and titrated positives to 2,560. To evaluate the util-
ity of acute-phase IgM for identifying paired IgG-
confirmed acute infections, we tested a subset with 
paired IgG results for IgM in addition to those with-
out convalescent-phase serum. We screened acute-
phase serum samples for IgM at 1:40 and titrated 
positives to 1,280.

We performed multiplex real-time PCR to detect 
O. tsutsugamushi (56-kDA major outer membrane pro-
tein gene), SFGR (consensus ompA sequence), and TGR 
(R. typhi 17-kDa lipoprotein precursor gene) on ED-
TA-anticoagulated blood or buffy coat stored at -70°C 
as described (15). We tested 5 µL of DNA extracted 
from a 200 µL sample of EDTA-anticoagulated whole 
blood or buffy coat; we required 2 out of 2 or 3 repli-
cates to confirm a positive result by PCR.

Case Definitions
We used stringent criteria to define rickettsial infec-
tions (16), as reported previously (13,14). We de-
fined confirmed rickettsioses as any IgG titer >160; 
confirmed past rickettsial infection as stable or de-
clining IgG titer >160; confirmed acute rickettsial 
infection as a >4-fold rise in IgG titer by paired IFA 
to convalescent-phase titer of >160, positive PCR 
result, or both; confirmed probable acute rickettsial 
infection as a 2-fold rise in IgG titer with convales-
cent-phase titer >160 or single IgG titer >160 without 
paired serum samples; and possible rickettsioses as 
any IgG titer of 80 (acute infection if IgG seroconver-
sion). We distinguished SFGR from TGR when we 
observed a >2-fold difference in SFGR versus TGR 
titer; if titers were equal, we categorized the infec-
tion as group indeterminate.

Statistical Analysis
We analyzed data by using Stata (StataCorp, 
https://www.stata.com). We performed 2-group 
comparisons by using the Student t-test for continu-
ous variables with normal distributions or the Wil-
coxon–Mann–Whitney test for skewed distributions. 
For categoric variables, we used a χ2 or Fisher exact 
test. We calculated odds ratios (ORs) and 95% CIs by 
using the Mantel-Haenszel method.

Ethics
We obtained ethics approval for this study. The 
study was approved by relevant institutional review 
boards in Malaysia (National Medical Research Eth-
ics Committee), Australia (Menzies School of Health 
Research), and the United States (John Hopkins Uni-
versity and Duke University).

Results
Of 557 patients who met eligibility criteria, 426 
(77%) consented to enrolment and blood collection; 
183 (43%) patients returned for convalescent fol-
low-up (median 13 days; interquartile range (IQR) 
12–14 days), and 157 (37%) had acute-phase serum 
samples, convalescent-phase serum samples, or 
both collected (Figure 1). Among the 243 patients 
who did not attend follow-up appointments, 240 
had acute-phase serum samples available. A total 
of 354 patients had acute-phase serum samples, 
convalescent-phase serum samples, or both avail-
able to test for rickettsioses; of these, 145 (41%) 
patients had paired serum samples. Acute-phase 
whole blood or buffy coat was available for 319 pa-
tients. We observed no difference in median age or 
sex between those patients with and without paired 
serum samples.

Serologic Diagnosis
Testing for IgG by IFA confirmed rickettsial infections 
in 126 of 354 (36%) patients, including 96 (27%) with 
scrub typhus (O. tsutsugamushi infection), 26 (7%) 
with SFGR, and 25 (7%) with TGR (Table 1); 6 patients 
had both O. tsutsugamushi and SFGR, 8 patients both 
O. tsutsugamushi and TGR, 1 patient both SFGR and 
TGR, and 3 patients O. tsutsugamushi, SFGR, and TGR 
IgG. We found confirmed past infection (stable or de-
clining IgG titers >160) in 17 (12%) of 145 patients. Pa-
tients with serologic evidence of acute or past SFGR 
infections were older (median 60 years [IQR 45–73 
years]) than patients with O. tsutsugamushi infection 
(median 38 years [IQR 24–57 years]; p = 0.003) but 
not patients with TGR (median 48 years [IQR 38–58 
years]; p = 0.25) infections.

Among patients with paired serum samples, we 
confirmed 38 (26% [95% CI 20–34]) as having acute 
rickettsial infections based on a 4-fold rise in IgG ti-
ter, including 23 (15%) with O. tsutsugamushi, 9 (6%) 
SFGR, 4 (3%) TGR, and 2 co-infections (1 O. tsutsu-
gamushi/SFGR and 1 O. tsutsugamushi/TGR [1% 
combined]). Most (22/38 [58%]) cases were associ-
ated with IgG seroconversion, including 13/25 (52%) 
acute O. tsutsugamushi infections, 9/10 (90%) acute 
SFGR, and 2/5 (40%) acute TGR.
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Probable acute rickettsial infections were de-
tected in 77/354 (22%) persons, including 58 with O. 
tsutsugamushi , 12 with SFGR, and 16 with TGR; 70 
of these lacked paired serum samples. Among those 
with paired serum samples, sensitivity of acute-phase 
IgM for acute rickettsioses was 8% (95% CI 2%–21%) 
and specificity was 94% (95% CI 87%–98%). We ob-
served possible acute rickettsioses in an additional 37/ 
354 patients (10% [95% CI 7%–14%]) (Appendix Tables 
1–3, https://wwwnc.cdc.gov/EID/article/26/7/19-
1722-App1.xlsx).

Diagnosis by PCR
An additional 11 of 319 patients with acute-phase 
whole blood or buffy coat available had acute rick-
ettsial infections by PCR. These infections were 1 O. 
tsutsugamushi, 8 SFGR, and 2 TGR (Table 1).

Clinical and Laboratory Features of Acute  
Rickettsial Infections
Patients with confirmed acute rickettsial infections (n = 
49; median age 39 years) were equally likely to be male 
and were of similar age (p = 0.32) to those with prob-
able acute rickettsioses (median age 43 years); both 
groups were slightly older than those with no rickett-
sial infection (median age 29 years; p = 0.007) (Table 
2). The median age of those with acute infections did 
not differ significantly (p = 0.69): 36 years (IQR 21–51 

years) for O. tsutsugamushi, 49 years (IQR 12–58 years) 
for SFGR, and 38 years (IQR 27–56 years) for TGR. 
Eight children (<15 years of age) had confirmed acute 
rickettsial infections (5 SFGR, 2 O. tsutsugamushi, and 1 
TGR), of whom 5 (63%) had their infections confirmed 
by PCR; the youngest was a 6-month-old infant. The 
median duration of hospitalization for those with con-
firmed acute rickettsial infections was 5 days (IQR 3–7 
days), which was comparable to those without rickett-
sioses. No deaths were reported.

Clinical and laboratory features of probable 
acute rickettsial infections were comparable to those 
with confirmed infections (Table 2), except for less 
frequent dyspnea (17% vs. 33%; p = 0.047). Head-
ache was more common in those with confirmed 
or probable acute rickettsial infection than those 
with no acute rickettsial infection (77% vs. 59%; p 
= 0.004), especially among those with SFGR or TGR 
(81%) compared with O. tsutsugamushi (76%) or nei-
ther (59%) (Appendix Tables 1–3). Dizziness was 
more frequent in those with confirmed and prob-
able acute rickettsial infections (63%) than those 
with no rickettsial infection (48%; p = 0.029); how-
ever, vomiting was less common (32% vs. 46%; p = 
0.035). Hearing loss was more common in those with 
acute (9%) compared with no rickettsial infection 
(2%; p = 0.023); this finding was most pronounced 
in confirmed O. tsutsugamushi infection (19% [95%  
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Figure 1. Enrollment flowchart and laboratory testing in a prospective cohort study of acute febrile illness attributable to rickettsioses, 
Sabah, East Malaysia, 2013–2015. OT, Orientia tsutsugamushi; SFGR, spotted-fever group rickettsiosis; TGR, typhus-group rickettsioses. 
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CI 7%–39%]; p = 0.004) but also present in SFGR 
(18% [95% CI 4%–43%]; p = 0.021). Thirteen (11%) 
patients with acute rickettsioses had a maculopapu-
lar rash, but none had an eschar.

Provisional clinical diagnoses among patients 
with confirmed acute rickettsioses included 7 
(14%) dengue, 6 (12%) acute undifferentiated fe-
ver, 6 (12%) community-acquired pneumonia, 5 
(10%) urinary tract infection, 4 (8%) leptospirosis, 
4 (8%) gastroenteritis, and 23 (47%) other diagno-
ses. No patient with or without confirmed rickett-
sial infection had a provisional diagnosis of acute 
rickettsial infection.

Anemia occurred in 24 (51%) patients with 
acute rickettsioses and hematologic results avail-
able, and we noted a hemoglobin level of <80 g/L 
in 3 adults (Appendix Table 4). Peripheral leuko-
cyte counts, renal function after controlling for age, 
and acute kidney injury, observed in 6/33 patients 
(18%), were similar in patients with and without 
acute rickettsioses.

Doxycycline was administered to 2 (4%) pa-
tients with confirmed acute rickettsioses (both O. 
tsutsugamushi infections), albeit in both cases for a 
provisional diagnosis of gastroenteritis. None of 
the 6 rickettsial case-patients with a provisional di-
agnosis of acute undifferentiated fever were treat-
ed with doxycycline.

Epidemiologic Features of Patients with Confirmed 
Acute or Past Rickettsial Infections
Patients with acute or past rickettsial infections 
were older than those without (median age 43 vs. 
24 years; p<0.001); however, the distribution by sex 
was similar (57% male among those with past rick-
ettsial infection vs. 52% among those without rick-
ettsial infection). Most patients (67%) reported rural 
residence (Appendix Table 5). Recently spending 
time in forest areas was more common (OR 2.1 [IQR 
1.0–4.3]; p = 0.037) in patients with acute or past 
rickettsial infection (14%) than patients with neither 
(7%), including staying overnight in the forest for 
those with scrub typhus (11%; p = 0.047). Patients 
were more likely to report a primary occupation as 
a rubber tapper (OR 5.9 [IQR 1.9–18.5]; p = 0.002) for 
those with acute or past rickettsial infections (10%) 
than for patients without rickettsioses (2%). Of the 
13 rubber tappers with seroprevalent rickettsioses, 3 
(23%) had confirmed acute scrub typhus and 5 (38%) 
past scrub typhus. Farmers were also more likely 
(OR 2.8 [IQR 1.0–7.3]; p = 0.041) to have (8%) than 
not to have (3%) seroprevalent rickettsial infections. 
Patients who were unemployed had an increased 
risk of rickettsioses (OR 1.9 [IQR 1.0-3.5]; p = 0.042), 
of whom 4/24 had a recent travel history. No other 
occupations were associated with an increased risk 
of seroprevalent rickettsioses.
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Table 1. Serologic and molecular detection of confirmed rickettsioses in a prospective cohort study of acute febrile illness attributable 
to rickettsioses, Sabah, East Malaysia, 2013–2015* 
Confirmed rickettsial infections OT SFGR TGR Total 
Confirmed age indeterminate (acute or past); acute-phase or 
convalescent-phase IgG titer >160,† n = 354 

96 (27 [23–32]) 26 (7 [5–11]) 25 (7 [5–10]) 126 (36 [31–41]) 

Confirmed past infection; acute-phase IgG titer >160 with 
stable or decreasing paired titer,‡ n = 145 

13 (9 [5–14]) 4 (3 [1–7]) 4 (3 [1–7]) 17 (12 [7–18]) 

Confirmed rickettsial infection, acute 
 All acute confirmed,§ n = 378 26 (7 [5–10]) 18 (5 [3–7]) 7 (2 [1–4]) 49 (13 [10–17]) 
 >4-fold rise in IgG titer,§ n = 145 25 (17 [12–24]) 10 (7 [4–12]) 5 (3 [1–8]) 38 (26 [20–34]) 
 With seroconversion¶ 13 (9 [5–14]) 9 (6 [3–11]) 2 (1 [<1–5]) 22 (14 [9–20]) 
 PCR positive,# n = 319 1 (<1 [0–2]) 8 (2 [1–5]) 2 (1 [0–2]) 11 (3 [2–6]) 
 Copy number/mL, mean 5,164 482 3477  
Confirmed rickettsial infection, probable acute 
 All probable acute, n = 354 58 (16 [13–21]) 12 (3 [2–6]) 16 (5 [3–7]) 77 (22 [18–26]) 
Paired serum samples     
 2-fold IgG titer rise to >160,** n = 145 6 (4 [2–9]) 1 (1 [<1–4]) 2 (1 [<1–5]) 7 (5 [2–10]) 
Single serum samples     
 Acute-phase IgG >160,†† n = 197 45 (23 [18–29]) 8 (4 [2–8]) 12 (6 [4–10]) 60 (30 [24–37]) 
 Convalescent-phase IgG >160,‡‡ n = 12 7 (58 [32–81]) 3 (25 [9–53]) 2 (17 [5–45]) 10 (83 [55–95]) 
*Values are no. (% [95% CI]) unless otherwise indicated. Total does not equal sum of individual infections because some of the individual infections are 
co-infections. OT, Orientia tsutsugamushi; SFGR, spotted-fever group rickettsiosis; TGR, typhus-group rickettsioses.  
†Includes 18 patients with serologic evidence of OT/SFGR (6); OT/TGR (8); SFGR/TGR (1); OT/SFGR/TGR (3). 
‡Includes 3 patients with serologic evidence of OT/TGR (2) and OT/SFGR/TGR (1). 
§Includes 2 co-infections: 1 patient positive for OT and SFGR (both with acute-phase IgG titer of 40 and convalescent-phase titer of 320) and 1 patient for 
OT and TGR (both with acute-phase IgG titer of 40 and convalescent-phase titer 160). 
¶Includes 1 patient each with serologic evidence of OT/TGR and OT/SFGR. 
#No PCR-positive patients were confirmed also by paired IgG serology; 8 patients had acute-phase serum samples, and 1 TGR PCR-positive patient had 
IgM 2,560. 
**Includes 2 patients with 2-fold IgG titer rises to OT and TGR 
††Includes 3 patients positive for OT and TGR and 2 patients positive for OT and SFGR 
‡‡Includes 1 patient each with serologic evidence of SF/TG and OT/TG. 
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Discussion
Although rickettsial infections were first document-
ed in Malaysia in 1925 (17), few cases are currently 
confirmed and reported nationally (18). Paired serum 
samples are infrequently obtained, and IFA requires 
expertise; both these factors limit diagnostic efforts. 
By confirming acute infection based on a 4-fold rise 
in IgG titer, PCR positivity, or both, we documented 
and characterized rickettsioses as an important cause 
of nonmalarial AFI in Malaysia (Figure 2). We found 
definitive serologic evidence of acute or past rickett-
sioses in 36% of patients and confirmed acute infec-
tions in 26% of patients. Scrub typhus (O. tsutsuga-
mushi infection) was the most common rickettsiosis, 
especially among rural residents. 

Acute-phase IgM demonstrated insufficient sen-
sitivity for identifying acute rickettsioses. Moreover, 
acute-phase IgG, which cannot distinguish acute from 
past rickettsioses, is an imperfect measure of serop-
revalence because antibodies decline over time even 
in patients who are not treated (19). PCR also detected 
few acute infections compared with paired serologic 
tests. Rickettsial infections were unsuspected clinical-
ly, and nearly all were untreated. Therefore, increased 
clinical awareness, improved diagnostic tools, and 
empirical use of doxycycline are essential to reduce 
illness and death attributable to rickettsioses.

Confirmation of acute rickettsioses as a major 
cause of AFI in Sabah, Malaysia, is to be expected 
because rickettsioses have been identified elsewhere 
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Table 2. Clinical features of patients with acute rickettsioses versus no rickettsioses in a prospective cohort study of acute febrile 
illness attributable to rickettsioses, Sabah, East Malaysia, 2013–2015* 

Characteristic 

Confirmed 
acute 

rickettsial 
infection 

Probable 
acute 

rickettsial 
infection 

p value for 
confirmed vs. 

probable acute 
infection 

No 
rickettsial 
infection 

p value for 
confirmed or 

probable acute 
vs. no infection 

p value for 
confirmed 

acute vs. no 
infection 

No. patients 49 77 NA 102 NA NA 
Demographics       
 Age, median, y (IQR) 39 (2–56) 43 (28–62) 0.32 29 (8–55) 0.007 0.15 
 Child <15 y of age 8 (16) 3 (4) 0.023 29 (28) <0.001 0.22 
 Sex       
  M 31 (63) 48 (62) 0.92 48 (47) 0.029 0.20 
  F 18 (37) 29 (38)  54 (53)   
Symptoms       
 Symptoms data available 48 (98) 75 (97) 0.99 102 (100) 0.99 0.99 
 Fever duration, median days (IQR) 2 (2–4) 3 (2–5) 0.46 3 (1–4) 0.64 0.89 
 Headache 36 (75) 60 (80) 0.65 60 (59) 0.004 0.05 
 Dizziness 33 (69) 44 (59) 0.23 49 (48) 0.029 0.017 
 Confusion 5 (10) 5 (7) 0.34 9 (9) 0.75 0.75 
 Vision changes 8 (17) 10 (13) 0.56 11 (11) 0.42 0.31 
 Retro-orbital pain 11 (23) 19 (25) 0.99 22 (22) 0.82 0.85 
 Hearing loss 7 (15) 4 (5) 0.11 2 (2) 0.023 0.005 
 Coryza 16 (33) 22 (30) 0.50 32 (31) 0.82 0.81 
 Cough 23 (48) 34 (45) 0.59 41 (40) 0.48 0.37 
 Dyspnea 16 (33) 13 (17) 0.047 27 (26) 0.64 0.39 
 Joint pain 20 (42) 29 (39) 0.62 36 (35) 0.57 0.45 
 Muscle pain 14 (29) 13 (17) 0.08 23 (23) 0.81 0.38 
 Lethargy 32 (67) 45 (60) 0.37 59 (58) 0.54 0.30 
 Nausea 16 (33) 34 (46) 0.16 44 (44) 0.71 0.23 
 Vomiting 13 (27) 27 (36) 0.32 47 (46) 0.035 0.027 
 Abdominal pain 20 (42) 33 (44) 0.56 41 (40) 0.48 0.86 
 Loss of appetite 34 (71) 49 (66) 0.43 70 (68) 0.76 0.79 
 Diarrhea 12 (25) 20 (27) 0.67 32 (31) 0.49 0.42 
 Dysuria 4 (8) 6 (8) 0.99 6 (6) 0.61 0.46 
Signs       
 Conjunctival suffusion 0/46 (0) 0/73 (0) NA 2/95 (2) 0.21 0.99 
 Respiratory distress† 10 (21) 21 (27) 0.67 34 (33) 0.21 0.17 
 Respiratory crepitations on auscultation 5 (10) 12/74 (16) 0.25 18 (18) 0.32 0.33 
 Abnormal chest radiograph result 8/14 (57) 18/31 (58) 0.50 23/39 (59) 0.70 0.99 
 Maculopapular rash 4 (8) 10/75 (13) 0.37 6 (6) 0.23 0.73 
 Eschar 0/47 (0) 0/74 (0) NA 0/101 (0) NA NA 
 Lymphadenopathy 0/46 (0) 2/72 (3) 0.53 3/98 (3) 0.67 0.55 
 Abdominal tenderness 7/44 (16) 5/49 (10) 0.36 11/91 (12) 0.76 0.59 
 Hepatomegaly 10 (21) 9/75 (12) 0.13 10 (10) 0.17 0.06 
 Splenomegaly 3/41 (7) 2/73 (3) 0.33 2/89 (2) 0.46 0.33 
*Values are no. (%) unless indicated. Bold indicates a statistically significant difference (p<0.05). Results are from time of study enrolment unless 
indicated. IQR, interquartile range; NA, not applicable. 
†Respiratory rate >30 breaths/min or tissue oxygen saturation <96% on room air. 
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in the region. A large multicenter study in Thailand, 
Vietnam, and Indonesia showed that 6% of 1,578 
enrolled patients had serologically confirmed acute 
rickettsioses (20). Other rigorous clinical and cross-
sectional studies have demonstrated marked spatial 
heterogeneity in seroprevalence of rickettsioses (21), 
including 1% in Thailand (22), 33% in areas bordering 
Myanmar (23), 7% to 27% in Laos (24–26), and up to 
10% in parts of Indonesia (27,28). Our study suggests 
that rickettsioses are at least as common (26%) in Ma-
laysia as elsewhere in the region.

Rickettsioses are likely to be reemerging in East 
Malaysia. Despite the presence of a common vector of 
scrub typhus, Leptotrombidium (L.) deliense mites, be-
ing documented in coastal areas for decades (29), a 
single statewide study (including Kudat District) in 
the 1980s reported no acute rickettsioses among 383 
febrile patients with paired serum samples tested by 
IFA (30). Sero-epidemiologic findings from 837 per-
sons at that time demonstrated a low seroprevalence 

of 0.8% for O. tsutsugamushi, 8.6% for SFGR, and 
0% for TGR (30). At the Sabah state tertiary referral 
hospital during 1994–1999, a total of 11,037 samples 
from febrile patients sent for acute IgG or IgM testing 
showed a comparatively low seroprevalence of 2.6% 
for O. tsutsugamushi, 1.3% for TGR, and 1.6% for SFGR 
(5). However, the inability to confirm acute rickettsio-
ses, even retrospectively, if paired serum samples are 
not obtained has constrained broader public health 
understanding of their epidemiology and disease 
prevalence among the at-risk population in Sabah.

The epidemiology of rickettsial infections in this 
study is consistent with previous reports of scrub 
typhus and spotted fever rickettsioses described in 
rural areas in Southeast Asia (31); those reports in-
dicated that infections were more commonly found 
in male adults, in agricultural, plantation, or forestry 
workers (8,28,32,33), and in persons with lower so-
cio-economic status (21,34). The presence of typhus 
group rickettsioses in rural residents in our study 
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Figure 2. Village-level geographic distribution of confirmed acute and probable acute rickettsioses cases in a prospective cohort study  
of acute febrile illness attributable to rickettsioses, Sabah, East Malaysia, 2013–2015. Inset map shows study area in Sabah, Malaysia. 
OT, Orientia tsutsugamushi infection; SFGR, spotted-fever group rickettsiosis; TGR, typhus-group rickettsioses.
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population, despite generally being reported more 
frequently in urban populations (31), highlights the 
need for further studies to better understand the epi-
demiology of rickettsioses in Malaysia and to design 
appropriate control measures. Because SFGR and 
TGR cross-reactivity by IFA is expected, testing for all 
3 rickettsioses (O. tsutsugamushi infection, SFGR, and 
TGR) is important.

Factors explaining a potential increase in rickett-
sioses in Sabah could in part be related to changes in 
human land use (10) and the relationship with oc-
cupational or travel behavior and vector bionomics 
(35). The effect of habitat on O. tsutsugamushi sero-
prevalence has previously been evaluated in penin-
sular Malaysia; higher seropositivity overall was ob-
served in indigenous adults with exposure to intact 
forest areas (73%) compared with forest fringe (48%) 
and village areas (8%) (4). These findings are broadly 
consistent with the association in our study between 
persons with acute or past rickettsioses and a his-
tory of extended forest exposure. Rubber plantation 
workers in peninsular Malaysia have been reported 
to have higher SFGR prevalence (40%), compared 
with O. tsutsugamushi (8%) and TGR (1%) (36). In con-
trast, although those identified as rubber tappers in 
our study had high seroprevalence to rickettsioses 
overall, most of these infections were attributable to 
O. tsutsugamushi.

We found that patients with acute rickettsioses 
had clinical findings similar to those without acute 
rickettsioses, with the exception of more frequent 
dizziness and hearing loss and less frequent vomit-
ing. Detection of hearing loss might assist in clinical 
recognition of rickettsioses and has been reported in 
up to one third of patients with acute scrub typhus 
(37) as well as in those with SFGR (38). Eschar occurs 
most frequently on the anterior chest in women and 
the groin in men with scrub typhus (39); the relative 
rarity of eschar and higher frequency of hepatomeg-
aly found in our study was also previously described 
in Malaysia (2). We observed severe cases of acute 
kidney injury in a small number of patients; howev-
er, acute kidney injury remains clinically important 
because of the subsequent increased risk for chronic 
kidney disease (40).

Common laboratory markers, such as abnormali-
ties in leukocyte count, thrombocytopenia, anemia, 
and raised liver transaminases, were all nonspecific 
(31). Neutropenia occurred in 1 patient with acute 
scrub typhus, despite this sign being reported as a 
potentially useful clinical tool to differentiate scrub 
typhus from dengue (41). AFI was primarily attrib-
uted to dengue by treating clinicians, who initiated 

dengue fluid management protocols. In other cases, 
empiric treatment of suspected typhoid or leptospi-
rosis was initiated with cephalosporins or penicillins, 
which are ineffective against rickettsioses. Treatment 
with doxycycline is recommended by the Malaysia 
Ministry of Health (42) because an estimated 6% of 
untreated scrub typhus cases in Asia are fatal (43); 
however, we found that rickettsioses were unsus-
pected and untreated.

Tools to support early diagnosis and local evi-
dence-based clinical algorithms to guide directed 
and empirical treatment of undifferentiated AFI are 
needed. Diagnosis of acute rickettsioses remains 
problematic. Orientia and Rickettsia spp. are obligate 
intracellular bacteria predominantly targeting endo-
thelial cells (44,45); hence, real-time PCR on periph-
eral blood is insensitive for the detection of acute 
rickettsioses (15,19,46). Incomplete follow-up meant 
the sensitivity of PCR could not be directly mea-
sured against gold-standard IFA serologic diagnosis 
for SFGR and TGR, although low PCR sensitivity of 
18% has been reported (19). Longstanding technical 
difficulties with IFA also include the need for ex-
tensively trained readers and expensive equipment. 
Conventional use of antibody detection against only 
3 major O. tsutsugamushi antigen groups and sero-
logic cross-reactivity further limits accurate diag-
noses; however, high antigenic variation has been 
observed across Southeast Asia (47,48). We found 
that acute-phase IgM was a poor predictor of acute 
rickettsial infection even in the setting of acute scrub 
typhus, underscoring the importance of increased 
clinical awareness, improved diagnostic tools, and 
empiric treatment of those with epidemiologic or 
clinical risk factors.

The main limitation of this study was the rela-
tively low proportion (41%) of patients with both 
acute-phase and convalescent-phase serum samples 
compared with our previous studies (17,18). For this 
reason, we also performed PCR and tested for IgM, 
even though sensitivity of the former and specificity 
of the latter are limited for identifying acute rickett-
sioses (19). Our estimates of the seroprevalence of 
rickettsioses and incidence of confirmed acute rick-
ettsioses are conservative. First, only half of patients 
returned for convalescent follow-up, yet most con-
firmed acute rickettsioses were seroconversions rather 
than based on 4-fold rises in titer alone. Second, over 
half of patients who did have a convalescent-phase 
serum sample obtained had it obtained earlier than 
the recommended >14 days. In experimental human 
SFGR infection, >3 weeks were required before the 
geometric mean titer of infected volunteers reached 
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diagnostic IgG titers (49). Third, antibody detection 
of different antigen groups such as that observed in 
O. tsutsugamushi was based on cross-reactivity to the 
single Karp strain. Finally, patients with seroconver-
sions indicative of past infection might be missed by 
a screening strategy that entails testing convalescent-
phase serum samples first.

To better estimate the actual prevalence of acute 
rickettsioses, we additionally delineated patients 
with confirmed rickettsioses with likely acute in-
fection (patients with rising or single IgG titers of 
>160) as having probable acute infections. The likely 
underestimation of acute infections caused by diag-
nostic uncertainty is supported by the similarity in 
initial clinical and laboratory findings between con-
firmed and probable acute rickettsioses. The burden 
and clinical features of rickettsioses are likely under-
estimated in our study not only because of under-
reporting of laboratory-confirmed cases but also be-
cause persons with mild illness, nonspecific features, 
and limited physical or economic ability to travel to 
hospital and persons living in remote areas might 
not have sought care. Similarly, persons with severe 
disease might have sought care at or been trans-
ferred to a tertiary hospital before study enrollment 
or died before care they sought or obtained care. 
TGR prevalence is also potentially underestimated 
because our population was mainly rural rather than 
urban. However, our data are likely generalizable to 
similar populations in Sabah and potentially neigh-
boring areas.

In conclusion, rickettsioses are prevalent among 
persons with nonmalarial AFI in Sabah, Malaysia. A 
comprehensive prospective study of rickettsial infec-
tions across Malaysia is warranted to define the to-
tality of regional risk. Improved diagnostic tools are 
urgently needed; in their absence, increased clinical 
suspicion and empirical doxycycline might avert dis-
ease and death attributable to rickettsioses.
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Since the end of 2015, invasive meningococcal dis-
ease (IMD) caused by Neisseria meningitidis strain 

W135 has emerged as a severe threat to public health 
in the Netherlands (1). Before 2015, IMD W135 cases 
occurred sporadically, averaging 4 cases per year. 
From 2015 on, the number of cases increased rapid-
ly, to 103 patients in 2018 alone. Cases were report-
ed among persons in all age groups, but the largest 
numbers of cases were among children <5 years of 
age, teenagers, and elderly persons. The case-fatality 

rate has been highest among teenagers/young adults 
14–24 years of age (29% compared with an average 
case-fatality rate of 17%) (2).

In September 2017, the Ministry of Health, Wel-
fare and Sport in the Netherlands decided to intro-
duce the meningococcal conjugate (MenACWY) 
vaccine into the National Immunization Program 
for children 14 months of age (replacing the menin-
gococcal C conjugate vaccine used until then) and to 
have an additional catch-up MenACWY vaccination 
campaign in 2018 and 2019 that focused on teenagers. 
The initial target groups for the catch-up vaccination 
campaign were teenagers ≈14 years of age (born after 
April 2004 and in 2005). In July 2019, because of in-
creased vaccine accessibility, the target groups were 
extended to include all teenagers 14–18 years of age 
(cohorts 2001–2005).

Various studies have been performed to de-
termine how persons make vaccination decisions, 
including those regarding vaccination against me-
ningococcal disease (3–12). This academic interest 
in vaccination decisions has increased over the past 
few years after the gradual decline of vaccination 
uptake observed in many countries. Various factors 
play a role in this decline (13). Frequently mentioned 
causes are the lack of laypersons’ familiarity with the 
severe consequences of vaccine-preventable diseases, 
increased concerns about the safety of vaccines, and 
decreased trust in the effectiveness of vaccines.

In contrast to most studies that have shown the 
influence of knowledge and beliefs on vaccination 
decisions (e.g., those applying the theory of planned 
behavior [14,15], the protection motivation theory 
[16,17], and the health belief model [18,19]), our aim 
with this study was not to fully understand vaccina-
tion behavior but to gain insights into specific aspects 
of knowledge and beliefs that could provide concrete 
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To control the rise in Neisseria meningitidis strain W in-
fections, during 2018–2019, the Netherlands launched 
a catch-up meningococcal conjugate (MenACWY) 
vaccination campaign for teenagers (13–18 years of 
age). Applying a mental models approach, we sur-
veyed teenagers and their parents about their knowl-
edge and beliefs about meningococcal disease, the  
MenACWY vaccination, vaccinations in general, and their  
MenACWY vaccination intentions. Using random forest 
analysis, we studied predictions of vaccination inten-
tions by knowledge and beliefs. Survey response rate 
was 52.8% among teenagers and 59.4% among par-
ents. MenACWY vaccination intentions were best pre-
dicted by knowledge and beliefs about vaccinations in 
general, surpassing knowledge and beliefs about me-
ningococcal disease and the MenACWY vaccination. 
For teenagers, their parents’ intention that the teenager 
be vaccinated was a strong predictor of the teenagers’ 
own vaccination intention. To optimize vaccination up-
take during future outbreaks, we recommend that com-
munications emphasize the effectiveness and safety of 
vaccines and continue to focus on parents.
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input for communication practices. Studies of vac-
cination decisions that apply behavioral models of-
ten study risk and benefit perceptions in relatively 
general terms (e.g., perceived vulnerability, sever-
ity, and safety). At the same time, the need to assess 
context-specific knowledge and beliefs when study-
ing human behavior has been strongly emphasized 
(20). These specific beliefs are not only likely to bet-
ter predict vaccination behavior (20), but insights into 
these beliefs can also provide more concrete input for 
communication (21).

The mental models approach, a method devel-
oped to improve risk communication in the field of 
environmental risks (22–26), focuses on assessing 
and comparing experts’ and laypersons’ knowledge 
and beliefs about risks. This approach has been infre-
quently applied in the field of infectious diseases and 
vaccinations (26–28). The concept of mental models 
suggests that persons have mental representations 
of risks, consisting of a complex interconnected web 
of both specific and more general knowledge and 
beliefs about the causes, effects, and risk mitigation 
options of that risk (21). Laypersons’ mental models 
often differ largely from those of experts, which is 
one reason why experts’ risk communications often 
do not have the desired effect among laypersons (21). 
Following the mental models approach, communica-
tions should be based not only on what experts con-
sider important but also on what laypersons consider 
important and what they already know and believe. 
Communications thus need to be compatible with 
the mental model of the receiver, should correct mis-
beliefs, should add information that was previously 
lacking, and should be delivered in language that 
laypersons understand.

On the basis of the mental models approach, at the 
onset of the MenACWY vaccination campaign in Sep-
tember 2018, we explored aspects of knowledge and 
specific beliefs about meningococcal disease, the Men-
ACWY vaccination, and vaccines in general among 
teenagers in the Netherlands invited for the MenAC-
WY vaccination and their parents. We also investigat-
ed which of these aspects of knowledge and specific 
beliefs are strong predictors of MenACWY vaccina-
tion intentions. Those aspects of knowledge and spe-
cific beliefs that strongly predict vaccination intentions 
could be prioritized in future communications.

Two research questions were central to our study: 
What do teenagers and their parents know and believe 
about meningococcal disease, the MenACWY vac-
cination, and vaccinations in general? Which aspects 
of knowledge and specific beliefs predict MenACWY 
vaccination intentions by teenagers and their parents?

Methods

Study Population and Procedure
During September 13–26, 2018, we sent surveys to 
teenagers ≈14 years of age (born after April 2004 
and in 2005; n = 1,923), to whom the MenACWY 
vaccination was initially directed; to their parents 
(n = 2,000); and to teenagers from the extended tar-
get group (teenagers born from 2001 through April 
2004; n = 1,113) and their parents (n = 1,002). The 
surveys were conducted via an online survey panel 
(Kantar Public, http://www.niipo.nl/panel). At the 
time of this study, this survey panel had an active 
population of ≈140,000 residents in the Netherlands. 
Panel members gave active consent for their partici-
pation in the panel organization, including consent 
for data sharing.

Before actively entering the survey, all panel 
members invited to participate were informed about 
the purpose and content of the study. Teenagers’ 
participation required additional consent from 1 of 
their parents. Survey completion took 15 minutes on 
average. The Clinical Expertise Centre RIVM deter-
mined that this research was not subject to law in 
the Netherlands for medical research involving hu-
man subjects and, therefore, concluded that it was 
exempt from needing further approval from an eth-
ics research committee.

Survey Development
In line with the mental models approach (21,29), we 
based the survey questions on basic information pro-
vided by the National Institute for Public Health and 
the Environment (RIVM) (2) and on knowledge and 
beliefs among teenagers and parents, which we ex-
plored with open-ended, semistructured interviews. 
We interviewed 12 teenagers and 10 parents during 
April–June 2018. The interviews started with open-
ended questions about vaccinations and infectious 
diseases in general (e.g., “What can you tell me about 
vaccinations?”) and consequently narrowed down to 
meningococcal disease and the MenACWY vaccina-
tion. In addition to the questions yielded from the 
RIVM information and the interviews, we supple-
mented the survey with questions about the safety 
and effectiveness of vaccines in general, derived from 
vaccine-skeptic websites in the Netherlands (30,31), 
to examine whether beliefs that contradict the RIVM 
information were present in the population.

Operationalization of Concepts
The survey questions addressed MenACWY vacci-
nation intention and various aspects of knowledge 
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and beliefs about meningococcal disease, the Men-
ACWY vaccination, and vaccinations in general. 
MenACWY vaccination intention was assessed with 
the question “Do you want to be vaccinated against 
meningococcal disease type A, C, W, and Y?” for the 
teenagers and “Do you want your child to be vac-
cinated against meningococcal disease type A, C, W, 
and Y?” for parents. Respondents could answer on 
a 7-point semantic scale, from 0 (certainly not) to 6 
(certainly yes).

We assessed aspects of knowledge and specific 
beliefs about meningococcal disease, the MenACWY 
vaccination, and vaccinations in general with 5 ques-
tions, including 42 items (Appendix, https://wwwnc.
cdc.gov/EID/article/26/7/19-1812-App1.pdf). Most 
items assessing knowledge and beliefs were formu-
lated as statements. Respondents were asked to indi-
cate on a 5-point Likert scale whether they thought 
that these statements were true or false. Exceptions to 
the use of this scale were items assessing respondents’ 
familiarity with various terms used for meningococ-
cal disease (3-point scale) and items assessing re-
spondents’ beliefs about short-term adverse events of  
vaccinations (7-point scale).

Statistical Analyses
We performed descriptive analyses for each measure 
within the samples of parents and teenagers. We used 
independent Student t-tests tests to study differences 
between parents and teenagers with regard to Men-
ACWY vaccination intention and knowledge and be-
lief items, measured on 5- and 7-point Likert scales. 
Differences between parents’ and teenagers’ knowl-
edge and belief items measured on a 3-point scale 
were studied by using χ2 tests.

To study whether and how knowledge and be-
liefs predict MenACWY vaccination intentions, we 
applied random forest analyses (RF) (32) in R (33). 
RF is a nonparametric machine learning method 
for regression and classification based on an en-
semble of decision trees. We considered RF to be 
appropriate because our study has a dependent 
variable (MenACWY vaccination intention) that is 
not normally distributed, a relatively large number 
of (partly intercorrelated) independent variables 
(knowledge and beliefs), and potentially nonlinear 
relationships between independent variables and 
the dependent variable.

We built separate RF models for teenagers and 
parents and built a third model for all teenagers in the 
sample for whom at least 1 parent also participated in 
the survey. In this model, the knowledge and beliefs 
variables and the dependent variable from the parents 

were added as independent variables to their chil-
dren’s model to study the interrelatedness of paired 
parents and children. All analyses were controlled 
for age, sex, education, income, social class (based 
on income, education, and employment), region of 
residence, teenager’s vaccination record, whether the 
respondent was aware of the MenACWY vaccination 
campaign, and whether teenagers and their parents 
were part of the first target group (cohort born after 
April 2004 or in 2005) or the second target group (co-
horts born 2001–2003 or before May 2004). We used 
the RF method to generate 4 types of output: 1) the 
variable importance ranking, which ranks the inde-
pendent variables in terms of how much they contrib-
ute to the explanation of the dependent variable; 2) 
the marginal means (MM), which describe the rela-
tionship between the dependent variable and each in-
dependent variable; 3) the total explained variance of 
the model; and 4) the cumulative variance explained 
(CVE), which indicates how much each independent 
variable adds to the explained variance of the mod-
el when the independent variables are added to the 
model following the sequence of the variable impor-
tance matrix.

Results

Study Population
Response rates were 52.8% among teenagers (n = 1,603/ 
3,036) and 59.4% among parents (n = 1,784/3,002). The 
sample contained 1,318 pairs of a parent and a teenager 
from the same household (Table).

MenACWY Vaccination Intention
Teenagers were generally willing to be vaccinated 
with the MenACWY vaccine, and their parents were 
willing to have them vaccinated. Mean (± SD) scores 
were 5.0 (± 1.5) for parents and 4.4 (± 1.7) for teenag-
ers. Parents were significantly more willing to have 
their teenagers vaccinated with the MenACWY vac-
cine than were teenagers willing to be vaccinated 
(p<0.001).

Knowledge and Beliefs about Meningococcal Disease
Whether respondents were familiar with menin-
gococcal disease depended on the terms used to 
identify it. Respondents were most familiar with 
the Dutch lay terms for septicemia and meningitis 
(Appendix). Less well known were the more expert 
terms for meningococci, meningococcal disease, 
septicemia, and meningitis. Parents were signifi-
cantly more aware than teenagers of all terms used 
for meningococcal disease.
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The average responses to most items assessing 
knowledge and beliefs about meningococcal disease 
reflected modest levels of knowledge and are most-
ly close to the scale median representing the “don’t 
know” category (Appendix). Respondents generally 
seemed aware of the transmissibility and serious-
ness of IMD and of the current outbreak, reflected by 
the scores on the following items: “Meningococcal 
disease is contagious,” “Meningococcal disease re-
quires hospitalization for treatment,” and “In the past 
couple of years, more people in the Netherlands fell 
ill due to one of the meningococcus types.” Parents 
were significantly more knowledgeable than teenag-
ers with regard to all but 1 item representing true or 
false statements about meningococcal disease.

Knowledge and Beliefs about MenACWY Vaccination
In general, respondents indicated knowing that Men-
ACWY vaccination does not confer lifelong protec-
tion against meningococcal disease (Appendix). Less 
well known was the fact that this vaccine does not 
protect against all meningococcal serogroups. Parents 
were significantly more knowledgeable than teenag-
ers about the continued possibility of contracting 
meningococcal disease after vaccination and about 
the reasons why teenagers were invited to receive  
MenACWY vaccination.

Knowledge and Beliefs about Vaccinations in General
On average, parents and teenagers believed that vac-
cinations are needed to prevent infectious diseases 
and are effective at doing so (Appendix). We found 
some misbeliefs concerning the safety of vaccines. 
The most prominent misbelief was represented by 
the relatively high scores for “Every year, a number 
of children in the Netherlands die from the harmful 
consequences of vaccines.” We did not observe a clear 
pattern between parents and teenagers in knowledge 
and beliefs about vaccinations in general; for some 
items, parents seemed more knowledgeable, but for 
others, teenagers seemed to know more. Of all short-
term adverse events, teenagers were significantly 
more concerned than their parents about the pain 
caused by vaccination and less concerned about the 
possibility of a swollen arm after vaccination.

MenACWY Vaccination Intentions among Teenagers 
and Parents as Predicted by Aspects of Knowledge  
and Specific Beliefs
RF analyses included all respondents who reported the 
teenager not having received, or not remembering hav-
ing received, the MenACWY vaccination before their 
participation in the survey (1,541 teenagers and 1,712 

parents). The RF models explain 47.2% of the variance 
in MenACWY vaccination intentions for parents and 
31.7% for teenagers. The combined model (in this mod-
el, the knowledge and beliefs items and the dependent 
variable from the parents were added to their children’s 
models) explains 39.9% of the variance in MenACWY 
vaccination intentions among teenagers.

In the RF model for parents, 5 knowledge/belief 
items (plus the control variable “vaccination history 
teenager”) are considerably stronger predictors of 
MenACWY vaccination intention than the other items 
(Figure 1). Each of these items represents a belief re-
garding vaccines. The item “Vaccinations are needed 
to prevent infectious diseases” is the strongest predic-
tor in this model (CVE 25.8%, MM 4.33–4.90). Note 
that when all other variables are kept constant, the 
lowest value for “Vaccinations are needed to pre-
vent infectious diseases” (0) corresponds to a mean  
MenACWY vaccination intention of 4.33 and the 
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Table. Description of participants in study of invasive 
meningococcal W135 disease vaccination intent, the 
Netherlands, 2018–2019* 
Participant No. (%) 
Sex  
 Parents, n = 1,784*  
  F 991 (55.5) 
  M 793 (44.5) 
 Teenagers, n = 1,603*  
  F 810 (50.5) 
  M 793 (49.5) 
Age, y†  
 Teenagers  
  12 111 (6.9) 
  13 611 (38.1) 
  14 379 (23.6) 
  15 175 (10.9) 
  16 161 (10.0) 
  17 166 (10.4) 
Education‡   
 Parents  
  Low 252 (14.1) 
  Intermediate 1,318 (73.9) 
  High 214 (12.0) 
 Teenagers  
  No current education 8 (0.5) 
  Primary school 12 (0.7) 
  Secondary school 1,406 (87.7) 
   Preparing for vocational education 552 (39.3) 
   Preparing for higher education 809 (57.5) 
   Combination 45 (3.2) 
  Vocational education 129 (8.0) 
  Higher education 48 (0.7) 
Initial target group, born after Apr 2004 through 2005 
 Parents 1,177 (66.0) 
 Teenagers 1,010 (63.0) 
Extended target group, cohorts born 2001 through Apr 2004 
 Parents 607 (34.0) 
 Teenagers 593 (37.0) 
*Total parent–teenager pairs = 1,318 (73.9% of parents, 82.2% of 
teenagers).  
†Parents’ age range 31–73 y; mean ( SD) age 46.5 (5.5) y. 
‡Categories based on (34). 
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highest value (4) corresponds to a mean MenACWY 
vaccination intention of 4.90.

The next items were “Vaccination can lead to 
various severe health conditions” (CVE 40.0%, MM 
5.12–4.77), “Vaccinations protect well against infec-
tious diseases” (CVE 42.2%, MM 4.54–5.08), “Little is 
known about the possible harmful consequences of 

vaccination” (CVE 46.4%, following the 45.25% CVE 
of “vaccination history teenager,” MM 5.00–4.57), and 
“Vaccinations weaken the immune system” (CVE 
47.3%, MM 5.04–4.67).

In the model for teenagers (Figure 2), only 2 
knowledge and beliefs items (plus the control vari-
able “vaccination history teenager”) have a stronger  
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Figure 1. Variable importance ranking among parents in study of vaccination intent regarding IMD caused by Neisseria meningitidis 
strain W135, the Netherlands, 2018–2019. The 25 strongest predictors (i.e., knowledge and belief items [Table] and control variables), 
are ranked top to bottom, based on their ability to predict parental meningococcal conjugate [MenACWY] vaccination intention. Control 
variables are age, sex, education, income, region, social class, region of residence, vaccination record of the teenager, whether the 
respondent was aware of the MenACWY vaccination campaign, and whether teenagers and their parents were part of the first (cohorts 
2004–2005) or the second MenACWY vaccination target group (cohorts 2001–2003). IMD, invasive meningococcal disease.
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ability to predict MenACWY vaccination inten-
tion than the other items, namely, “Vaccinations are 
needed to prevent infectious diseases” (CVE 16.7%, 
MM 3.66–4.61) and “Vaccinations protect well against 
infectious diseases” (CVE 18.7%, MM 4.00–4.62). In 
the combined model for teenagers (Figure 3), only 1  
considerably strong predictor was observed, namely, 
the MenACWY vaccination intention of the parent 
(CVE 29.6%, MM 3.00–4.69).

Discussion
Our study provides insights into MenACWY vac-
cination intentions and underlying knowledge and 
beliefs among teenagers and their parents at the 
start of the 2018 catch-up vaccination campaign in 
the Netherlands. Our study shows that teenagers 
were generally inclined to receive the MenACWY 
vaccination and parents were generally inclined 
to have their teenagers vaccinated. Both groups 
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Figure 2. Variable importance ranking among teenagers in study of vaccination intent regarding IMD caused by Neisseria meningitidis 
strain W135, the Netherlands, 2018–2019. The 25 strongest predictors (i.e., knowledge and belief items [Table] and control variables) 
are ranked top to bottom, based on their ability to predict meningococcal conjugate (MenACWY) vaccination intention among teenagers. 
Control variables are age, sex, education, income, region, social class, region of residence, vaccination record of the teenager, whether 
the respondent was aware of the MenACWY vaccination campaign, and whether teenagers and their parents were part of the first 
(cohorts 2004–2005) or second MenACWY vaccination target group (cohorts 2001–2003). IMD, invasive meningococcal disease.



RESEARCH

seemed aware of the severity and contagiousness 
of IMD, but we also identified knowledge gaps and 
misbeliefs. Knowledge and beliefs concerning the ef-
fectiveness of, need for, and safety of vaccines were 

the strongest predictors of MenACWY vaccination 
intentions. For teenagers, the strongest predictor of 
their own vaccination intention was whether their 
parent(s) wanted them to be vaccinated.
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Figure 3. Variable importance ranking among teenagers (combined model) in study of vaccination intent regarding IMD caused by 
Neisseria meningitidis strain W135, the Netherlands, 2018–2019. The 25 strongest predictors (i.e., knowledge and belief items [Table] 
and control variables) are ranked top to bottom, based on their ability to predict meningococcal conjugate (MenACWY) vaccination 
intention among teenagers with a parent in the sample. This model includes both the knowledge and beliefs (Table) of teenagers, as 
well as the knowledge, beliefs, and MenACWY vaccination intention of their parents and the control variables from both groups as 
independent variables. Control variables are age, sex, education, income, region, social class, region of residence, vaccination record 
of the teenager, whether the respondent was aware of the MenACWY vaccination campaign, and whether teenagers and their parents 
were part of the first MenACWY vaccination target group (cohorts 2004–2005) or the second MenACWY vaccination target group 
(cohorts 2001–2003). IMD, invasive meningococcal disease.
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Although our study showed that MenACWY 
vaccination intentions among teenagers and their 
parents were relatively high, which is also reflected 
in the (preliminary) MenACWY vaccination uptake 
of 84% among teenagers (35), our study also revealed 
knowledge gaps and misconceptions concerning 
IMD, the MenACWY vaccination, and vaccinations in 
general. We observed differences in familiarity with 
various terms used to indicate IMD. Although the 
respondents were generally familiar with Dutch lay 
terms for the medical conditions caused by meningo-
cocci, few were familiar with the scientific terms for 
meningococci and meningococcal disease, despite the 
fact that these latter terms were mainly used in the 
communication materials. Furthermore, we found 
misbeliefs about the safety of vaccines. For example, 
we found a relatively strong agreement in our study 
population for the misbelief that vaccines annually 
cause the death of several children in the Nether-
lands. Nevertheless, we did find that teenagers and 
parents generally believed that IMD is a serious and 
contagious disease and that vaccinations are effective, 
safe, and needed.

Our results additionally show which specific 
misbeliefs and knowledge gaps might be prioritized 
to increase vaccination willingness among teenagers 
and parents. Teenagers and parents in our study who 
thought that vaccinations do not offer good protec-
tion against infectious diseases and that vaccinations 
are not necessary to prevent infectious diseases were 
less willing to accept MenACWY vaccination than 
were those who did not harbor these beliefs. In ad-
dition, vaccination intentions were lower among 
parents who believed that little is known about the 
possible harmful consequences of vaccination, that 
vaccinations weaken the immune system, and that 
vaccination can lead to serious adverse events. These 
beliefs about vaccinations in general surpassed all 
other knowledge and beliefs in their ability to predict 
MenACWY vaccination intentions. Previous stud-
ies have also found an influence of beliefs about the 
safety and effectiveness of vaccines on meningococcal 
vaccination decisions, both with regard to vaccines in 
general and with regard to the specific vaccine (9–11).

Of note, we did not find a major role for knowl-
edge and beliefs associated with the severity of IMD 
in the variation of vaccination intentions, although 
previous research demonstrated that severity was an 
important factor in decisions for vaccination against 
IMD (4,9,11). One possible explanation for this find-
ing is that the severity of IMD is a reason for persons 
to get vaccinated but does not explain why they do 
not intend to get vaccinated (9,11). Those persons, 

whose intention to get vaccinated is lower than that 
of most persons, provide variance in the dependent 
variable (MenACWY vaccination intention), and this 
variance is best explained by knowledge and beliefs 
about vaccinations in general.

Our results further show that parents were more 
willing to have their teenagers vaccinated than were 
the teenagers themselves and that parents were 
somewhat more knowledgeable about IMD and the 
MenACWY vaccination. It has been argued that teen-
agers are less knowledgeable about health issues than 
adults because, among other things, teenagers have 
had less contact with health issues and the health-
care system (36,37). Similarly, teenagers are likely 
to have limited (direct or indirect) experience with 
IMD, whereas their parents are more likely to recall 
the 1999–2002 outbreak of IMD in the Netherlands, 
caused by group C meningococci (38).

The lower vaccination intentions, knowledge 
gaps, and misbeliefs among teenagers might suggest 
that, to achieve high vaccine uptake during emerging 
outbreaks, public health authorities should focus on 
risk and benefits communication about vaccine-pre-
ventable diseases and vaccines for teenagers. How-
ever, our results also indicate that teenagers’ willing-
ness to adopt vaccination is most strongly predicted 
by their parents’ willingness to have their child vac-
cinated. In this light, we need to consider whether 
intensifying the communication for teenagers would 
indeed be of much help for increasing their vaccine 
uptake. More effective might be filling the knowledge 
gaps and debunking misbeliefs that underlie paren-
tal vaccination intentions. Nevertheless, the observed 
predictive ability of parental vaccination intention 
does not necessarily imply that parents decide wheth-
er their teenager should be vaccinated. It probably 
also reflects the commonalities in knowledge, beliefs, 
and norms in social groups or networks (39).

Our study has some limitations. First, ques-
tions from our survey were developed specifically 
for this population and disease and are therefore not 
directly applicable to study knowledge and beliefs 
in different population or disease contexts. Never-
theless, we believe that gaining these insights about 
specific knowledge and beliefs that influence vac-
cination decisions can provide more valuable input 
for communication strategies than can survey stud-
ies that assess perceptions of risk with more gen-
eral constructs. Second, our study focused solely 
on knowledge and beliefs and their role in vaccina-
tion intentions. We did not include in our research 
other predictors of health behavior (e.g., the influ-
ence of subjective norm perceptions and self-efficacy  
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perceptions [20]). Last, although our study popula-
tion was sampled to be representative of the larg-
er population and the response rate was relatively 
high, because participation was voluntary, the final 
selection of participants might include more persons 
with a specific interest in the topic.

For future communications accompanying vac-
cination campaigns combating outbreaks, we recom-
mend concentrating on filling knowledge gaps and 
addressing specific misbeliefs about the effectiveness 
and safety of vaccines. In addition, communicators 
should pay attention to the wording of the messages, 
which should ideally correspond to the lay vocabu-
lary. As for teenagers, the strongest predictor of their 
own willingness to be vaccinated was their parents’ 
vaccination intention. We therefore suggest that par-
ents remain a target group in communications about 
vaccination of teenagers.
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Coccidioidomycosis (Valley fever or San Joaquin 
Valley fever) is a pulmonary and systemic infec-

tion that results from respiratory exposure to aerosol-
ized arthroconidia spores of soil-dwelling species of 
Coccidioides fungi (1). Coccidioides fungi and coccidioi-
domycosis are strongly associated with the semiarid 
climate of the Lower Sonoran life zone of the south-
western United States and parts of Mexico, Central 
America, and South America. Most US cases occur 
in Arizona and California. However, the fungus and 
locally acquired cases have recently been reported 
as far north as Washington state, potentially related 
to changes in climate and land use patterns (2,3). In 

California, the species most often implicated in hu-
man infection is C. immitis, whereas in Arizona it is C. 
posadasii (2,3).

After an incubation period of ≈1–3 weeks, most 
infected persons experience few or mild symptoms, 
and the condition usually resolves within weeks or 
months, often unrecognized (4,5). Approximately 
40% of infected persons experience an influenza-like 
illness with cough, fever, and fatigue that typically re-
solves without treatment. Approximately 1% of cases 
involve dissemination to skin, bone, meninges, and 
other tissues (6); patients with disseminated disease 
require long-term antifungal therapy and may die (7). 
Risk factors for disseminated disease include male 
sex, age >60 years, pregnancy, immunocompromise, 
and African and Filipino ancestry (8).

Case identification is based on clinically compat-
ible illness with confirmatory laboratory evidence or 
skin-test conversion (9). Local health departments 
may find it impractical to obtain clinical information 
and thus may identify cases solely on the basis of lab-
oratory results (4). Because most cases are subclini-
cal, public health surveillance substantially underes-
timates infection risk. McCotter et al. estimated that 
the true number of cases is ≈4–6-fold greater than that 
captured by public health surveillance (2).

Residence in or visits to coccidioidomycosis-en-
demic areas may lead to exposure and infection. The 
largest outbreaks have been associated with natural 
phenomena. A December 1977 dust storm in Califor-
nia’s San Joaquin Valley (an area of high coccidioido-
mycosis endemicity, from which the disease derives 
its common name) resulted in a ≥10-fold increase in 
incidence in 15 of the state’s 58 counties (1,10). The 
1994 Northridge, California, earthquake was respon-
sible for 203 outbreak-associated cases, including 3 
deaths (11). Occupational risk has been associated 
with soil-disruptive activity involving archeologists 
(12), film crews (13), solar power farm construction 
workers (14,15), roadway and construction workers 
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To determine occupational risk factors for coccidioidomy-
cosis among adult Hispanic outdoor agricultural workers 
in California, USA, we conducted a case–control study 
of workers seen at the Kern County medical facility and 
referred to the public health laboratory for coccidioido-
mycosis serologic testing. Participants completed an 
interviewer-administered health and work questionnaire. 
Among 203 participants (110 case-patients with positive 
and 93 controls with negative serologic results), approxi-
mately half were women, and more than three quarters 
were born in Mexico. Associated with coccidioidomycosis 
were self-reported dust exposure and work with root and 
bulb vegetable crops. A protective factor was leaf remov-
al, an activity associated with grape cultivation. We con-
clude that subjective dust exposure and work with root 
and bulb vegetable crops are associated with increased 
risk for coccidioidomycosis among Hispanic farm work-
ers. The agricultural industry should evaluate and pro-
mote dust-reduction measures, including wetting soil and 
freshly harvested products.
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(16,17), and agricultural workers (18). Prison inmates 
in the San Joaquin Valley are also at increased risk, 
leading to a policy of excluding inmates with nonre-
active spherulin-based coccidioidomycosis skin tests 
from these facilities (19).

In recent decades, coccidioidomycosis in Califor-
nia has increased markedly. Since individual case re-
porting began in 1995, the 2 highest years on record 
have been 2017 (7,658 cases) and 2018 (7,515 cases) 
(4). During 2000–2013, an average of 78 deaths/year 
were attributed to coccidioidomycosis in California 
(20), and during 2000–2011, ≈25,000 hospitalizations 
were reported (21). The historically highest incidence 
among California counties has been in Kern County 
(2,937 cases in 2018, 323.2 cases/100,000 persons/
year), and several factors may contribute. First, the 
county is situated within the highly coccidioidomy-
cosis-endemic San Joaquin Valley. Second, Kern is 
the most productive agricultural county in the nation 
(22), so soil disruption and exposure to agricultural 
dust are common. Third, Kern County leads the state 
by having had ≈116,000 hired farm workers in 2014 
(23). Although Hispanic origin has not been shown 
to be an independent risk factor for coccidioidomy-
cosis (8), and to our knowledge no outbreaks in this 
group have been reported, ≈95% of hired crop work-
ers in California are Hispanic (24) and thus represent 
a large occupational risk group.

Despite longstanding recognition of agricultural 
work as an occupational risk factor for coccidioido-
mycosis, little research to identify specific high-risk 
agricultural exposures, such as crops or tasks, has 
been conducted. We therefore conducted a case–con-
trol study of coccidioidomycosis in Hispanic farm 
workers in Kern County, California, focused on iden-
tifying occupational risks. We tested the hypothesis 
that subjective dust exposure is related to risk for in-
fection and conducted exploratory analyses to iden-
tify associated crops and tasks.

Materials and Methods

Study Design
For this case-control study, we used data collected 
from June 1, 2016, through August 31, 2018. During 
this period, the Kern County Public Health Services 
Department provided a list, approximately month-
ly, of persons who had undergone serologic testing 
for coccidioidomycosis at the Kern County Public 
Health Laboratory after referral from Kern Medical, 
the county public healthcare organization where local 
Hispanic agricultural workers are likely to seek care. 
Kern Medical comprises a 222-bed teaching hospital 

and clinics providing primary and specialty care for 
an ethnically diverse population. Kern Medical has 
longstanding expertise with coccidioidomycosis and 
hosts the Valley Fever Institute (25) to promote educa-
tion, treatment, and research on coccidioidomycosis.

Study Sample
To assess candidacy for our study, we made up to 10 
attempts to contact by telephone all persons referred 
from Kern Medical for coccidioidomycosis serologic 
testing who were >18 years of age and had >1 posi-
tive serologic test result (potential cases) and a ran-
dom sample of persons with all negative serologic test 
results (potential controls). We invited to complete a 
full in-person interview those screened persons with 
self-declared Hispanic or Latino origin who had 
worked in outdoor agriculture in Kern County for >1 
month in the preceding year, were not incarcerated, 
and were able to provide informed consent in Span-
ish or English. We initially excluded women who had 
been pregnant in the past year because Kern Medical 
uses coccidioidomycosis testing for screening of preg-
nant women rather than for diagnosis of suspected 
illness. However, because of low enrollment, we re-
moved the pregnancy exclusion and considered as 
study candidates all persons who had undergone coc-
cidioidomycosis serologic testing after referral from 
Kern Medical. Participants received a gift certificate 
for $15 in appreciation for their time. The University 
of California Davis Institutional Review Board ap-
proved and monitored the study (IRBNet ID 747508).

Definitions
Serologic evaluation comprised 3 tests: immunodiffu-
sion for IgM, immunodiffusion for IgG, and comple-
ment fixation (considered positive for dilutions >1:2). 
Case-patients were defined as persons with >1 posi-
tive serologic test result. Control status was assigned 
to persons with negative results for all 3 serologic tests.

Questionnaire Development and Administration
We reviewed available survey instruments from pre-
vious outbreak investigations in Kern and San Joa-
quin Counties (26) and incorporated relevant materi-
al into our questionnaire. Colleagues in the California 
Department of Public Health and the Centers for 
Disease Control and Prevention reviewed question-
naire drafts. We pilot tested the questionnaire with a 
sample of 20 Hispanic agricultural workers in Kern 
County and excluded those persons from this report. 
The final questionnaire addressed demographic char-
acteristics; health history; and agricultural work his-
tory with job start and end dates for the preceding  
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year, weekly hours, frequency of outdoor work, crop 
or commodity, tasks, subjective dust exposure, and 
frequency of use in dusty conditions for personal re-
spiratory protective measures and soil wetting. We 
separated jobs by change in location and task. After 
obtaining informed consent, trained study staff flu-
ent in Spanish and English and blinded to participant 
case status administered the questionnaire in each 
participant’s home or in the study office.

Exposure Assessment
Participants whose jobs involved a specific crop or 
task were considered to have been exposed to that 
crop or task; we added the total weeks of exposure 
over all jobs in the preceding year. We combined 
crops into 3 categories based on likely exposure to 
potentially infectious soil dusts: root and bulb veg-
etables growing underground (beets, carrots, garlic, 
onions, radishes, sweet potatoes), near-ground crops 
(blueberries, chili peppers, cotton, grapes, kale, let-
tuce, spinach, strawberries, tomatoes, watermelons), 
and tree crops (almonds, apples, apricots, cherries, ki-
wis, oranges and Mandarin oranges, pomegranates, 
pistachios). We also examined individual crops and 
tasks reported by >9% of participants. Dust exposure 
was based on response to the question: “How often 
did/does your work at this job generate a lot of dust?” 
Responses were “never/sometimes/half of the time/
most of the time/always.” For final analyses, we di-
chotomized these responses as “never/sometimes” 
versus “half of the time/most of the time/always.” 
These responses were also used for mask use (“When 
working in dusty conditions, how often did/do you 
wear a mask?”) and frequency of soil wetting (“When 
working in dusty conditions, how often is/was the 
soil kept wet to reduce dust?”).

Data Management and Analysis
Data from the paper questionnaires were double-
entered into a computer database; discrepancies 
were checked against the paper questionnaire and 
corrected. Subsequently, a 20% sample of randomly 
selected questionnaires was checked against the digi-
tal database; 6 entry errors among 223 variables per 
questionnaire were identified and corrected (error 
rate <0.15%). 

We analyzed data by using Stata 15.1 (https://
www.stata.com). We summarized distributions of 
continuous variables with either means and SDs (for 
approximately bell-shaped distributions) or medi-
ans and interquartile ranges (IQRs). We summarized 
categorical variables as percentages within each cat-
egory. For group comparisons, we used the Fisher 

exact test for nonordinal categorical variables and 
the Kruskal-Wallis test for continuous and ordinal 
categorical variables. 

We initially examined 2-dimensional tables of 
case status by selected occupational and demograph-
ic characteristics and used the Stata logistic com-
mand to derive unadjusted odds ratios (ORs), with 
subsequent adjustments for age and sex. We assessed 
robustness by comparing adjusted odds ratios from 
the entire sample with those derived among men 
and women separately, after removing from analysis 
women reporting a pregnancy in the preceding year 
and persons reporting no symptoms.

Results

Study Sample and Demographic Characteristics:
We screened 1,803 (51%) of 3,509 persons select-
ed from the Kern County Public Health Services 
Department periodic lists of coccidioidomycosis 
testing referrals. Reasons for not screening were 
wrong numbers or failure to connect after 10 at-
tempts (≈75%), language or communication diffi-
culty (≈15%), or the person declining to be screened 
(≈10%). Of those screened, 380 (21%) persons were 
eligible; of those, 215 (57%) completed an inter-
view. Participation was higher for case-patients 
(70%) than for controls (48%; p = 0.0001). Of those 
interviewed, 203 (110 case-patients and 93 con-
trols) were subsequently confirmed as eligible and 
included in our sample (Table 1). The major rea-
sons for postinterview disqualification were lack 
of qualifying agricultural work and indeterminate 
serologic test results. Median time from testing to 
interview was 39 (IQR 25–55) days. 

Women represented a greater proportion of 
controls (57%) than of case-patients (42%); p = 0.04). 
Female controls were also significantly younger 
than male controls and case-patients of each sex (p = 
0.03). More than three quarters of participants were 
born in Mexico, and ≈85% completed the interview 
in Spanish. Median time living in Kern County was 
>10 years. Median annual family income was in the 
$15,001–$20,000 category, and most participants 
had completed <9 years of formal education. Preg-
nancy within the past year was less frequent among 
female case-patients (27%) than female controls 
(74%; p = 0.0001).

Occupational Characteristics
Case-patients and controls were comparable for 
number of jobs (median 3), weeks worked in out-
door agriculture in the preceding year (median 30), 
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and weekly work hours in the most recent job (me-
dian 48). A significantly higher percentage of case-
patients (21%) than controls (9%) worked with root 
and bulb vegetable crops (p = 0.02; Table 2). The most 
frequently worked crop was grapes, worked less fre-
quently by case-patients (58%) than controls (72%; p 
= 0.06). Case-patients and controls were comparable 
with respect to agricultural tasks, with the exception 
of leaf removal, which was performed significantly 
less frequently by case-patients (23%) than controls  
(40%; p = 0.01).

Always working outdoors was reported by 94% 
of participants. With respect to the most recent job, 
significantly more case-patients (71%) than controls 
(56%) reported dust exposure for half of the time or 
more (p = 0.02), whereas mask use and soil wetting 
in dusty conditions on a half-time or more basis were 
comparable among case-patients and controls, re-
ported by approximately half of participants. Neither 
mask use nor soil wetting were independently asso-
ciated with self-reported dust exposure. Among 117 
persons reporting any mask use, 102 (87%) reported 
wearing a bandana, 7 (6%) using an N95 respirator, 
and 1 (1%) wearing a half-face mask. Women were 
markedly more likely than men to report mask use 
(77% vs. 27%; p = 0.0001).

Associations between Occupational Exposures  
and Coccidioidomycosis
Age- and sex-adjusted ORs for having coccidioi-
domycosis (Table 2) were significantly elevated for 
self-reported dust exposure (OR 1.9, 95% CI 1.0–
3.5) and work with root and bulb vegetables (OR 
3.0, 95% CI 1.2–7.1). Exploratory analysis of hours 
worked with root and bulb vegetable crops did not 
show a dose response, although 95% CIs were wide. 
For work with root and bulb vegetables, the OR for 
work with carrots was also elevated (OR 2.9, 95% CI 
1.0–8.6). ORs were reduced for those who worked 
with grapes (0.6, 95% CI 0.3–1.0) and leaf removal 
(OR 0.4, 95% CI 0.2–0.8). Mask use and soil wetting 
in dusty conditions were associated with modest 
and statistically nonsignificant reductions in ORs. 
Patterns were similar for men and women separate-
ly and after excluding women pregnant in the prior 
year (12 cases, 39 controls) and persons reporting 
no clinical features of coccidioidomycosis (4 cases, 
16 controls).

Clinical Characteristics
Case-patients were significantly more likely than con-
trols to report clinical features associated with coc-
cidioidomycosis (Table 3); adjusted ORs ranged from 

2.6 (weight loss) to 4.3 (shortness of breath). The most 
frequent signs/symptoms among all participants 
were fatigue and cough. Case-patients reported sig-
nificantly greater median weight loss (10 vs. 0 lb; p = 
0.003) and lost workdays (18.5 vs. 0 d; p = 0.0001) than 
did controls. Case-patients had >2-fold increased 
odds of being hospitalized.
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Table 1. Selected demographic and health characteristics of 203 
Hispanic farm workers evaluated for coccidioidomycosis, Kern 
County, California, USA, 2016–2018* 

Characteristic 
Case-patients, 

n = 110 
Controls,  

n = 93 
Sex, no. (%)   
 F 46 (42) 53 (57) 
 M 64 (58) 40 (43) 
Age, y   
 Median   
  M     38.7 42.0 
  F 38.1 32.7 
 IQR   
  M 29.6–47.8 29.0–50.5 
  F 28.5–46.3 27.0–39.5 
Country of birth, no. (%)   
 Mexico 83 (76) 74 (80) 
 United States 16 (15) 16 (17) 
 Central America 11 (10) 3 (3) 
Language used during interview, no. (%)  
 Spanish 94 (85) 80 (86) 
 English 16 (15) 13 (14) 
Years lived in United States   
 Median   
  M 18.7 23.2 
  F 18.0 16.6 
 IQR   
  M 13.2–27.4 14.8–32.7 
  F 12.5–23.3 9.6–20.3 
Years lived in Kern County   
 Median   
  M 11.2 16.8 
  F 14.0 11.6 
 IQR   
  M 5.6–21.5 10.7–26.2 
  F 7.2–14.9 4.7–17.0 
Years of education   
 Median 7.5 9.0 
 IQR 6–12 6–12 
Annual family income, US $, no. (%)  
 <9,000 17 (15) 11 (12) 
 9,001–12,000 15 (14) 10 (11) 
 12,001–15,000 13 (12) 17 (18) 
 15,001–20,000 12 (11) 15 (16) 
 >20,001 24 (22) 20 (22) 
 Not stated 29 (26) 20 (22) 
Smoker status, no. (%)   
 Never 80 (73) 65 (70) 
 Former 27 (25) 22 (24) 
 Current 3 (3) 6 (6) 
Selected health conditions, no. (%)  
 Diabetes 20 (18) 17 (18) 
 Asthma 5 (5) 7 (8) 
 Other lung conditions 31 (28) 17 (18) 
 Cancer 5 (5) 7 (8) 
 Pregnancy† 12 (27) 39 (74) 
*IQR, interquartile range. 
†Percentage calculations based on women only. 
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Discussion
We report the results of a case–control study that ex-
amined potential occupational risk factors for coccidi-
oidomycosis among Hispanic agricultural workers in 
Kern County, California. Self-reported dust exposure 
was significantly associated with a near doubling of 
the odds of coccidioidomycosis, and odds were in-
creased a significant 3-fold for those who worked 
with root and bulb vegetable crops. Leaf removal, a 
task almost uniquely limited to grape cultivation, was 
associated with a significant 60% reduction in odds. 
Mask use (chiefly cloth bandanas) and soil wetting 
was associated with modest and statistically nonsig-
nificant reductions of odds of coccidioidomycosis. 
The clinical findings illustrate a heavy health burden. 
The most prevalent symptom was fatigue or weak-
ness, reported by ≈80% of cases and associated with 
a median 18.5 days of lost work time. Those lost days 
accounted for ≈10% of the 213 average annual work-
days for California farm workers in 2015–2016 (24) 
and represent an income loss few can afford.

The association with self-reported dust exposure is 
consistent with the mechanism of exposure, whereby  

aerosolized Coccidioides spores are inspired and es-
tablish infection in the lung. Thus, time spent out-
doors, where wind may carry dust and spores from 
on site or afar, is an environmental risk for the general 
population in coccidioidomycosis-endemic areas and 
especially for persons whose work is outdoors or in-
volves soil disruption (27). The largest occupational 
risk group is agricultural workers. In 2014, there were 
an estimated 829,300 hired agricultural workers in 
California (23); ≈95% were Hispanic (24). Thus, Kern 
County and the San Joaquin Valley represent the con-
fluence of multiple factors contributing to the public 
health effects of coccidioidomycosis: environmental 
conditions favorable to growth and aerosolization 
of Coccidioides spores, predominance of agriculture 
with concomitant soil disruption in an outdoor work 
setting, and a large population of occupationally ex-
posed persons.

With this study, we aimed to identify specific 
agricultural exposures and practices affecting risk. 
We observed a 3-fold increase in the odds of coccidi-
oidomycosis among root and bulb vegetable crop 
workers, although a dose-response phenomenon  
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Table 2. Selected occupational exposures and associations with coccidioidomycosis among 203 Hispanic farm workers, Kern County, 
California, USA, 2016–2018 

Characteristic Cases, no. (%), n = 110 Controls, no. (%), n = 93 
Adjusted odds ratio 

(95% CI)* 

Self-reported dust exposure for most recent job     
 Never or sometimes 32 (29) 41 (44) Reference 
 Half time or more 78 (71) 52 (56) 1.9 (1.0–3.5) 
Work in crop category in past year†‡    
 Root and bulb vegetable crops†‡ 23 (21) 8 (9) 3.0 (1.2–7.1) 
 Near-ground crops†§ 76 (69) 76 (81) 0.5 (0.3– 1.0) 
 Tree crops†¶ 60 (55) 41 (44) 1.4 (0.8–2.5) 
Work with specified crop in past year†#    
 Grapes 64 (58) 67 (72) 0.6 (0.3–1.0) 
 Almonds 24 (22) 17 (18) 1.1 (0.5– 2.3) 
 Mandarin oranges 23 (21) 19 (20) 1.1 (0.5– 2.1) 
 Carrots 14 (13) 5 (5) 2.9 (1.0. 8.6) 
Tasks performed in past year†**    
 Harvest 82 (75) 68 (73) 1.3 (0.7– 2.5) 
 Pruning 40 (36) 39 (42) 0.7 (0.4– 1.3) 
 Packing (outdoor) 39 (35) 33 (35) 1.2 (0.6– 2.1) 
 Leaf removal 25 (23) 37 (40) 0.4 (0.2– 0.8) 
 Weeding 14 (13) 10 (11) 1.3 (0.5– 3.1) 
 Irrigation 15 (14) 7 (8) 1.6 (0.6– 4.2) 
Mask use for most recent job    
 Never or sometimes 58 (53) 40 (43) Reference 
 Half the time or more 51 (47) 53 (57) 0.9 (0.5– 1.7) 
Soil wetting in dusty conditions for most recent job     
 Never or sometimes 63 (58) 48 (52) Reference 
 Half the time or more 46 (42) 45 (48) 0.8 (0.4– 1.3) 
*Adjusted for age and sex. 
†Categories are not mutually exclusive; reference group is all participants not working in specified category. 
‡Root and bulb vegetables growing underground: beets, carrots, garlic, onions, radishes, sweet potatoes. 
§Near-ground crops: cotton and fruits and vegetables growing above ground and near the surface, including blueberries, chili peppers, grapes, kale, 
lettuce, spinach, strawberries, tomatoes, watermelon. 
¶Tree crops: almonds, apples, apricots, cherries, kiwi, oranges and Mandarin oranges, pomegranates, pistachios. 
#Limited to crops reported by >9% of participants; crops are not mutually exclusive. 
**Limited to tasks reported by >9% of participants; tasks are not mutually exclusive. 
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was not evident. The mechanism behind the ob-
served increased risk may relate to dust exposure 
during cultivation and harvest. Harvest typically is 
mechanized, but workers may be involved in han-
dling and shaking off surface and subsurface dirt, 
potentially bearing infectious Coccidioides spores, 
from freshly harvested product as it is prepared for 
transport and market. Similarly, reduced risk associ-
ated with leaf removal and work with grapes may 
be mediated through less frequent work with other 
crops and tasks associated with exposure to dust 
from surface and subsurface dirt.

Mask use and soil wetting showed modest and 
statistically nonsignificant protective effects. Mask 
use, chiefly with a pañuelo, a cloth bandana covering 
the mouth and nose, is primarily reported by women, 
here and in other studies (28). Cloth bandanas are of 
limited effectiveness for respiratory protection (29), 
and educational campaigns should focus on limiting 
work under dusty conditions and promoting use of 
National Institute for Occupational Safety and Health 
(NIOSH)–approved respirators with particulate fil-
ters rated N95, N99, N100, P100, or HEPA when such 
work is necessary. Unfortunately, compliance may be 
reduced by the practical challenges of using personal 
respiratory protection, including discomfort and in-
terference with speed and workflow.

A limitation of this study is low power due to 
sample size, limiting exploration of confounding as a 
possible contributor to observed associations. For ex-
ample, associations between crop or task and disease 
risk could be confounded by sociodemographic and 
other factors that may channel susceptible persons to 
certain crops and work activities. Sample size also af-
fected precision and subgroup analyses, yet we nev-
ertheless found statistically significant associations 
for subjective dust exposure, work with root and 
bulb vegetables, and leaf removal and nonsignificant  

findings in the expected direction of effect for mask 
use and soil wetting. These findings suggest the need 
for focused studies looking at dust exposure and dis-
ease risk in association with specific crops and activi-
ties and efficacy of protective programs.

We originally planned to limit participation to 
persons referred for Coccidioides serologic testing be-
cause of clinical indications of disease. However, it 
was not feasible for the Kern County Public Health 
Services Department to document clinical features 
as recommended by the Council of State and Ter-
ritorial Epidemiologists (9), and case identification 
was based solely on serologic test results. Moreover, 
women seen for obstetric care at Kern Medical are 
referred for coccidioidomycosis serologic testing 
as a screening measure. However, exploratory and 
sensitivity analyses, in which we examined men and 
women separately and removed women reporting 
pregnancy in the preceding year and persons with-
out reported clinical features, did not materially 
change our findings.

Selection bias may also have affected our results 
in several ways. First, the sample was limited to per-
sons working in Kern County. Although the study 
population was demographically similar to pub-
lished descriptions (24) of California Hispanic farm 
workers, it is possible that our population differed 
from those in other locales in ways that may affect 
risk for coccidioidomycosis. Second, the study could 
not include case-patients who were asymptomatic or 
did not seek evaluation. Our study sample probably 
represents persons with more severe cases because all 
sought medical care from Kern Medical, the county 
healthcare facility. Moreover, nearly half of the case-
patients reported overnight hospitalization. Thus, the 
epidemiologic patterns observed here may not apply 
to persons with milder cases that are likely to remain 
unrecognized. In addition, the Berkson bias (30) may 
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Table 3. Reported clinical characteristics among 203 Hispanic farm workers evaluated for coccidioidomycosis, Kern County, 
California, USA, 2016–2018 
Clinical characteristic Cases, no. (%), n = 110 Controls, no. (%), n = 93 Adjusted odds ratio (95% CI)* 
>1 clinical characteristic 100 (91) 72 (77) 4.4 (1.4–14.2) 
Fatigue or weakness 91 (83) 52 (56) 3.7 (1.9–7.2) 
Cough 74 (67) 38 (41) 3.0 (1.6–5.3) 
Night sweats 73 (66) 34 (37) 3.2 (1.8– 5.8) 
Weight loss† 73 (66) 40 (43) 2.6 (1.4–4.7) 
Fever 72 (65) 29 (31) 4.0 (2.2–7.4) 
Chest pain 71 (65) 29 (31) 3.8 (2.1– 7.0) 
Shortness of breath 66 (60) 25 (27) 4.3 (2.3–7.9) 
Difficulty breathing 66 (60) 34 (37) 2.8 (1.5–4.9) 
Hospitalized‡ 52 (47) 24 (26) 2.3 (1.2–4.4) 
Missed work§ 88 (80) 45 (48) 4.0 (2.1–7.7) 
*Adjusted for age and sex. 
†Median (interquartile [IQR]) weight loss, in pounds, by case-patients vs. controls 10 (0–18) vs. 0 (0–10); p = 0.003, Kruskal-Wallis test. 
‡Median (IQR) nights hospitalized for case-patients vs. controls 0 (0–5) vs. 0 (0–1); p = 0.002, Kruskal-Wallis test. 
§Median (IQR) days of work lost by case-patients vs. controls 18.5 (2–48) vs. 0 (0–24); p = 0.0001, Kruskal-Wallis test. 
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yield observed ORs for agricultural exposures that 
underestimate true associations (i.e., if agricultural 
exposures cause pulmonary conditions other than 
coccidioidomycosis, such that those exposures are 
more prevalent in controls than they would otherwise 
be). Third, a low participation rate, especially among 
controls, may also have introduced selection bias. 
For example, if healthier control candidates were less 
likely to participate and had lower exposure levels 
contributing to their good health, our control sample 
would be biased toward higher exposures, leading to 
underestimation of true ORs. Alternatively, if health-
ier control candidates were more likely to participate 
and had lower exposure levels contributing to their 
good health, our control sample would be biased to-
ward lower exposures, leading to overestimation of 
true ORs.

We were also unable to validate self-reported 
exposure information and clinical features. Hence, 
reporting bias may have affected our results, partic-
ularly if case-participants suspected that certain ex-
posures might be important and overreported those. 
However, we are unaware of beliefs regarding coc-
cidioidomycosis in this population that might affect 
reporting behavior, and we consider reporting bias 
an unlikely explanation of the observed associations.

On the basis of our findings, we recommend basic 
research on exposure, to include local soil sampling 
for Coccidioides spp. and area and personal respirable 
air sampling during harvest and other phases of cul-
tivation, especially for root and bulb vegetable crops 
where exposure to surface and subsurface dust is like-
ly. Although daunting from a practical standpoint, 
cohort studies of susceptible persons (i.e., based on 
nonreactive initial spherulin skin test) would help 
establish incidence and epidemiologic patterns while 
including persons contracting subclinical infections. 
Although the effectiveness of preventive recommen-
dations remains uncertain (8), current recommenda-
tions (27,31) for reducing dust exposure, including 
wetting soil and freshly harvested products, should 
be followed, especially for persons working with root 
and bulb vegetable crops. Personal respiratory pro-
tection, using NIOSH–approved equipment, should 
be encouraged. Because masks are more commonly 
used by women, educational programs should focus 
on improving acceptance among men and include 
evaluation of program effectiveness. Programs must 
also account for factors interfering with education 
and care that are common among the Hispanic agri-
cultural worker population, including social margin-
alization associated with language, culture, and legal 
status and low levels of health insurance (32).
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Atypical Manifestations of Cat-Scratch Disease

Cat-scratch disease, a zoonotic bacterial infection, 
occurs worldwide and is caused by Bartonella 

henselae, a fastidious, intracellular gram-negative ba-
cillus (1). Cats are the major reservoir of B. henselae 
and are infected by Ctenocephalides felis cat fleas. Al-
though most cats infected with B. henselae are asymp-
tomatic, signs such as fever and myocarditis might 
develop in some cats (2,3). Humans usually become 
infected through the scratches or bites of infected cats. 
B. henselae has also been shown to infect dogs (4), in 
some cases resulting in canine endocarditis (5–7). Al-
though some human cases of cat-scratch disease have 
been linked to canine–human transmission (8–12), 
further research is needed to clarify the public health 
significance of B. henselae infection in dogs.

The true burden of cat-scratch disease in the 
United States is unknown because it is not a report-
able condition; however, efforts have been made to 
estimate its incidence in the United States. In 1993, 
an analysis of hospital discharge data estimated a 
nationwide incidence of hospitalized cases of 0.77–
0.86 cases/100,000 population annually (13). A sub-
sequent study that examined a database of national 
health insurance claims during 2005–2013 found that 
incidence of cat-scratch disease in the United States 
was highest in southern states (6.4 cases/100,000 
population) and in children 5–9 years of age (9.4 cas-
es/100,000 population) (14).

Cat-scratch disease typically manifests as fever 
and an erythematous papule at the site of the cat 
scratch or bite, followed by lymphadenopathy in the 

regional lymph nodes that drain the area of inocula-
tion (15). The papule usually appears 3–10 days after 
inoculation and can persist for several weeks, with 
regional lymphadenopathy developing 1–3 weeks 
postinoculation (1). From 80% to 95% of cases of cat-
scratch disease are consistent with this typical presen-
tation, and the remainder of cases manifest as atypical 
and more severe symptoms (16,17).

Atypical manifestations of cat-scratch disease can 
involve the eyes, nervous system, heart, liver, spleen, 
skin, or musculoskeletal system and might result in 
major illness (1,15). When cat-scratch disease involves 
the eye, the anterior compartment might be affected 
by Parinaud oculoglandular syndrome, and the pos-
terior compartment might be affected by retinitis, 
retinochoroiditis, optic neuritis, uveitis, and vitritis 
(18–20). Nervous system involvement most common-
ly manifests as encephalopathy, but seizures, nerve 
palsies, neuritis, myelitis, and cerebellar ataxia have 
also been reported (21,22).

Endocarditis is more often seen in adults with 
cat-scratch disease than in children, although pre-
existing valvular disease puts children at increased 
risk for this complication (1). Bartonella infection 
can also cause abdominal pain and microabscesses 
in the liver and spleen (23), and in immunocompro-
mised hosts can result in bacillary peliosis hepatis 
(24). In addition to the classic erythematous papule 
at the site of inoculation, erythema nodosum and 
bacillary angiomatosis are reported dermatologic 
manifestations of atypical infection (25,26). Osteo-
lytic lesions, osteomyelitis, and arthritis have also 
been associated with cat-scratch disease (16,24,26). 
A study in 1998 found cat-scratch disease to be the 
third leading cause of prolonged fever of unknown 
origin in children, and a history of cat exposure was 
frequently absent (27).

Atypical manifestations of B. henselae infection 
can be severe, difficult to diagnose, and lead to last-
ing impairment. It is unclear why certain patients de-
velop atypical cat-scratch disease, and little is known 
about its epidemiology. Improved understanding of 
atypical cat-scratch disease could lead to better rec-
ognition of cases by clinicians and inform efforts to 
understand the pathophysiology of this disease. The 
purpose of this study was to better characterize the 
rare and serious complications of this nonreportable 
zoonotic infection by using nationwide insurance 
claims data.

Methods
To identify potential cases of atypical cat-scratch 
disease, we conducted a retrospective analysis of 
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Atypical manifestations that can be severe and difficult 
to diagnosis develop in 5%–20% of patients with cat-
scratch disease. To clarify the epidemiology of atypical 
cat-scratch disease in the United States, we analyzed 
data from the 2005–2014 MarketScan national health 
insurance claims databases by using the International 
Classification of Diseases, 9th Revision, Clinical Modi-
fication, codes for cat-scratch disease and selected 
atypical manifestations: retinitis/neuroretinitis, conjunc-
tivitis, neuritis, encephalitis, hepatosplenic disease, 
osteomyelitis, erythema nodosum, and endocarditis. 
Atypical cat-scratch disease accounted for 1.5% of all 
cases, resulting in an average annual incidence of 0.7 
cases/100,000 population. Atypical cat-scratch disease 
was associated with increased risk for hospitalization 
(risk ratios 8.77, 95% CI 6.56–11.72) and occurred 
most often in female patients 10–14 years of age. Ocu-
lar (48.7%), hepatosplenic (24.6%), and neurologic 
(13.8%) manifestations were most common among pa-
tients. A more comprehensive understanding of atypical 
cat-scratch disease can improve patient diagnosis and 
potentially elucidate pathophysiology of the disease.
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persons enrolled in the Truven Health MarketScan 
Commercial Claims and Encounters Database (Tru-
ven Health Analytics, https://www.ibm.com) dur-
ing 2005–2014. The MarketScan Commercial Claims 
and Encounters Database includes persons <65 
years of age covered by select employer-sponsored 
health insurance plans in all 50 states and contains 
administrative claims data on outpatient visits, 
inpatient admissions, and emergency department 
visits. Demographically, the MarketScan popula-
tion generally mirrors the US population, with a 
slight overrepresentation of persons 50–59 years 
of age and a slight underrepresentation of persons 
20–29 years of age (28).

Billing codes from outpatient, inpatient, and 
emergency department visits are assigned by either a 
clinician or billing specialist according to the Interna-
tional Classification of Diseases, 9th Revision, Clinical 
Modification (ICD-9-CM), and procedures are cap-
tured as either ICD-9-CM codes, Current Procedure 
Terminology codes, or Healthcare Common Proce-
dure Coding System codes. Because the International 
Classification of Diseases, 10th Revision, Clinical 
Modification, was not officially adopted in the United 
States until 2015, those codes were not included.

We identified cat-scratch disease cases by extract-
ing all enrollee visit records during the study pe-
riod with an ICD-9-CM code for cat-scratch disease 
(078.3). The first instance of a 078.3 diagnosis code in a 
patient record was considered the index event. Atypi-
cal manifestations of interest were selected for anal-
ysis if they had recorded precedent in the literature 
as a complication of cat-scratch disease and distinct, 
clearly discernable ICD-9-CM codes associated with 
the specific manifestation. Based on these criteria, 
the known complications of cat-scratch diseases in-
cluded for analysis were endocarditis, osteomyelitis,  
erythema nodosum, conjunctivitis, retinitis/neuro-
retinitis, encephalitis, neuritis, and hepatosplenic dis-
ease.We included ICD-9-CM codes associated with 
optic neuritis in the retinitis/neuroretinitis category. 
Encounters with an ICD-9-CM code for cat-scratch 
disease and an accompanying diagnostic code to indi-
cate the anatomic location of a wound or inoculation 
site for B. henselae were also flagged for analysis and 
were categorized as either head or neck region, arm 
or shoulder region, leg or hip region, or torso region. 
We compiled a detailed list of all ICD-9-CM codes 
used to identify atypical manifestations of cat-scratch 
disease (Appendix Table, https://wwwnc.cdc.gov/
EID/article/26/7/20-0034-App1.pdf).

We extracted insurance billing records of enroll-
ees with ICD-9-CM codes for cat-scratch disease and 

selected manifestations at either the same encounter 
or within a 30-day window of one another. These re-
cords were evaluated along with previous and subse-
quent records by 2 independent reviewers (R.J.M. and 
C.A.N.) to ensure that the clinical picture was consis-
tent with the coded atypical manifestation based on 
diagnosis codes, procedure codes, and provider types. 
If plausible alternative causes of the selected manifes-
tation or likely coding errors were identified, we did 
not include the enrollee record as an atypical case. In 
cases of discordance, a third reviewer (Paul Mead) de-
termined final categorization based on record review.

We included persons with an ICD-9-CM code 
for cat-scratch disease but without accompanying 
atypical manifestation as typical cases for compari-
son. Residence in a rural area was assigned if an 
enrollee did not reside in a metropolitan statistical 
area, as designated by the US Office of Management 
and Budget. Because previous research has identi-
fied increases in cat-scratch disease in late summer, 
fall, and January (13,14,29), we categorized month of 
onset as either late summer and fall, January, or all 
other months for analysis.

We performed descriptive and comparative 
statistical analyses by using JMP version 13.2.1 
(https://www.jmp.com) and SAS version 9.3 
(https://www.sas.com). We used Pearson χ2 tests 
or Fisher exact tests for comparisons of categorical 
variables. To compare the conditional probability 
of having atypical cat-scratch disease across strata 
of potential variables of interest (e.g., sex, age cat-
egory), we calculated risk ratios (RRs) and associ-
ated 95% CIs. Human subjects review at the Cen-
ters for Disease Control and Prevention determined 
that institutional review board approval was not 
required for this study.

Results

Study Population and Incidence
During 2005–2014, the MarketScan database con-
tained a median of 44,488,485 (range 16,159,068–
53,131,420) enrollees each year. Of 14,824 cat-scratch 
disease cases identified from MarketScan during this 
period, 224 (1.5%) cases were classified as atypical 
(Table 1). The average annual incidence of atypical 
cat-scratch disease diagnoses during the study period 
was 0.7 cases/100,000 population.

Atypical cat-scratch disease was most common 
among adults 15–49 years of age (47.3%), and patients 
with atypical cat-scratch disease were more likely to 
be hospitalized than those with typical manifesta-
tions (p<0.0001). 
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Distribution by Age and Sex
Children <14 years of age accounted for 36.2% of 
atypical cat-scratch disease diagnoses overall; 26 
cases (11.4%) were in female patients 10–14 years of 
age (Figure 1). Among female patients 10–14 years 
of age, 16 patients (61.5%) had ocular manifestations 
(13 retinitis/neuroretinitis and 3 conjunctivitis), and 6 
patients (23.1%) had hepatosplenic disease.

Nearly half of all patients with atypical cat-
scratch disease were younger adults (15–49 years of 
age). When we compared older adults with younger 
adults, older adults (50–64 years of age) had a de-
creased risk for having atypical cat-scratch disease 
(RR 0.63, 95% CI 0.44–0.90) (Table 1).

Seasonality
Atypical cat-scratch disease diagnoses increased 
from August through March, and diagnoses were 
concentrated during August–October (33.5% of di-
agnoses) and January–March (29.5% of diagnoses) 
(Figure 2), although neither diagnosis in late sum-
mer and fall or diagnosis in January were found 

to be risk factors for development of atypical cat-
scratch disease (Table 1). Trends in atypical cat-
scratch disease diagnoses were similar to trends 
in typical cat-scratch disease diagnoses. How-
ever, typical cat-scratch disease had less defined 
peak periods, and diagnoses decreased sharply  
after January.

Geographic Distribution and Residence in Rural Area
Most (57.6%) cases of atypical cat-scratch disease oc-
curred in the southern region of the United States 
(57.6%), followed by the midwest (16.5%) and north-
east (12.5%) regions (Figure 3). The geographic dis-
tribution of atypical cases did not differ significantly 
from cases of typical cat-scratch disease.

Residence in a rural area was not a risk fac-
tor for development of atypical cat-scratch disease 
(RR 1.06, 95% CI 0.78–1.45). Also, the proportion of 
patients with atypical cat-scratch disease living in a 
rural area did not differ from the proportion of pa-
tients with typical cat-scratch disease living in a ru-
ral area (p = 0.70).
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Table 1. Characteristics of patients with cat-scratch disease and risk factors for development of atypical cat-scratch disease, United 
States, 2005–2014 
Characteristic Typical disease, no. (%), n = 14,600 Atypical disease, no. (%), n = 224 Risk ratio (95% CI)* 
Sex    
 M 5,583 (38.2) 94 (42.0) 1.17 (0.90–1.52) 
 F 9,017 (61.8) 130 (58.0) Referent 
Age, y 

   

 Child <14 4,678 (32.0) 81 (36.2) 1.20 (0.91–1.57) 
 Adult, 15–49 6,421 (44.0) 106 (47.3) Referent 
 Adult, 50–64 3,501 (24.0) 37 (16.5) 0.63 (0.44–0.90) 
Month of onset 

   

 Late summer and fall† 5,470 (37.5) 93 (41.5) 1.18 (0.90–1.56) 
 January 1,490 (10.2) 22 (9.8) 1.03 (0.65–1.64) 
 All other months‡ 7,640 (52.3) 109 (48.7) Referent 
Hospitalized 487 (3.3) 56 (25) 8.77 (6.56–11.72) 
Residence in southern state 7,732 (53.0) 129 (57.6) 1.20 (0.93–1.57) 
Residence in rural area 3,235 (22.1) 51 (22.8) 1.06 (0.78–1.45) 
*Outcome for risk ratio calculations was development of atypical cat-scratch disease. 
†August, September, October, and November. 
‡February, March, April, May, June, July, and December. 

 

Figure 1. Age and sex 
distribution of patients with 
atypical cat-scratch disease, 
United States, 2005–2014.
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Atypical Manifestations by Type
Among 224 patients with atypical cat-scratch dis-
ease, 109 (48.7%) had ocular manifestations (retini-
tis/neuroretinitis or conjunctivitis), 55 (24.6%) had 
hepatosplenic disease, and 31 (13.8%) had neuro-
logic manifestations (neuritis or encephalitis). The 
remaining 33 (14.7%) case-patients had osteomyeli-
tis, erythema nodosum, or endocarditis (Table 2). 
Among patients with ocular manifestations, 82.6% 
had retinitis/neuroretinitis; most (64.5%) patients 
with neurologic manifestations had encephalitis. 
Three (1.3%) patients with atypical cat-scratch dis-
ease had >1 manifestation: 1 patient with osteo-
myelitis and hepatosplenic disease; 1 patient with 
endocarditis and hepatosplenic disease; and 1  
patient with osteomyelitis, encephalitis, and hepato-
splenic disease.

Children <14 years of age were at increased risk 
for hepatosplenic disease (RR 1.76, 95% CI 1.04–2.99) 
and osteomyelitis (RR 3.81, 95% CI 1.28–11.37) com-
pared with persons >15 years of age. Older adults 
(50–64 years of age) were less likely to show devel-
opment of ocular manifestations (retinitis/neuroreti-
nitis and conjunctivitis) than younger adults (15–49 
years of age) (RR 0.49, 95% CI 0.28–0.85).

Among persons with ocular (retinitis/neuro-
retinitis and conjunctivitis) manifestations, most di-
agnoses were made during August–October (31.2%) 
and January–March (35.8%). Among persons with 
neurologic (neuritis and encephalitis) manifestations, 
diagnoses were concentrated during October (22.6%). 
We observed no notable trends in seasonality of diag-
noses for other manifestations of atypical cat-scratch 
disease (Figure 4). We also observed no differences in 
geographic distribution or rurality by manifestation 
of atypical cat-scratch disease.

Hospitalization of Atypical Case-Patients
Patients with atypical cat-scratch disease were more 
likely to be hospitalized than patients with typical 

cat-scratch disease (RR 8.77, 95% CI 6.56–11.72) (Ta-
ble 1). Among patients with atypical cat-scratch dis-
ease, children <14 years of age accounted for 60.7% 
of hospitalizations and had an increased risk for hos-
pitalization compared with adults 15–49 years of age 
(RR 2.34, 95% CI 1.44–3.79). A total of 57.1% of the 
hospitalizations occurred during August–November, 
and we found an overall increased risk for hospital-
ization during this period when compared with all 
other months, except for January (RR 1.88, 95% CI 
1.15–3.05) (Table 3).

Increased risks of hospitalization were found 
for neurologic manifestations (neuritis and encepha-
litis) (RR 1.88, 95% CI 1.15–3.08), hepatosplenic dis-
ease (RR 2.30, 95% CI 1.49–3.55), and osteomyelitis 
(RR 2.13, 95% CI 1.20–3.82). Ocular manifestations 
(retinitis/neuroretinitis and conjunctivitis) were 
associated with decreased risk for hospitalization 
(RR 0.23, 95% CI 0.12–0.43).

Location of Wound
Information on wound location was available for 
only 10 (4.5%) patients with atypical cat-scratch 
disease. Among these persons, 2 with conjunctivi-
tis, 1 with encephalitis, and 2 with hepatosplenic 
disease had a wound on the head or neck; 1 with 
osteomyelitis and 3 with hepatosplenic manifes-
tations had a wound on the arm or shoulder; 1 
with endocarditis had a wound on the leg or hip;  
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Figure 2. Seasonal variation of atypical and typical cat-scratch 
disease by month of diagnosis, United States, 2005–2014.

Figure 3. Proportions of typical and atypical cat-scratch 
disease by US Census region, United States, 2005–2014. 
Northeast: Connecticut, Maine, Massachusetts, New 
Hampshire, Rhode Island, Vermont, New Jersey, New York, 
Pennsylvania. Midwest: Illinois, Indiana, Iowa, Kansas, 
Michigan, Minnesota, Missouri, Nebraska, North Dakota, South 
Dakota, Ohio, Wisconsin. South: Arkansas, Delaware, Florida, 
Georgia, Louisiana, Maryland, North Carolina, Oklahoma, 
South Carolina, Texas, Virginia, West Virginia, Alabama, 
Hawaii, Kentucky, Mississippi, Oregon, Tennessee. West: 
Alaska, Arizona, California, Colorado, Idaho, Montana, Nevada, 
New Mexico, Utah, Washington, Wyoming, Puerto Rico,  
Virgin Islands.
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and 1 with endocarditis had a wound on an unspec-
ified limb.

Discussion
Using US nationwide insurance claims data, we 
identified and characterized 224 atypical cases of 
cat-scratch disease during 2005–2014 and estimated 
an average annual incidence of 0.7 cases/100,000 
population. Nearly half of all atypical cat-scratch 
disease cases had ocular manifestations, most of 
which were retinitis/neuroretinitis. Atypical cat-
scratch disease was most prevalent among female 
patients 10–14 years of age, who most commonly 
had ocular manifestations.

Trends in hospitalizations of patients with cat-
scratch disease highlight the severity of atypical cat-
scratch disease compared with typical cat-scratch 
disease. Atypical cat-scratch disease appears to be 
particularly severe among children <14 years of age, 
who had an increased risk for hospitalization. Adults 
50–64 years of age had the lowest risk for develop-
ment of atypical cat-scratch disease and specifically 
ocular manifestations. Reasons that older adults 
might have complications associated with cat-scratch 

disease less often than other age groups are unclear 
and require further study.

Severity of cat-scratch disease in children has 
been previously documented. In a study conducted 
by Reynolds et al., ≈25% of hospitalizations of chil-
dren for cat-scratch disease were caused by compli-
cations associated with atypical cat-scratch disease; 
neurologic and hepatosplenic complications were 
most common (30). Although children in our study 
were also particularly at risk for hepatosplenic dis-
ease, neurologic and hepatosplenic complications 
were associated with increased risk for hospital-
ization in our overall study population, indicating 
that these manifestations are particularly severe 
for all age groups. Encephalitis was the most com-
mon neurologic manifestation in our population, 
which was also consistent with findings of Reyn-
olds et al., in which most hospitalizations of chil-
dren for neurologic complications of cat-scratch 
disease were caused by encephalitis or encepha-
lopathy (30). Thus, physicians should consider cat-
scratch disease in patients who have encephalitis  
or new onset hepatosplenic abnormalities, espe-
cially children.
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Table 2. Demographic characteristics for patients by manifestation of atypical cat-scratch disease, United States, 2005–2014 

Characteristic No. (%) 
Sex, no. (%) 

 
Age category, y, no. (%) Hospitalized, 

no. (%) M F 0–14 15–49 50–64 
Atypical disease 224* 94 (42.0) 130 (58.0)  81 (36.2) 106 (47.3) 37 (16.5) 56 (25.0) 
Ocular disease 109 (48.7) 46 (48.9) 63 (48.5)  33 (40.7) 60 (56.6) 16 (43.2) 10 (17.9) 
Retinitis/neuroretinitis 90 (40.2) 36 (38.3) 54 (41.5)  23 (28.4) 53 (50.0) 14 (37.8) 8 (14.3) 
Conjunctivitis 19 (8.5) 10 (10.6) 9 (6.9)  10 (12.3) 7 (6.6) 2(5.4) 2 (3.6) 
Hepatosplenic disease 55 (24.6) 24 (25.5) 31 (23.8)  25 (30.9) 21 (19.8) 9 (24.3) 24 (42.9) 
Neurologic disease 31 (13.8) 13 (13.8) 18 (13.8)  12 (14.8) 13 (12.3) 6 (16.2) 13 (23.2) 
Encephalitis 20 (8.9) 12 (12.8) 8 (6.2)  12 (14.8) 8 (7.5) 0 (0) 13 (23.2) 
Neuritis 11 (4.9) 1 (1.1) 10 (7.7)  0 (0) 5 (4.7) 6 (16.2) 0 (0) 
Osteomyelitis 14 (6.3) 6 (6.4) 8 (6.2)  9 (11.1) 4 (3.8) 1 (2.7) 7 (12.5) 
Erythema nodosum 11 (4.9) 2 (2.1) 9 (6.9)  4 (4.9) 5 (4.7) 2 (5.4) 4 (7.1) 
Endocarditis 8 (3.6) 4 (4.3) 4 (3.1)  1 (1.2) 4 (3.8) 3 (8.1) 2 (3.6) 
*A total of 228 manifestations of atypical cat-scratch disease were seen among 224 patients. Three patients had >1 manifestation; 1 patient had 
osteomyelitis and hepatosplenic disease;1 patient had endocarditis and hepatosplenic disease; and 1 patient had osteomyelitis, encephalitis, and 
hepatosplenic disease. 

 

Figure 4. Seasonal variation 
of atypical cat-scratch disease 
manifestations by month of 
diagnosis, United States, 
2005–2014.
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Previous studies have documented the highest 
rates of cat-scratch disease in late summer and fall 
and a separate peak often seen in January (13,14,29). 
One such study found that rates of B. henselae sero-
positivity among samples submitted to Mayo Clinic 
Laboratories over a 10-year period were highest 
during September–January, with the highest annual 
rates in January (29). Typical cat-scratch disease di-
agnoses in our study followed similar seasonal pat-
terns to those previously reported. However, atypi-
cal cat-scratch disease appeared more concentrated 
during August–October and January–March. The 
reasons for this finding are unclear but might include 
delays in diagnosis of atypical cat-scratch disease. 
For example, patients who contract cat-scratch dis-
ease and had complications during January might 
not be given a diagnosis of atypical cat-scratch dis-
ease at that time because they do not show classic 
symptoms or their symptoms take time to develop 
and care-seeking is delayed.

Furthermore, a recent case series of ocular mani-
festations of cat-scratch disease reported that 9 of 
10 patients had symptoms <3 months before show-
ing development of ocular complications and that 3 
patients had been originally given misdiagnoses of 
etiologies other than cat-scratch disease (31). Given 
that ocular manifestations of cat-scratch disease were 
most common in our study, increased diagnoses of 
atypical cat-scratch disease through March could be 
a sign of delayed diagnoses, particularly for manifes-
tations that are less severe, such as those involving 
the eye.

Trends related to geographic distribution of cases 
did not differ between atypical and typical cat-scratch 
disease. Similar to findings from 3 previous studies 
that reported the highest incidences of cat-scratch 
disease in the southern United States (13,14,30), in 
our study, most typical (53.0%) and atypical (57.6%) 

cat-scratch disease cases occurred in patients resid-
ing in this region. In addition, a national survey of US 
healthcare providers found that those in the Pacific 
and southern regions of the United States were more 
likely to have been given a diagnosis of cat-scratch 
disease than in other regions (32). These findings are 
further supported by studies that have found higher 
average B. henselae seroprevalences and active bacte-
remia in pet cats from warmer, more humid climates, 
including the southern United States (33,34). Thus, 
healthcare providers in regions with climates that 
support flea abundance should be aware of the risk 
for cat-scratch disease and be able to recognize its 
atypical manifestations.

This study had several limitations. First, al-
though MarketScan is a large database of insurance 
claims data from persons covered by employer-
sponsored insurance, it is a convenience sample and 
may not accurately represent the characteristics of 
all persons in the United States. For example, trends 
we see in atypical cat-scratch disease by geographic 
region and rural residence might be biased by dif-
ferences in coverage and access to care that are not 
accounted for here. Furthermore, MarketScan does 
not include data for adults >65 years of age, military 
personnel, uninsured persons, or Medicaid/Medi-
care enrollees. These specific populations might 
show varying degrees of cat-scratch disease severity 
or risk that are not captured in our results. In ad-
dition, because only persons <65 years of age are 
included in the database, the proportion of children 
who have cat-scratch disease might be artificially in-
flated. The number of patients who had atypical cat-
scratch disease was small, especially when broken 
down by manifestation. Thus, it is difficult to draw 
conclusions regarding risk factors for specific mani-
festations of atypical cat-scratch disease and hospi-
talization within these groups.
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Table 3. Demographic characteristics for patients hospitalized with atypical cat-scratch disease and associated risk factors for 
hospitalization, United States, 2005–2014 
Characteristic Hospitalized, no. (%), n = 56 Not hospitalized, no. (%), n = 168 Risk ratio (95% CI) 
Sex    
 M 26 (46.4) 68 (40.5) 1.19 (0.76–1.89) 
 F 30 (53.6) 100 (59.5) Referent 
Age, y 

 
 

 

 Child <14 34 (60.7) 47 (28.0) 2.34 (1.44–3.79) 
 Younger adult, 15–49 19 (33.9) 87 (51.8) Referent 
 Older adult, 50–64 3 (5.4) 34 (20.2) 0.45 (0.14–1.44) 
Month of onset 

 
 

 

 Late summer and fall* 32 (57.1) 61 (36.3) 1.88 (1.15–3.05) 
 January 4 (7.1) 18 (10.7) 0.99 (0.38–2.62) 
 All other months† 20 (35.7) 89 (53.0) Referent 
Residence in southern state 36 (64.3) 93 (55.4) 1.33 (0.82–2.14) 
Residence in rural area 11 (19.6) 40 (23.8) 1.26 (0.71–2.26) 
*August, September, October, and November. 
†February, March, April, May, June, July, and December. 

 



Atypical Manifestations of Cat-Scratch Disease

Furthermore, misclassification could have oc-
curred when ICD-9-CM codes were used to classify 
atypical cat-scratch disease for several reasons. ICD-
9-CM codes are subject to error from the clinicians 
and billing specialists who enter them. In addition, 
we excluded records that fit our criteria for manifes-
tations of atypical cat-scratch disease but lacked ad-
ditional supporting information, which could have 
caused us to underestimate the true burden of atypi-
cal cat-scratch disease. Last, codes for some known 
atypical cat-scratch disease manifestations, such as 
pulmonary complications and thrombocytopenia, 
were excluded because of etiologic ambiguity in  
enrollee records.

In conclusion, our findings indicate that atypi-
cal cat-scratch disease in the United States follows 
trends similar to those for typical cat-scratch disease 
but is more prevalent and severe among children <14 
years of age and is least likely to occur in older adults 
(50–64 years of age). In addition, differences in sea-
sonality of diagnoses were seen, which might be an 
indication that diagnosis of atypical cat-scratch dis-
ease is often delayed. Ocular (retinitis/neuroretinitis 
and conjunctivitis) and hepatosplenic complications 
were the most common manifestations of atypical cat-
scratch disease. Improved understanding of atypical 
cat-scratch disease might lead to better recognition of 
cases by clinicians, as well as inform efforts to clarify 
the pathophysiology of this disease.
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Aspergillus fumigatus is a saprobic mold that thrives 
on decaying plant material. The fungus is ther-

motolerant and exhibits optimum growth at 37°C. A. 
fumigatus has evolved into an major cause of pulmo-
nary infections, especially in immunocompromised 
persons. Patients at risk for invasive aspergillosis in-
clude patients with hematologic malignancy, solid or-
gan transplant recipients, and patients receiving cor-
ticosteroids. In addition, new risk groups are being 
recognized, including patients treated with ibrutinib 
(1) and patients with severe influenza (2,3). The fun-
gus might also cause chronic pulmonary infections, 
chronic lung colonization, and allergic syndromes (4). 

Azoles represent the most important class of anti-
fungal agents that are used for the management of As-
pergillus diseases. Triazoles with activity against asper-
gilli include itraconazole, voriconazole, posaconazole, 
and isavuconazole. However, use of this drug class has 
been threatened by the emergence of azole resistance, 
which was first reported in 1997 (5). Although resis-
tance might be selected during azole therapy, resis-
tance selection in the environment through exposure 
to azole fungicides has been shown to be the most im-
portant route for resistance selection (6). The environ-
mental route of resistance selection poses numerous 
challenges for patient management because two thirds 
of patients with azole-resistant invasive aspergillosis 
have no previous history of azole therapy (7). A recent 
cohort study showed that voriconazole resistance re-
sulted in 21% lower day-42 survival in patients with 
culture-positive invasive aspergillosis compared with 
voriconazole-susceptible infection, indicating a ma-
jor effect of resistance on patient survival (8). Because 
most patients with invasive aspergillosis are culture 
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We investigated the prevalence of azole resistance of As-
pergillus fumigatus isolates in the Netherlands by screen-
ing clinical A. fumigatus isolates for azole resistance during 
2013–2018. We analyzed azole-resistant isolates pheno-
typically by in vitro susceptibility testing and for the pres-
ence of resistance mutations in the Cyp51A gene. Over 
the 6-year period, 508 (11%) of 4,496 culture-positive pa-
tients harbored an azole-resistant isolate. Resistance fre-
quency increased from 7.6% (95% CI 5.9%–9.8%) in 2013 
(58/760 patients) to 14.7% (95% CI 12.3%–17.4%) in 2018 
(112/764 patients) (p = 0.0001). TR34/L98H (69%) and TR46/
Y121F/T289A (17%) accounted for 86% of Cyp51A muta-
tions. However, the mean voriconazole MIC of TR34/L98H 
isolates decreased from 8 mg/L (2013) to 2 mg/L (2018), 
and the voriconazole-resistance frequency was 34% lower 
in 2018 than in 2013 (p = 0.0001). Our survey showed 
changing azole phenotypes in TR34/L98H isolates, which 
hampers the use of current PCR-based resistance tests.
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negative, sensitive non–culture-based resistance tests 
are urgently needed (9).

Although azole-resistant A. fumigatus was recent-
ly added to the antibiotic threats list of the US Cen-
ters for Disease Control and Prevention (10), system-
atic resistance surveillance programs are currently 
lacking. Surveillance is hampered by low numbers 
of culture-positive patients, difficulty in diagnosing 
and classifying patients with Aspergillus diseases, low 
awareness of fungal resistance, and limited prioritiza-
tion of fungal resistance research. Furthermore, unlike 
bacteria, molds do not routinely undergo resistance 
testing in most clinical microbiology laboratories, 
thus necessitating the implementation of specific lab-
oratory protocols. Early reports on azole resistance in 
the Netherlands prompted the national Center for In-
fectious Disease Control (Cib) to support a reference 
laboratory to set up a surveillance network to monitor 
trends in azole-resistance frequency in A. fumigatus. 
Our aim was to determine the resistance frequency 
over a period of 6 years to describe resistance pheno-
types and to analyze underlying resistance mutations 
and trends.

Methods
Five University Medical Centers (UMCs) participated 
in the surveillance network, including Leiden UMC 
(Leiden), Erasmus Medical Center (Rotterdam), Am-
sterdam UMC, VU Medical Center (Amsterdam), 
UMC Groningen (Groningen), and Radboud UMC 
(Nijmegen). The geographic regions include the west 
of the Netherlands (Rotterdam, Leiden, and Amster-
dam), which is the most heavily populated region; 
the north (Groningen); and the east (Nijmegen). The 
centers were asked to screen A. fumigatus isolates 
cultured from clinical specimens by using an agar-
based screening test (VIPcheck; MediaProducts,  
https://www.mediaproductsbv.nl). VIPcheck con-
tains 3 agar wells supplemented with itraconazole, 
voriconazole, and posaconazole, and a growth control 
well (11). A. fumigatus colonies from the primary cul-
ture were inoculated on the 4-wells plate, incubated for 
up to 48 hours, and inspected for growth. If an isolate 
grew on any of the azole-containing wells, the isolate 
was sent anonymously to Radboud UMC for MIC test-
ing and genotypic characterization. MIC testing was 
performed according to the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) broth 
microdilution reference method (12–14) for ampho-
tericin B (AmB), itraconazole, voriconazole, posacon-
azole, and isavuconazole (added in 2015 after the drug 
was clinically licensed). Azole resistance was defined 
as resistance to >1 azole drug, according to EUCAST 

clinical breakpoints (itraconazole, >2 mg/L; voricon-
azole, >2 mg/L; posaconazole, >0.25 mg/L, and isa-
vuconazole, >1 mg/L). EUCAST broth microdilution 
plates were made at Radboud UMC in batches of 250 
96-well plates and complied with the recommended 
quality control standards (11–13). For A. fumigatus iso-
lates with a confirmed azole-resistant phenotype, the 
full Cyp51A gene was analyzed by PCR amplification 
and sequencing (7). The Cyp51A sequence (GenBank 
accession no. AF338659) was used for mutation anal-
ysis. A spore suspension of all isolates was stored at 
–80°C in 10% glycerol.

Results of phenotypic testing were sent to the sur-
veillance laboratories as soon as these were available. 
Analysis of the resistance genotypes was batched, and 
once a year each center received a list of isolates with 
resistance genotype and phenotype. The list of isolates 
was checked by the centers, who also provided the 
number of A. fumigatus culture-positive patients who 
had been screened for azole resistance during the year 
and the number of patients who harbored an azole-re-
sistant isolate. Clinical information regarding underly-
ing disease and classification of Aspergillus disease was 
not collected. Data on A. fumigatus resistance epidemi-
ology are reported and published annually (15).

We calculated mean MICs with 95% CIs with 
GraphPad Prism 5.03 (https://www.graphpad.com). 
For calculations, we recoded MICs >16 mg/L as 32 
mg/L. We calculated statistical tests on differences in 
MIC distributions by using Kruskal-Wallis test and 
tests on differences in classification according to clini-
cal breakpoints by using the Fisher exact test.

Results

General Epidemiology
During 2013–2018, A. fumigatus isolates from 4,518 
culture-positive patients were screened for the pres-
ence of azole-resistance. In 1 center, prospective 
screening was not performed in 2015, but only select-
ed isolates from 22 patients were analyzed (Table 1). 
Therefore, we excluded these patients from calcula-
tion of the azole-resistance frequency, leaving 4,496 
patients who had been screened for azole resistance. 
In total, 508 patients (11%) harbored an azole-resistant 
A. fumigatus isolate. Over the 6-year period, the over-
all resistance frequency increased from 7.6% (95% CI 
5.9%–9.8%) in 2013 (58/760 patients) to 14.7% (95% CI 
12.3%–17.4%) in 2018 (112/764 patients; p = 0.0001).

Triazole-Resistance Genotypes
Overall, 640 A. fumigatus isolates (obtained from 
508 patients) exhibited phenotypical resistance for 
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>1 triazole. TR34/L98H was the most frequently ob-
served resistance mechanism and was present in 445 
(69%) azole-resistant A. fumigatus isolates, whereas 
TR46/Y121F/T289A was present in 111 (17%) iso-
lates. Of 445 TR34/L98H isolates, 24 had >1 addition-
al polymorphisms in the Cyp51A gene (F495I, n = 9; 
Q259H, n = 5; S297T, n = 4; D262N, n = 1; N326H, n = 
1; P337L, n = 1; Y341H, n = 1; I364V, n = 1; G328A, n 
= 1; and L399V, n = 1). In addition, 8 TR34/L98H iso-
lates harbored a T67G substitution in the gene pro-
motor region, which has not been associated with 
azole resistance. TR-mediated resistance mutations 
are associated with resistance selection in the envi-
ronment, which thus accounted for 86% of resistance 
mutations. In 76 azole-resistant isolates (12%), no 
mutations were found in the Cyp51A gene, indicat-
ing that other, yet uncharacterized, resistance mech-
anisms might be present. Over the 6-year observa-
tion period, no significant trends in the distribution 
of resistance mutations was observed (Figure 1).

Triazole-Resistance Phenotypes
Resistance mutations most commonly affected the 
activity of all 4 mold-active azoles. Among the 640 

azole-resistant A. fumigatus isolates, 413 (65%) isolates 
exhibited a panazole-resistant phenotype, 51 (8%) a 
multiazole-resistant phenotype, and 176 (28%) resis-
tance to a single azole.

Because voriconazole is the treatment of choice 
for invasive aspergillosis, the azole resistance phe-
notypes were categorized according to voriconazole 
clinical breakpoints. Overall, 498 (77.8%) A. fumiga-
tus isolates were voriconazole-resistant (Table 2). Al-
though most voriconazole-resistant isolates exhibited 
a panazole-resistant phenotype, 50 (10%) voricon-
azole-resistant isolates were itraconazole-susceptible, 
of which 8 were also susceptible to posaconazole. 
Isolated posaconazole susceptibility in voriconazole-
resistant isolates was not observed. The underlying 
resistance mutations detected in these 50 isolates in-
cluded TR46/Y121F/T289A (35 isolates) and G448S (3 
isolates), whereas Cyp51A mutations were not detect-
ed in 12 isolates. All voriconazole-resistant isolates 
were also resistant to isavuconazole.

In 124 (19%) A. fumigatus isolates, a voriconazole 
MIC of 2 mg/L was measured (Table 2); of these, 
120 (97%) were resistant against either itraconazole, 
posaconazole, or both. The 4 remaining isolates were 
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Table 1. Number of Aspergillus fumigatus culture-positive patients screened for azole resistance and azole resistance frequency in 
clinical A. fumigatus isolates in 5 University Medical Centers in the Netherlands* 

Surveillance center 
No. resistant/no. screened (%) 

2013 2014 2015 2016 2017 2018 
Erasmus MC, Rotterdam 10/231 (4.3) 10/265 (3.8) 7/22 (31.8)† 24/186 (12.9) 19/147 (12.9) 17/129 (13.2) 
LUMC, Leiden 19/99 (19.2) 15/113 (13.3) 23/141 (16.3) 18/88 (20.5) 27/114 (23.7) 25/120 (20.8) 
Radboud UMC, Nijmegen 6/123 (4.9) 7/143 (4.9) 12/145 (8.3) 20/210 (9.5) 21/198 (10.6) 23/196 (11.7) 
UMCG, Groningen 16/194 (8.2) 18/191 (9.4) 15/225 (6.7) 26/215 (12.1) 35/240 (14.6) 34/238 (14.3) 
VUMC, Amsterdam 8/113 (7.1) 9/104 (8.7) 14/89 (15.7) 13/85 (15.3) 12/75 (16.0) 13/81 (16.0) 
Total 58/760 (7.6) 59/814 (7.2) 64/600 (10.7)‡ 101/784 (12.9) 114/774 (14.7) 112/764 (14.7) 
*MC, medical center; UMC, university medical center. 
†Only a limited number of patients was screened for azole resistance. 
‡Calculation of resistance frequency did not include the cases of Erasmus MC. 

 

Figure 1. Distribution of Cyp51A-
mediated resistance mutations 
in Aspergillus fumigatus, 
as observed in a national 
multicenter surveillance program 
in the Netherlands, 2013–2018. 
WT, wildtype Cyp51A; TR34, 
TR34/L98H; TR46, TR46/Y121F.
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itraconazole- and posaconazole-susceptible but isavu-
conazole-resistant. Three of these isolates harbored the 
TR34/L98H mutation, and in the fourth isolate, no Cy-
p51A mutations were found. An underlying resistance 
mutation was detected in 99 (80%) of the 124 isolates 
with voriconazole-intermediate susceptibility.

Overall, 18 (3%) azole-resistant isolates were 
phenotypically voriconazole-susceptible, although 
these isolates were resistant to either itraconazole, 
posaconazole, or both (Table 2). Isavuconazole MICs 
were available for 16 phenotypically voriconazole-
susceptible isolates, and isavuconazole resistance 
was found in 10 (63%) of these, with a mean isavu-
conazole MIC of 11 mg/L (range 2 to >16 mg/L). 
Underlying Cyp51A-mediated resistance mutations 
in these 10 isavuconazole-resistant, voriconazole-sus-
ceptible isolates included 6 isolates with a TR34/L98H 
genotype, although in 4 isolates no Cyp51A mutations 
were detected.

TR34/L98H is associated with high resistance to 
itraconazole, which was the case in 438 of 445 (98%) 
isolates, although TR46/Y121F/T289A is associated 
with high voriconazole resistance, which was found 
in all 111 TR46/Y121F/T289A isolates (Figure 2). Thir-
ty-five of 111 (32%) TR46/Y121F/T289A isolates were 
susceptible to itraconazole, although 3 of these iso-
lates were also susceptible to posaconazole.

Trends in Voriconazole Resistance
In 2013, voriconazole resistance was detected in 94% 
(68/72) of azole-resistant A. fumigatus isolates, but in 
2018 voriconazole resistance was detected for only 
60% (87/144) azole-resistant A. fumigatus isolates (p 
= 0.0001) (Figure 3). The trend toward lower voricon-
azole MICs was not attributable to a shift in resistance 
mutations but was apparent mainly in isolates har-
boring TR34/L98H (Figure 4, panel A). Voriconazole 
MIC distributions were significantly different when 

2013 (mean voriconazole MIC 8 mg/L) was com-
pared with 2018 (mean voriconazole MIC 2 mg/L) 
(p<0.001). In 2013, 2 (4%) of 46 TR34/L98H isolates 
were not classified as voriconazole-resistant, whereas 
49 (4%) of 108 (45%) TR34/L98H isolates exhibited a 
voriconazole-nonresistant phenotype in 2018 (p = 
0.0001), of which most exhibited a MIC of 2 mg/L (in-
termediate). Because a F495I mutation in TR34/L98H 
isolates was shown to be associated with reduced 
resistance to voriconazole (16), all 106 voriconazole-
nonresistant TR34/L98H isolates were checked for the 
presence of this mutation. Only 8 TR34/L98H isolates 
were found to harbor the F495I mutation.

Because MIC testing was performed on receipt 
of the isolate over a 6-year period and thus involved 
various batches of MIC plates, all 46 TR34/L98H 
isolates from 2013 and 106 isolates (2 isolates were 
not available) from 2018 were retested for voricon-
azole and isavuconazole by using a single batch of 
MIC plates. Retesting confirmed the initial observa-
tion showing a 45% lower voriconazole-resistance 
frequency among TR34/L98H isolates in 2018 com-
pared with 2013 (46/46 in 2013 vs. 58/106 in 2018; 
p = 0.0001) (Appendix Figure, https://wwwnc.cdc.
gov/EID/article/26/7/20-0088-App1.pdf). In 2013, 
the overall azole-resistance frequency was 7.6% at the 
patient level and voriconazole-resistance frequency 
was 7.2%, whereas in 2018 the azole-resistance fre-
quency was 14.7% compared with 8.8% voriconazole 
resistance (Table 1 [estimated voriconazole resistance 
frequencies not shown]).

We observed a similar decreasing trend of MICs 
for isavuconazole (Figure 4, panel B; Appendix Fig-
ure). However, the decrease in MICs did not result 
in an increase of susceptible isolates because all but 2 
TR34/L98H isolates remained isavuconazole-resistant 
based on the EUCAST breakpoint. The isavuconazole 
MIC distributions were significantly different when 
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Table 2. Resistance profiles of 640 azole-resistant Aspergillus fumigatus isolates classified according to voriconazole clinical 
breakpoints in a national multicenter surveillance program in the Netherlands, 2013–2018* 

Voriconazole classification (no. isolates) 
No. (%) isolates  

Itraconazole Posaconazole Isavuconazole 
Voriconazole-susceptible (18)    
 Susceptible 0 1 (5.6) 6/16 (37.5) 
 Intermediate 1 (5.6) 2 (11.1) NA 
 Resistant 17 (94.4) 15 (83.3) 10/16 (62.5) 
Voriconazole-intermediate (124)    
 Susceptible 0 4 (3.2) 2/121 (1.7) 
 Intermediate 6 (4.8) 19 (15.3) NA 
 Resistant 118 (95.2) 101 (81.5) 119/121 (98.3) 
Voriconazole-resistant (498)    
 Susceptible 50 (10) 8 (1.6) 0/396 (0) 
 Intermediate 25 (5) 28 (5.6) NA 
 Resistant 423 (85) 462 (92.8) 396/396 (100) 
*Isavuconazole was not measured before 2014; therefore, denominator is different in comparison with itraconazole and posaconazole. NA, not applicable 
(no intermediate susceptibility category defined for isavuconazole). 
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the distribution of 2015 was compared with that of 
2018 (p<0.001). No trends in phenotype changes were 
observed for itraconazole and posaconazole.

Discussion
Our resistance surveillance showed an increasing fre-
quency of azole resistance in clinical A. fumigatus iso-
lates during 2013–2018 in the Netherlands. Although 
the resistance frequency varied between the 5 UMCs, 
the increasing trend was observed in all centers. In 
2017 and 2018, the azole-resistance frequency exceed-
ed 10% in all centers, a threshold above which experts 
recommend reconsidering the use of first-line vori-
conazole monotherapy (17,18). Alternative regimens 
that cover resistance include voriconazole/isavu-
conazole in combination with liposomal-AmB or an 
echinocandin, or monotherapy with liposomal-AmB. 
As such, the Netherlands national guideline was re-
vised and now recommends combination therapy in 
patients with suspected invasive aspergillosis, in par-
ticular for critically ill patients or when azole resis-
tance cannot be excluded (19).

How the 10% resistance threshold should be 
determined remains unclear (17,18). Our study in-
dicated that despite the increasing azole-resistance 
frequency, the resistance frequency of voriconazole 
remained below this threshold (8.8% in 2018). This 
observation warrants the question of which thresh-
old (i.e., azole resistance or voriconazole resistance) 
should be used to guide decisions regarding primary 
treatment choices. The trend toward lower voricon-
azole MICs was observed mainly in TR34/L98H iso-
lates, whereas most nonresistant isolates exhibited 
a voriconazole MIC of 2 mg/L (intermediate). The 
optimal management of voriconazole-intermediate 
invasive aspergillosis remains unclear, but an in-
creased failure rate is anticipated in patients treated 
with voriconazole monotherapy at the standard dose. 
An increased voriconazole trough level target of 2–6 
mg/L is recommended or combining voriconazole 
with an echinocandin or liposomal-AmB monother-
apy (18). Furthermore, there is currently insufficient 
evidence that infection caused by azole-susceptible 
or intermediate susceptible A. fumigatus isolates that 
harbor a resistance mutation can safely be treated 
with azole monotherapy.

Resistance was highly dominated by environ-
mental resistance mutations, such as TR34/L98H and 
TR46/Y121F/T289A. Indeed, a recent study identi-
fied sites at high risk for resistance selection in the 
environment, referred to as hotspots (20). Particu-
larly, stockpiling of decaying plant waste containing 
azole fungicide residues was found to harbor high 

numbers of resistant A. fumigatus, and isolates with 
identical resistance mutations to those recovered 
from clinical specimens were cultured from these 
hotspots (20,21). The observations support a strong 
link between environmental resistance selection and 
azole-resistant disease in humans. The increasing 
trend in azole-resistance frequency and the emer-
gence of new resistance mutations indicate that the 
current use of azole fungicides is not sustainable and 
over time the medical use of azoles will be further 
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Figure 2. Triazole-resistance classification in 555 Aspergillus 
fumigatus isolates harboring TR34/L98H and TR46/Y121F/T289A 
resistance mutations, as observed in a national multicenter 
surveillance program in the Netherlands, 2013–2018. A) 
Itraconazole TR34/L98H. B) Voriconazole TR34/L98H. C) 
Posaconazole TR34/L98H. D) Isavuconazole TR34/L98H. E) 
Itraconazole TR46/Y121F/T289A. F) Voriconazole, TR46/Y121F/
T289A. G) Posaconazole TR46/Y121F/T289A. H) Isavuconazole 
TR46/Y121F/T289A. I, intermediate; R, resistant; S, susceptible.
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threatened. Given the limited alternative treatment 
options for Aspergillus diseases, further research 
aimed at reducing the burden of azole resistance in 
the environment is urgently needed.

An important question is how the changing 
voriconazole phenotype in TR34/L98H isolates can 
be explained. One possibility is that TR34/L98H iso-
lates harbor additional mechanisms or compensato-
ry mutations that affect the overall azole-resistance 
phenotype. Additional changes in peptide sequence 
of the 14-α-sterol demethylase enzyme have been re-
ported in TR34/L98H isolates, such as F495I, which 
confers resistance to imidazole (16). Recombination 
experiments showed that recombinants with S297T/
F495I in the TR34/L98H background conferred high 
resistance to imidazole but also produced lower 
voriconazole MICs compared with the TR34/L98H 
parent strain (16). Because TR34 isolates originate in 
the environment through exposure to azole fungi-
cides, changes in azole fungicide exposures could 
prompt changes in resistance phenotypes. However, 
only 9 isolates with an additional F495I mutation in 
the Cyp51A gene were found, of which 8 were vori-
conazole-susceptible, indicating that other or mul-
tiple factors might have contributed to the observed 
phenotype change.

Another possibility is the presence of other re-
sistance mechanisms in TR34/L98H isolates. Recent 
studies analyzing transcriptional control mechanisms 
of Cyp51A, have identified transcription factors, such 
as ABC transporter regulator, which was found to 
regulate many different processes involved in drug 
resistance, metabolism, and virulence (22). Further-
more, other steps in the ergosterol biosynthesis might 
be affected, for example, through mutations in the 

3-hydroxy-3-methyl-glutaryl-coenzyme A reductase-
encoding gene (hmg1) (23). Mutations in the hmg1 
gene resulting in peptide sequence changes were 
found to be frequent in TR34/L98H isolates, possibly 
affecting the azole phenotype (23). These recent in-
sights indicate that the resistance phenotype is likely 
to be multifactorial and that more research is needed 
to characterize possible mechanisms that explain the 
observed variation in TR34/L98H phenotypes.

The main clinical implication of the observed 
phenotypic variation in TR34/L98H relates to direct 
detection of resistance mutations through PCR tests. 
Several commercial PCR tests are available that en-
able detection of TR34/L98H and TR46/Y121F/T289A 
directly in clinical specimens (24,25), which are used 
to guide selection of antifungal drugs. However, this 
approach can only be used if the resistance genotype 
predicts the azole phenotype. Although TR46/Y121F/
T289A mutation detection is uniformly associated 
with resistance to voriconazole, the wide spectrum 
of voriconazole MICs in TR34/L98H isolates hampers 
the use of direct detection of this mutation because 
voriconazole therapy might be withheld in cases of 
voriconazole-susceptible infection. However, as stat-
ed previously, the efficacy of voriconazole in vori-
conazole-susceptible and voriconazole-intermediate 
TR34/L98H infection would need to be investigated 
before any treatment recommendations involving 
azole monotherapy can be implemented.

Our resistance surveillance had several limita-
tions. All A. fumigatus isolates cultured from clini-
cal specimens were screened for azole resistance, 
involving diverse patient groups and isolates not re-
garded clinically relevant. Including all isolates has 
the advantage of collecting a meaningful number 
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Figure 3. Trends in voriconazole-
susceptibility classification of 640 
Aspergillus fumigatus isolates, by 
year, as observed in a national 
multicenter surveillance program 
in the Netherlands, 2013–2018. 
I, intermediate; R, resistant; S, 
susceptible.
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of isolates, but the resistance frequency might not 
be representative for specific patient groups such 
as those with invasive aspergillosis. Furthermore, 
within hospitals the resistance frequency might 
vary between years (26), thus further complicat-
ing establishing a meaningful (local) resistance fre-
quency. Another limitation was the lack of clinical 
information and Aspergillus disease classification. 
Such information would be more suitable to guide 
treatment decisions and local antifungal guidelines, 
but gathering the data is laborious, given that all as-
pergillosis cases need to be identified and classified. 
Various cohort studies have been performed in the 
Netherlands showing differences in resistance rates 
between patient groups. A resistance frequency of 
26% (10 of 38 patients) was reported in A. fumiga-
tus culture-positive intensive-care unit patients in a 
single hospital (27) and 29% (4 of 14 patients) in a 
national study of intensive-care unit patients with 
influenza-associated aspergillosis (2). In contrast, a 
low resistance frequency was reported in a 5 year 

single-center cohort of patients with hematologic 
malignancy (28), but the culture-positivity rate was 
only 6% and thus, in most patients, the presence of 
resistance remained unknown. To date, only few 
studies have determined the frequency of resistance 
mutations in culture-negative patients. In 1 study, 
the rate was found to be similar to that observed 
in culture-positive patients (29), although higher 
resistance rates were reported in culture-negative 
patients in comparison with the rates found by cul-
ture in another study on patients with chronic rather 
than acute invasive aspergillosis (30). Differences 
could be explained in part by coincidence because 
the number of cases in these single-center studies is 
small. Another explanation might be the number of 
A. fumigatus colonies that were tested for resistance, 
given that clinical cultures might contain azole-
susceptible and azole-resistant colonies in cases of 
mixed infection (31,32).

In conclusion, azole resistance in A. fumigatus 
has been reported worldwide and provides major  
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Figure 4. Trends in voriconazole 
(A) and isavuconazole (B) MIC 
distributions in Aspergillus 
fumigatus harboring TR34/
L98H, as observed in a national 
multicenter surveillance program 
in the Netherlands, 2013–2018. 
MIC distribution is displayed as 
a bubble graph for each year, 
where the diameter corresponds 
with the number of isolates with 
the corresponding MIC. The 
number of isolates is presented 
for each MIC. Mean MIC with 
95% CIs are plotted for each 
year as a line with error bars. 
The clinical interpretation 
is shown on the right of the 
diagram. I, intermediate; R, 
resistant; S, susceptible.
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challenges regarding management of invasive as-
pergillosis and other Aspergillus diseases (9,32). 
Nevertheless, A. fumigatus is not included in global 
action plans to combat antimicrobial resistance (33), 
and no international surveillance programs moni-
tor resistance in A. fumigatus. As a consequence, the 
presence and frequency of azole resistance remains 
unknown in most countries (34,35). Despite the chal-
lenges we face in performing resistance surveillance 
in A. fumigatus, our national surveillance has proved 
important to guide the national treatment guideline 
and provided insights in trends in resistance geno-
types and phenotypes. Furthermore, continued sur-
veillance will help to monitor effects of interventions 
aimed at reducing the resistance burden in the en-
vironment. We believe that global A. fumigatus re-
sistance surveillance programs are warranted and 
should be implemented in initiatives to combat anti-
microbial resistance.

Acknowledgments
We thank our mycology technicians for their dedicated 
work.

About the Author
Mr. Lestrade currently works in VieCuri Medical Centre as 
a clinical microbiologist. His primary research interest is 
triazole resistance in Aspergillus fumigatus.

References
  1. Ghez D, Calleja A, Protin C, Baron M, Ledoux MP,  

Damaj G, et al.; French Innovative Leukemia Organization 
(FILO) CLL group. Early-onset invasive aspergillosis and  
other fungal infections in patients treated with ibrutinib.  
Blood. 2018; 131:1955–9. https://doi.org/10.1182/
blood-2017-11-818286

  2. van de Veerdonk FL, Kolwijck E, Lestrade PPA,  
Hodiamont CJ, Rijnders BJA, van Paassen J, et al.; Dutch  
Mycoses Study Group. Influenza-associated aspergillosis  
in critically ill patients. Am J Respir Crit Care Med. 
2017;196:524–7. https://doi.org/10.1164/rccm.201612-2540LE

  3. Schauwvlieghe AFAD, Rijnders BJA, Philips N, Verwijs R, 
Vanderbeke L, Van Tienen C, et al.; Dutch-Belgian Mycosis 
Study Group. Invasive aspergillosis in patients admitted to 
the intensive care unit with severe influenza: a retrospective 
cohort study. Lancet Respir Med. 2018;6:782–92.  
https://doi.org/10.1016/S2213-2600(18)30274-1

  4. Kosmidis C, Denning DW. The clinical spectrum of  
pulmonary aspergillosis. Thorax. 2015;70:270–7.  
https://doi.org/10.1136/thoraxjnl-2014-206291

  5. Verweij PE, Chowdhary A, Melchers WJG, Meis JF. Azole 
resistance in Aspergillus fumigatus: can we retain the  
clinical use of mold-active antifungal azoles? Clin Infect Dis. 
2016;62:362–8. https://doi.org/10.1093/cid/civ885

  6. Snelders E, van der Lee HAL, Kuijpers J, Rijs AJMM, Varga J, 
Samson RA, et al. Emergence of azole resistance in  
Aspergillus fumigatus and spread of a single resistance  

mechanism. PLoS Med. 2008;5:e219. https://doi.org/ 
10.1371/journal.pmed.0050219

  7. van der Linden JWM, Snelders E, Kampinga GA,  
Rijnders BJA, Mattsson E, Debets-Ossenkopp YJ, et al.  
Clinical implications of azole resistance in Aspergillus 
fumigatus, the Netherlands, 2007–2009. Emerg Infect Dis. 
2011;17:1846–54. https://doi.org/10.3201/eid1710.110226

  8. Lestrade PPA, Bentvelsen RG, Schauwvlieghe AFAD,  
Schalekamp S, van der Velden WJFM, Kuiper EJ, et al.  
Voriconazole resistance and mortality in invasive  
aspergillosis: a multicenter retrospective cohort study.  
Clin Infect Dis. 2019;68:1463–71. https://doi.org/10.1093/
cid/ciy859

  9. Buil JB, Zoll J, Verweij PE, Melchers WJG. Molecular  
detection of azole-resistant Aspergillus fumigatus in clinical  
samples. Front Microbiol. 2018;9:515. https://doi.org/ 
10.3389/fmicb.2018.00515

10. US Centers for Disease Control and Prevention. Antibiotic 
resistance threats in the United States 2019 [cited 2019  
Nov 29]. https://www.cdc.gov/drugresistance/pdf/ 
threats-report/2019-ar-threats-report-508.pdf 

11. Arendrup MC, Verweij PE, Mouton JW, Lagrou K,  
Meletiadis J. Multicentre validation of 4-well azole agar plates 
as a screening method for detection of clinically relevant 
azole-resistant Aspergillus fumigatus. J Antimicrob Chemother. 
2017;72:3325–33. https://doi.org/10.1093/jac/dkx319

12. Hope WW, Cuenca-Estrella M, Lass-Flörl C, Arendrup MC;  
European Committee on Antimicrobial Susceptibility  
Testing Subcommittee on Antifungal Susceptibility  
Testing. EUCAST technical note on voriconazole and  
Aspergillus spp. Clin Microbiol Infect. 2013;19:E278–80. 
https://doi.org/10.1111/1469-0691.12148

13. Arendrup MC, Meletiadis J, Mouton JW, Guinea J,  
Cuenca-Estrella M, Lagrou K, et al.; Subcommittee on 
Antifungal Susceptibility Testing of the ESCMID European 
Committee for Antimicrobial Susceptibility Testing. EUCAST 
technical note on isavuconazole breakpoints for Aspergillus, 
itraconazole breakpoints for Candida and updates for the 
antifungal susceptibility testing method documents.  
Clin Microbiol Infect. 2016;22:571.e1–4. https://doi.org/ 
10.1016/j.cmi.2016.01.017

14. Arendrup MC, Cuenca-Estrella M, Lass-Flörl C, Hope WW; 
European Committee on Antimicrobial Susceptibility Testing 
Subcommittee on Antifungal Susceptibility Testing.  
EUCAST technical note on Aspergillus and amphotericin B, 
itraconazole, and posaconazole. Clin Microbiol Infect. 2012; 
18:E248–50. https://doi.org/10.1111/j.1469-0691.2012.03890.x

15. de Greeff SC, Mouton JW, Schoffelen AF, Verduin CM.  
Nethmap 2019: consumption of antimicrobial agents and  
antimicrobial resistance among medically important bacteria 
in the Netherlands [cited 2019 Nov 29]. https://www.rivm.
nl/publicaties/nethmap-2019-consumption-of- 
antimicrobial-agents-and-antimicrobial-resistance-among

16. Chen Y, Li Z, Han X, Tian S, Zhao J, Chen F, et al. Elevated 
MIC values of imidazole drugs against Aspergillus fumigatus 
isolates with TR34/L98H/S297T/F495I mutation. Antimicrob 
Agents Chemother. 2018;62:1–10. https://doi.org/10.1128/
AAC.01549-17

17. Verweij PE, Ananda-Rajah M, Andes D, Arendrup MC, 
Brüggemann RJ, Chowdhary A, et al. International expert 
opinion on the management of infection caused by azole-
resistant Aspergillus fumigatus. Drug Resist Updat. 2015;21–
22:30–40. https://doi.org/10.1016/j.drup.2015.08.001

18. Ullmann AJ, Aguado JM, Arikan-Akdagli S, Denning DW, 
Groll AH, Lagrou K, et al. Diagnosis and management of 
Aspergillus diseases: executive summary of the 2017  

1454 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020



Azole-Resistant A. fumigatus, the Netherlands

ESCMID-ECMM-ERS guideline. Clin Microbiol Infect. 2018; 
24(Suppl 1):e1–38. https://doi.org/10.1016/j.cmi.2018.01.002

19. Stichting Werkgroep AntibioticaBeleid. SWAB guidelines 
for the management of invasive fungal infections [cited 2019 
Nov 29]. https://swab.nl/richtlijnen

20. Schoustra SE, Debets AJM, Rijs AJMM, Zhang J, Snelders E,  
Leendertse PC, et al. Environmental hotspots for azole 
resistance selection of Aspergillus fumigatus, the Netherlands. 
Emerg Infect Dis. 2019;25:1347–53. https://doi.org/10.3201/
eid2507.181625

21. Zhang J, Snelders E, Zwaan BJ, Schoustra SE, Meis JF,  
van Dijk K, et al. A novel environmental azole resistance 
mutation in Aspergillus fumigatus and a possible role of sexual 
reproduction in its emergence. MBio. 2017;8:e00791–17. 
https://doi.org/10.1128/mBio.00791-17

22. Paul S, Stamnes M, Thomas GH, Liu H, Hagiwara D,  
Gomi K, et al. AtrR is an essential determinant of azole  
resistance in Aspergillus fumigatus. MBio. 2019;10:1–19. 
https://doi.org/10.1128/mBio.02563-18

23. Rybak JM, Ge W, Wiederhold NP, Parker JE, Kelly SL,  
Rogers PD, et al. Mutations in hmg1, challenging the paradigm  
of clinical triazole resistance in Aspergillus fumigatus. MBio. 
2019;10:1–19. https://doi.org/10.1128/mBio.00437-19

24. Dannaoui E, Gabriel F, Gaboyard M, Lagardere G,  
Audebert L, Quesne G, et al. Molecular diagnosis of invasive 
aspergillosis and detection of azole resistance by a newly 
commercialized PCR kit. J Clin Microbiol. 2017;55:3210–8. 
https://doi.org/10.1128/JCM.01032-17

25. Chong GM, van der Beek MT, von dem Borne PA, Boelens J, 
Steel E, Kampinga GA, et al. PCR-based detection of Aspergillus 
fumigatus Cyp51A mutations on bronchoalveolar lavage: a  
multicentre validation of the AsperGenius assay® in 201  
patients with haematological disease suspected for invasive  
aspergillosis. J Antimicrob Chemother. 2016;71:3528–35. 
https://doi.org/10.1093/jac/dkw323

26. Buil JB, Snelders E, Denardi LB, Melchers WJG, Verweij PE. 
Trends in azole resistance in Aspergillus fumigatus, the  
Netherlands, 1994–2016. Emerg Infect Dis. 2019;25:176–8. 
https://doi.org/10.3201/eid2501.171925

27. van Paassen J, Russcher A, In ’t Veld-van Wingerden AW, 
Verweij PE, Kuijper EJ. Emerging aspergillosis by  
azole-resistant Aspergillus fumigatus at an intensive care 
unit in the Netherlands, 2010 to 2013. Euro Surveill. 
2016;21:30300. https://doi.org/10.2807/1560-7917.
ES.2016.21.30.30300

28. Lestrade PP, van der Velden WJFM, Bouwman F, Stoop FJ, 
Blijlevens NMA, Melchers WJG, et al. Epidemiology of  
invasive aspergillosis and triazole-resistant Aspergillus fumigatus 
in patients with haematological malignancies: a single-
centre retrospective cohort study. J Antimicrob Chemother. 
2018;73:1389–94. https://doi.org/10.1093/jac/dkx527

29. Montesinos I, Argudín MA, Hites M, Ahajjam F,  
Dodémont M, Dagyaran C, et al. Culture-based methods 
and molecular tools for azole-resistant Aspergillus fumigatus 
detection in a Belgian university hospital. J Clin Microbiol. 
2017;55:2391–9. https://doi.org/10.1128/JCM.00520-17

30. Denning DW, Park S, Lass-Florl C, Fraczek MG, Kirwan M, 
Gore R, et al. High-frequency triazole resistance found in 
nonculturable Aspergillus fumigatus from lungs of patients 
with chronic fungal disease. Clin Infect Dis. 2011;52:1123–9. 
https://doi.org/10.1093/cid/cir179

31. Ahmad S, Joseph L, Hagen F, Meis JF, Khan Z. Concomitant 
occurrence of itraconazole-resistant and -susceptible strains  
of Aspergillus fumigatus in routine cultures. J Antimicrob  
Chemother. 2015;70:412–5. https://doi.org/10.1093/jac/
dku410

32. Kolwijck E, van der Hoeven H, de Sévaux RGL, ten Oever J, 
Rijstenberg LL, van der Lee HAL, et al. Voriconazole- 
susceptible and voriconazole-resistant Aspergillus fumigatus 
coinfection. Am J Respir Crit Care Med. 2016;193:927–9. 
https://doi.org/10.1164/rccm.201510-2104LE

33. World Health Organization. Global action plan on  
antimicrobial resistance [cited 2019 Nov 29]. https://www.
who.int/antimicrobial-resistance/global-action-plan

34. van der Linden JWM, Arendrup MC, Warris A, Lagrou K, 
Pelloux H, Hauser PM, et al. Prospective multicenter  
international surveillance of azole resistance in Aspergillus 
fumigatus. Emerg Infect Dis. 2015;21:1041–4. https://doi.org/ 
10.3201/eid2106.140717

35. Lestrade PPA, Meis JF, Melchers WJG, Verweij PE.  
Triazole resistance in Aspergillus fumigatus: recent insights 
and challenges for patient management. Clin Micro-
biol Infect. 2019;25:799–806. https://doi.org/10.1016/j.
cmi.2018.11.027

Address for correspondence: Paul E. Verweij, Medical 
Microbiology, Internal postal code: 777, Geert Grooteplein  
10, 6525 GA Nijmegen, the Netherlands; email:  
paul.verweij@radboudumc.nl

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1455



Listeriosis is a severe, mainly foodborne,  
human infection associated with higher case-

fatality and hospitalization rates than other bacterial 

gastrointestinal pathogens (1). The causative agent, 
Listeria monocytogenes, occurs ubiquitously in the en-
vironment and disseminates into the food production 
chain. Patients develop either self-limiting noninva-
sive gastroenteritis or invasive listeriosis (2,3). Listerio-
sis adversely affects older and immunocompromised 
persons, as well as pregnant women, causing a severe 
invasive form of the disease that leads to sepsis, men-
ingitis, and encephalitis, as well as neonatal infections 
and miscarriage (4). Case-fatality rates of invasive lis-
teriosis are ≈30% for neurolisteriosis and even higher 
in septic patients (5). In Europe and North America,  
invasive listeriosis affects 0.3–0.6 persons/100,000 
population/year (6,7).

L. monocytogenes forms hard-to-remove biofilms 
in food-processing plants, can acquire tolerance to 
sanitizers, and multiplies even at temperatures used 
for refrigeration (8). These properties complicate ef-
ficient prevention of L. monocytogenes contaminations 
in different types of ready-to-eat products, including 
dairy, meat, and fish, and in fruits and vegetables, all 
of which have been vehicles for listeriosis outbreaks 
in the past (9–12).
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Invasive listeriosis is a severe foodborne infection in hu-
mans and is difficult to control. Listeriosis incidence is in-
creasing worldwide, but some countries have implemented 
molecular surveillance programs to improve recognition 
and management of listeriosis outbreaks. In Germany, 
routine whole-genome sequencing, core genome multilo-
cus sequence typing, and single nucleotide polymorphism 
calling are used for subtyping of Listeria monocytogenes 
isolates from listeriosis cases and suspected foods. Dur-
ing 2018–2019, an unusually large cluster of L. monocyto-
genes isolates was identified, including 134 highly clonal, 
benzalkonium-resistant sequence type 6 isolates collected 
from 112 notified listeriosis cases. The outbreak was one 
of the largest reported in Europe during the past 25 years. 
Epidemiologic investigations identified blood sausage con-
taminated with L. monocytogenes highly related to clinical 
isolates; withdrawal of the product from the market ended 
the outbreak. We describe how epidemiologic investiga-
tions and complementary molecular typing of food isolates 
helped identify the outbreak vehicle. 
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Outbreaks of listeriosis are difficult to control for 
several reasons. First, case numbers are low, impair-
ing the generation of valid hypotheses about pos-
sible food sources through patient interviews. Sec-
ond, incubation time can be long, 1–67 days (13), and 
patients often are seriously ill, further complicating 
patient interviews. Third, the large variety of possi-
ble food sources makes pinpointing through patient 
interviews and follow-up tracing of food difficult. 
Moreover, listeriosis outbreaks can be geographically 
widespread due to long-distance food trade connec-
tions, e-commerce, and travel, thus hampering out-
break recognition by local authorities (10,14,15). In 
addition, listeriosis outbreaks can be protracted and 
last for several years (16), making it difficult to cor-
rectly identify affected patient groups and the com-
mon source of infection.

Nationwide systematic collection of L. mono-
cytogenes isolates from human listeriosis cases and 
subtyping by using high-resolution whole-genome 
sequencing (WGS)–based typing techniques can aid 
in rapid and reliable detection of outbreak clusters 
(3,17–22), some of which were not detectable in the 
past. At the same time, systematic and on-demand 
typing of food-associated L. monocytogenes isolates 
assist in detecting outbreak sources. In a recent mo-
lecular surveillance study in France, one third of all 
isolates were grouped into WGS clusters, and most 
clusters contained <5 isolates (20). Larger outbreaks 
of invasive listeriosis occur, although infrequently, 
and 2 of the world’s largest outbreaks in the recent 
past included 147 cases in a multistate outbreak as-
sociated with cantaloupes in the United States in 2011 
(10) and 1,060 cases in an outbreak associated with 
French polony sausage in South Africa during 2017–
2018 (11). Since August 2019, Spain has been experi-
encing another large listeriosis outbreak (23), but the 
scientific evaluation of this outbreak is ongoing.

We describe an exceptionally large nationwide 
outbreak that included 134 laboratory-confirmed L. 
monocytogenes isolates from 112 patients with epide-
miologic investigations and complementary WGS-
based typing of food isolates identifying the outbreak 
vehicle. This outbreak represents one of the largest 
outbreaks of invasive listeriosis in Europe document-
ed in the scientific literature during the past 25 years.

Methods and Materials

Isolation, Growth, and Serotyping of  
L. monocytogenes 
We isolated L. monocytogenes from 184 specimens from 
human cases and food sources (Appendix Table 1, 

http://wwwnc.cdc.gov/EID/article/26/7/20-0225-
App1.pdf). We performed routine L. monocytogenes 
cultures in brain heart infusion (BHI) broth, or on BHI 
or sheep blood agar plates at 37°C. We detected and 
enumerated L. monocytogenes from food samples ac-
cording to International Organization for Standard-
ization (ISO) methods EN ISO 11290–1:2017 and EN 
ISO 11290–2:2017 (24,25). We confirmed the species 
by using EN ISO 11290–1:2017 or matrix-assisted la-
ser desorption/ionization time-of-flight mass spec-
trometry, and a previously described multiplex PCR 
(26). We used the GenElute Bacterial Genomic DNA 
Kit (SigmaAldrich, https://www.sigmaaldrich.com) 
or the QIAamp DNA Mini Kit (QIAGEN, https://
www.qiagen.com) to isolate chromosomal DNA and 
determined molecular serogroups by using multiplex 
PCR (27).

Genome Sequencing, Multilocus Sequence Typing, 
and Core Genome MLST
We quantified DNA by using the Qubit dsDNA BR 
or HS Assay Kit and Qubit fluorometers (Invitrogen, 
https://www.thermofisher.com). We prepared li-
braries by using the Nextera XT DNA Library Prep 
Kit (Illumina, https://www.illumina.com) and se-
quenced isolates on MiSeq, HiSeq, or NextSeq se-
quencers (Illumina). We trimmed and assembled raw 
reads in SeqSphere (Ridom, https://www.ridom.de) 
by using the Velvet assembler. We extracted in silico 
serogroups, multilocus sequence types (STs), and 
1,701 locus core genome multilocus sequence typing 
(cgMLST) complex types (CTs) by using SeqSphere 
and automated allele submission to the L. monocyto-
genes cgMLST server (http://www.cgmlst.org/ncs/
schema/690488) (28). We deposited genome sequenc-
es in the European Nucleotide Archive (https://
www.ebi.ac.uk/ena; accession numbers in Appendix 
Table 1). Coverage ranged between 22- and 116-fold 
(median 54-fold). We defined cgMLST clusters as 
groups of isolates with <10 different alleles between 
neighboring isolates. We used SeqSphere in the pair-
wise ignore missing values mode and an unweighted 
pair group method with arithmetic mean to generate 
phylogenetic trees.

Single-Nucleotide Polymorphism–Based Alignments
We used pipelines developed in-house to map se-
quencing reads, generate consensus sequences, cal-
culate alignment, and filter single-nucleotide poly-
morphisms (SNPs) using an exclusion distance of 300 
bps (17). We used the 10-092876-0769 LM12 genome 
(GenBank accession no. CP019625) a member of se-
rogroup IVb, ST6, and CT6304, as the reference. We 
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generated maximum likelihood trees by using the 
Geneious 9.1.3 Tree Builder (https://www.geneious.
com) and the randomized axelerated maximum like-
lihood plugin.

Virulome and Resistome Analyses and  
Susceptibility Testing
We included virulence and resistance genes of L. 
monocytogenes as target loci in SeqSphere task tem-
plates, as previously described (17,29). We extracted 
targets from assembled contigs by using SeqSphere 
and considered alleles present when identity was 
>90% and the query sequence aligned >99% with the 
reference sequence.

We performed antimicrobial drug susceptibility 
testing by using a microdilution assay in a 96-well 
plate format adapted from a study by Noll et al. (30). 
All susceptibility testing was performed in accor-
dance with European Committee on Antimicrobial 
Susceptibility Testing guidelines in Mueller Hinton 
fastidious (MH-F) broth (31).  

We spread L. monocytogenes isolates on BHI agar 
plates and placed 6 mm cellulose discs loaded with 
10 µL of a 10 mg/mL aqueous benzalkonium chloride 
solution on top of the agar plate. We incubated plates 
at 37°C overnight, then determined growth inhibition 
zone diameters. We used the Student t-test to assess 
statistical significance.

Case-Control Study
We defined outbreak cases as patients reported to 
public health authorities with disease onset during 
August 2018–June 2019 and isolation of L. monocyto-
genes from normally sterile body fluids and confirma-
tion by cgMLST and SNP analysis. L. monocytogenes 
isolates were sent to the Robert Koch Institute (Wer-
nigerode, Germany) and notification and typing data 
were merged for investigation. After the outbreak was 
identified, patients were interviewed by using a stan-
dardized questionnaire on food consumption during 
the 2 weeks before illness onset, general eating habits, 
and food purchasing behaviors. These data identified 
40 food items for inclusion in the case-control study. 

We collaborated with a survey institute to contact 
and interview case-controls. We frequency matched 
case-controls to case-patients for age, gender, and 
federal state of residence.  We considered food items 
with p<0.05 consumed by >50% of participants for 
multivariable analysis. We used a stepwise-back-
ward approach for model formation to consecutively 
exclude food items that were no longer significantly 
associated from the multivariable model until only 
significantly associated foods and their confounders 

remained. We determined risk measures, including 
odds, univariable, and multivariable ratios, in the  
statistical analysis. 

Results

Molecular Surveillance
The binational German–Austrian Consultant Labora-
tory for L. monocytogenes collects and sequences ge-
nomes of isolates from approximately two thirds of 
all mandatorily notified listeriosis cases in Germany; 
699 cases were notified in 2018 and 593 in 2019. A 
phylogenetically diverse cluster, designated Epsi-
lon1, was identified by using cgMLST. Epsilon1 in-
cluded 46 PCR serogroup IVb isolates belonging to 
ST6 and CT90, CT2981, CT3803, CT3805, CT3806, 
CT3921, CT4083, CT4465, CT6236, CT6331, CT7353, 
and CT7451, all of which had specific allelic profiles 
within a CT threshold of <10 different alleles (17,28). 
The Epsilon1 cluster included isolates collected from 
all over Germany during 2011–2019 with no apparent 
geographic concentration. Allelic distances between 
isolates varied from 0–25 (median 11). In autumn 
2018, a sudden increase of CT4465 and CT7353 iso-
lates belonging to the Epsilon1 cluster was detected. 
Furthermore, the number of listeriosis cases reported 
in calendar weeks 34–43, 46, 48, and 50 exceeded the 
median of the 5 previous years (Appendix Figure 1). 
To identify the outbreak clone among all incoming 
serogroup IVb isolates, we developed a clone-specif-
ic PCR (Appendix). Altogether, 134 clinical CT4465 
and CT7353 isolates were collected during August 
2018–April 2019. These isolates formed a remarkably 
homogenous cluster with 0–5 (median 0) different 
cgMLST alleles (Figure 1). In contrast, 2 CT4465 iso-
lates collected earlier, in July 2017 and June 2018, dif-
fered in 9–15 alleles (Figure 1).

We mapped raw sequence reads of all Epsilon1 
strains against the 10-092876-0769 LM12 genome, the 
most closely related complete genome available. SNP 
calling separated the Epsilon1 cluster into several sub-
clusters, but all CT4465 and CT7353 isolates collected 
from August 2018 onwards formed a single cluster 
(Appendix Figure 2). This subcluster was named Ep-
silon1a, and SNP distances in this cluster ranged from 
0–3 SNPs (median 0). The 2 earlier CT4465 isolates were 
separated from the Epsilon1a cluster by 6–10 SNPs dif-
ference (median 8). Thus, SNP calling supported detec-
tion of a cluster of closely related CT4465 and CT7353 
strains. Of note, only 21–29 cgMLST alleles (median 26) 
and 8–12 SNPs (median 8) differed between the Epsi-
lon1a clone and the outbreak strain from South Africa 
(11), CT5886 (Figure 1; Appendix Figure 2).

1458 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020



 Nationwide Outbreak of Listeriosis, Germany

Case Cohort
We collected 134 isolates from 112 patients who met 
the case definition. Initial cases were reported in Au-
gust 2018, and the outbreak peaked in September 
2018 (Figure 2, panel A); the last notified case was in 
April 2019. Cases occurred in 11/16 federal states in 
Germany; most cases occurred in western and south-
ern Germany (Figure 2, panel B). This outbreak and 
the assembled genome of 1 representative isolate 
(isolate no. 18-04540) were shared via the Epidemic 
Intelligence Information System platform of the Eu-
ropean Centre for Disease Prevention and Control on 
October 23, 2018 (UI-516, https://www.ecdc.europa.
eu). France, the only other country involved, reported 
an Epsilon1a listeriosis case in a patient who had trav-
eled to and purchased food in Germany. Sequence 
data of isolate 18-04540 was submitted to the Euro-
pean Nucleotide Archive (https://www.ebi.ac.uk/
ena; accession no. SAMEA5041142). However, the 
closest related isolate available at the National Center 
for Biotechnology Information (https://www.ncbi.
nlm.nih.gov) pathogen detection pipeline was a 2016 
clinical isolate from the Netherlands with an SNP dis-
tance of 12, which is clearly above the SNP distances 
observed in the Epsilon1a cluster.

One (0.9%) case-patient was pregnant, but the ges-
tational age and health outcome of her newborn were 
not reported. The remaining 111 case-patients were 
53–98 (median 79) years of age; 66 (59%) were men, 
45 (41%) were women. Seven (6.3%) case-patients 
died, 2 of whom had listeriosis as the primary cause 
of death. The age distribution was not noticeably dif-
ferent from other notified listeriosis outbreaks. Of the 
134 Epsilon1a isolates, 99 were from blood samples, 
13 from cerebrospinal fluid, and 1 each from lymph 
nodes, ascites, sputum, pleura, joints, abscesses, or a 
superficial wound (Appendix Table 1). The isolation 
source was not reported for the remaining 15 isolates.

Properties of the Outbreak Clone
Virulome analysis revealed the presence of Listeria 
pathogenicity island 1 (LIPI-1) in all Epsilon1a out-
break isolates and detected the complete listeriolysin 
S-encoding LIPI-3 in 64% (Appendix Figure 3). How-
ever, we did not detect LIPI-4, which encodes a puta-
tive phosphotransferase system associated with neu-
rolisteriosis (32). Epsilon1a clones carried the same 
complement of internalin genes as other serogroup 
IVb strains (Appendix Figure 3). 

Susceptibility testing revealed sensitivity to-
ward most clinically relevant antimicrobial drugs, 
but all tested isolates were fully resistant to ceftri-
axone and daptomycin (Appendix Table 2), which 

is consistent with the intrinsic resistance of L. 
monocytogenes and the absence of additional resis-
tance determinants, as suggested by the resistome 
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Figure 1. Phylogenic tree constructed by using unweighted pair 
group method with arithmetic mean and core genome multilocus 
sequence typing data of Listeria monocytogenes isolates from 
a large listeriosis outbreak, Germany. Green indicates clinical 
isolates of Epsilon1a subcluster; blue indicates food isolates of 
Epsilon1a subcluster; pink indicates isolates from the Epsilon1 
cluster; violet indicates 2 complex type 4465 isolates not belonging 
to Epsilon1a from earlier listeriosis cases in July 2017 and June 
2018; yellow indicates isolates from a listeriosis outbreak in South 
Africa (11); black indicates reference strain 10-092876-0769 LM12 
used for SNP calling (Appendix Figure 2, https://wwwnc.cdc.gov/
EID/article/26/7/20-0225-App1.pdf). Scale bar indicates allelic 
substitutions per site. SNP, single-nucleotide polymorphism.
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approach (Appendix Figure 4). Further resistome 
analysis demonstrated the prevalence of the emrC 
gene, which is associated with benzalkonium chlo-
ride tolerance (Appendix Figure 4). In full agree-
ment with this observation, Epsilon1a and Epsi-
lon1 isolates demonstrated increased tolerance to 
benzalkonium chloride compared with ST6 or se-
rogroup IVb isolates from other outbreak clusters 
(Figure 3).

Identification the Outbreak Vehicle
Our case-control study included 41 case-patients 
and 155 controls. A total of 40/41 (98%) case-patients 
reported that they purchased food in a single spe-
cific supermarket chain, compared with 99/154 con-
trols (64.3%; odds ratio [OR] 22.5, 95% CI 2.9–174.9;  

p = 0.003). No other supermarket chains were as-
sociated with outbreak cases, and we only included 
case-patients and controls that had purchased food 
from the specific supermarket chain in further analy-
ses. In the fourth calendar week of 2019, we detected 
a strong association between cases and consump-
tion of minced meat (OR 42.4, 95% CI 4.3–415.4; p 
= 0.001) and blood sausage (OR 23.1, 95% CI 4.3–
123.5; p<0.001; Table). Among case-patients, 90% 
reported consuming minced meat and 80% reported 
consuming blood sausage compared with 23% of 
controls who consumed minced meat and 45% who 
consumed blood sausage. None of the case-patients 
were vegetarians.

To perform risk-oriented screening, food sam-
ples were collected in supermarkets and the house-
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Figure 2. Spatial and temporal 
distribution of cases during 
a large listeriosis outbreak, 
Germany. A) Number of Listeria 
monocytogenes isolates from 
subcluster Epsilon1a received 
by the consulting laboratory 
per week during the outbreak. 
B) Geographic distribution of 
laboratory-confirmed Epsilon1a 
cases in Germany during the 
outbreak. CW, calendar week.
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holds of some patients, according to the results of 
the epidemiologic investigations. In 1 case, L. mono-
cytogenes was detected in 3 open samples from a pa-
tient’s refrigerator. Among these, sliced blood sau-
sage purchased at the implicated supermarket chain 
showed the highest contamination (>3 × 106 CFU/g). 
This finding led to another round of intensified 
screening of prepackaged blood sausage. In calen-
dar week 7 of 2019, L. monocytogenes was found in an 
original sealed package of sliced blood sausage (<10 
CFU/g) and in a second sample of blood sausage 
from the same manufacturer. In total, 5 isolates from 
patients’ household food items and from blood sau-
sage samples grouped with clinical Epsilon1a iso-
lates after cgMLST (0–3 different alleles, median = 0) 
and SNP calling (0–2 SNPs, median = 0) (Figure 1; 
Appendix Figure 2). 

The blood sausage was produced by a large meat 
and sausage manufacturer in Germany and sold in 
many parts of the country. The product was with-
drawn from the market on February 12, 2019. The last 
clinical Epsilon1a isolate was collected on April 18, 
2019. In contrast, Epsilon1 isolates not belonging to 
the Epsilon1a cluster caused disease even after the 
end of the Epsilon1a outbreak. The plant was cleaned 
and disinfected. Thereafter, L. monocytogenes was not 
detected from products or the production site among 
several hundred samples collected by food safety 
inspectors and ≈2,500 control samples collected by  
the manufacturer.

Discussion
The Epsilon1a outbreak is the largest identified out-
break of listeriosis in Germany and one of the larg-
est documented outbreaks of invasive listeriosis in 
Europe in >25 years. The last reported outbreak of 
invasive listeriosis of this size in Europe was during 
1992–1993 when 247 patients were infected in France 
with a serotype IVb clone from contaminated pork 
tongue in aspic (33). Cantaloupe was the vehicle in 
the large outbreak in the United States in 2011 that 
was caused by 5 different clones (10). In contrast, the 
single clone that caused a large outbreak in South Af-
rica showed strong clonality and the genomes of 326 
isolates differed in <4 cgMLST alleles (11). Likewise, 
the Epsilon1a outbreak was caused by a single clone, 
and we observed high clonality among isolates. The 
mutation rate in the natural L. monocytogenes popula-
tion is 2.6 × 10-7 substitutions per site per year (29). 
On average, 1 SNP/year can be expected for L. mono-
cytogenes strains under natural conditions. The high 
clonality of Epsilon1a could imply that the outbreak 
clone only persisted in the production facility and did 
not undergo rapid multiplication.

Purchases in a particular supermarket chain and 
consumption of blood sausage were strongly asso-
ciated with listeriosis in the case-control study, and 
the outbreak clone was identified in blood sausage 
samples from a patient’s household and from the 
implicated supermarket chain. Blood sausage is heat-
treated during production, so contamination likely 
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Figure 3. Tolerance of isolates 
of Listeria monocytogenes 
from subcluster Epsilon1a in 
Germany to benzalkonium 
chloride. Three representative 
isolates from human listeriosis 
clusters Epsilon1a, Epsilon1, 
and distinct listeriosis clusters 
Lambda2 (ST2, CT2402), 
(17) Pi3 (ST217, CT5744), 
or Theta3 (ST249, CT4449) 
were tested for resistance 
to benzalkonium chloride by 
disc diffusion, along with 3 
representative ST6 isolates, 
not belonging to Epsilon1. 
Epsilon1a and Epsilon1 
isolates showed increased 
resistance to benzalkonium 
chloride. Circles, squares, and 
diamonds represent results of 
3 independent replicates for 
3 isolates per group. Asterisk 
indicates statistically significant 
differences to Epsilon1a (p<0.01) calculated by using the Student t-test. CT, complex type; Eps1, Epsilon1; Eps1a, Epsilon1a; 
Lam2, Lambda2; nonEps1, nonEpsilon1; ST, sequence type.
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occurred after production, possibly during slicing 
or packaging. The shelf-life of sliced blood sausage 
is several days to a few weeks (34) and the amount 
of L. monocytogenes found in unopened blood sausage 
samples was below the limit of 100 CFU/g. Storage 
beyond the anticipated shelf-life or insufficient re-
frigeration might have allowed L. monocytogenes to 
multiply inside the vehicle, which would only be pre-
vented by a zero-tolerance policy. 

Typically, pregnancy-related listeriosis accounts 
for ≈7% of all listeriosis cases (35). However, in this 
outbreak only 1/112 (0.8%) cases was in a pregnant 
woman. Official recommendations for pregnant 
women to apply special hygiene practices to sliced 
sausage products likely had an effect (36).

Analysis of the Epsilon1a genome has yielded 
some insights into the infectivity of this ST6 clone. L. 
monocytogenes ST6 clones were first isolated in 1990 
(37), have caused various outbreaks in the past, in-
cluding the large outbreak in South Africa (11), and 
are associated with increased rates of meningitis (38). 
The Epsilon1a clone and the outbreak strain from 
South Africa are closely related. Thus, 2 descendants 
of the same historic L. monocytogenes ancestor have 
spread globally and contaminated food production 
facilities on 2 different continents. The Epsilon1a clone 
carried the emrC gene, which presumably caused its 
increased tolerance to benzalkonium chloride (39). 
Europe banned use of benzalkonium chloride as a 
disinfectant in 2016 (40), but its past use might have 
selected tolerant strains.

The identification of this outbreak and its vehi-
cle resulted from an efficient collaboration between 
public health and food safety authorities in Germa-
ny. Several requirements had to be met for success-
ful outbreak clarification: development of a man-
datory notification system for systematic patient 
interviews and an efficient questionnaire to gener-
ate hypotheses on possible food sources; imple-
mentation of a WGS-based molecular surveillance  

program for reliable identification of outbreak clus-
ters by public health authorities; systematic collec-
tion of food isolates from internal controls and on-
demand investigations and use of a harmonized 
WGS-based subtyping methodology by food safety 
authorities; and a continuous exchange of informa-
tion on outbreak clusters between the institutions in-
volved. These prerequisites have identified the caus-
ative food vehicles for 5 of 6 large listeriosis clusters 
that occurred in Germany during 2014–2019, which 
likely would not have been possible before use of 
WGS in outbreak investigations. However, intro-
duction of routine interviews of listeriosis patients, 
regardless of outbreaks, probably could further ac-
celerate identification of outbreak vehicles. In our 
opinion, the Epsilon1a outbreak demonstrates how 
WGS-based pathogen surveillance combined with 
efficient interventions of the involved stakeholders 
can improve management and prevention of food-
borne infectious diseases.
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A novel coronavirus, later named severe acute 
respiratory syndrome coronavirus 2 (SARS-

CoV-2), was identified in December 2019 in the city 
of Wuhan, capital of Hubei Province, China, where 
cases were first confirmed (1). During December 
2019–February 2020, the number of confirmed cases 
increased drastically. Model estimates suggested 
that >75,000 persons were infected by January 25, 
2020, and the epidemic had a doubling time of ≈6 
days (2). By the end of January 2020, travel restric-
tions were implemented for Wuhan and neighbor-
ing cities. Nonetheless, the virus spread from Wu-
han to other cities in China and outside the country. 
By February 4, 2020, a total of 23 locations outside 
mainland China reported cases, 22 of which report-
ed imported cases; Spain reported a case caused by 
secondary transmission (3).

Most cases imported to other locations have been 
linked to recent travel history from China (3), suggest-
ing that air travel plays a major role in exportation of 
cases to locations outside of China. To prevent other 
cities and countries from becoming epicenters of the 
SARS-CoV-2 epidemic, substantial targeted public 
health interventions are required to detect cases and 
control local spread of the virus. We collected estimates 
of air travel volume from Wuhan to the 27 most con-
nected locations outside of China from a total of 194 
international destinations. We then identified 49 loca-
tions with high surveillance capacity according to the 
Global Health Security (GHS) Index (4). We assumed 
these locations would have relatively high proficiency 
in detecting SARS-CoV-2 and reporting confirmed im-
ported cases, which we refer to as imported-and-re-
ported cases. We fitted a generalized linear regression 
model on this subset of locations; based on this model 
fit, we generated predictions for all international loca-
tions. Using these predictions, we identified locations 
that might not be detecting imported cases.

Methods
To identify locations reporting fewer than predicted 
imported SARS-CoV-2 infected cases, we fit a model 
to data from 49 locations outside mainland China 
that had a score of >49.2/100 (the 75th quantile) of 
the GHS Index’s category 2 (Early Detection and Re-
porting of Epidemics of Potential International Con-
cern) (4). Among these, 17 had high travel connectiv-
ity to Wuhan and 32 had low connectivity to Wuhan 
(S. Lai et al., unpub. data, https://doi.org/10.1101/
2020.02.04.20020479). We considered locations to be 
countries without taking any position on territorial 
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Cases of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) infection exported from mainland 
China could lead to self-sustained outbreaks in other 
countries. By February 2020, several countries were 
reporting imported SARS-CoV-2 cases. To contain the 
virus, early detection of imported SARS-CoV-2 cases is 
critical. We used air travel volume estimates from Wu-
han, China, to international destinations and a gener-
alized linear regression model to identify locations that 
could have undetected imported cases. Our model can 
be adjusted to account for exportation of cases from 
other locations as the virus spreads and more informa-
tion on importations and transmission becomes avail-
able. Early detection and appropriate control measures 
can reduce the risk for transmission in all locations.
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claims. We performed a Poisson regression by using 
the cumulative number of imported-and-reported 
SARS-CoV-2 cases in these 49 countries and the es-
timated number of daily airline passengers from 
the Wuhan airport. We then compared predictions  
from this model with imported-and-reported cases 
across 194 locations from the GHS Index, excluding 
China as the epicenter of the outbreak.

The model requires data on imported-and-re-
ported cases of SARS-CoV-2 infection, daily air travel 
volume, and surveillance capacity. We obtained data 
on imported-and-reported cases aggregated by desti-
nation from the World Health Organization technical 
report issued February 4, 2020 (3). We assumed a case 
count of 0 for locations not listed. We used February 
4 as the cutoff for cumulative imported-and-report-
ed case counts because exported cases from Hubei 
Province dropped rapidly after this date (3), likely  
because of travel restrictions for the province were 
implemented on January 23. We defined imported-
and-reported cases as those with known travel history 
from China; of those, 83% had a travel history from 
Hubei Province and 17% traveled from unknown lo-
cations in China (3). We excluded reported cases like-
ly caused by transmission outside of China or cases in 
which the transmission source was still under investi-
gation (3). In addition, we excluded Hong Kong, Ma-
cau, and Taiwan from our model because locally trans-
mitted and imported cases were not disaggregated in  
these locations. 

We obtained data on daily air travel from a net-
work-based modeling study (S. Lai et al., unpub. data, 
https://doi.org/10.1101/2020.02.04.20020479) that re-
ported monthly air travel volume estimates for the 27 
locations outside mainland China that are most con-
nected to Wuhan. These estimates were calculated from 
International Air Travel Association data from February 
2018, which includes direct and indirect flight itinerar-
ies from Wuhan. For these 27 locations, estimated air 
travel volumes are >6 passengers/day. We assumed 
that travel volumes for locations not among the most 
connected are censored by a detection limit. We used 
a common method of dealing with censored data from 
environmental sampling (5), or metabolomics (6), and 
set the daily air travel volume to half the minimum val-
ue. Therefore, we used 3 passengers/day for estimated 
travel volumes for the 167 locations from the GHS Index 
not listed by Lai et al. We tested the robustness of our 
results by using a set of alternative values of 0.1, 1, and 6 
passengers/day for the censored data. 

As noted, we defined high surveillance locations 
as those with a GHS Index for category 2 above the 
75th quantile (4). We assessed among the high and 

low surveillance locations the numbers of zero and of 
nonzero imported-and-reported case counts (Table).

For our model, we assumed that the cumulative 
imported-and-reported case counts across 49 high 
surveillance locations follow a Poisson distribution 
from the beginning of the epidemic until February 
4, 2020. Then the expected case count is linearly pro-
portional to the daily air travel volume in the follow-
ing formula:

where i denotes location, Ci denotes the imported-and-
reported case count in a location, λi denotes the expect-
ed case count in a location, β denotes the regression 
coefficient, and xi denotes the daily air travel volume 
from Wuhan to a location. The Poisson model assumes 
cases are independent and that the variance is equal to 
the expected case count. Imported-and-reported cases 
likely meet the independence assumption because the 
value excludes cases with local transmission. We also 
checked the robustness of our results by using an over 
dispersed model with a negative binomial likelihood. 
We computed the p value of the overdispersion pa-
rameter as shown in Gelman and Hill (7).

We used R version 3.6.1 (https://www.r-project.
org) to compute , the maximum likelihood estimate of 
β, and the expected imported-and-reported case count 
given high surveillance (Figure 1). We also computed 
the 95% prediction interval (PI) bounds under this 
model of high surveillance for all 194 locations of daily 
air travel volume (Figure 1). First, we generated a boot-
strapped dataset by sampling n locations with replace-
ment among high surveillance locations. Then, we re-
estimated β by using the bootstrapped dataset. Finally, 
we simulated imported-and-reported case counts for 
all 194 locations under our model by using the estimate 
of β from the bootstrapped dataset. We repeated the 3 
steps 50,000 times to generate 50,000 simulated import-
ed-and-reported case counts for each of the locations 
and computed to the lower and upper PI bounds (PI 
2.5%–97.5%). We smoothed the 95% PI bounds by us-
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Table. Surveillance capacity of locations with and without 
imported-and-reported cases of severe acute respiratory 
syndrome coronavirus 2, 2020* 

Surveillance capacity 
No. locations 

Total 0 cases >1 case 
High 35 14 49 
Low 138 7 145 
Total 173 21 194 
*Aggregated case counts collected during January 20–February 4, 2020. 
Surveillance capacity reported by category 2, Early Detection and 
Reporting of Epidemics of Potential International Concern, of the Global 
Health Security (GHS) Index (3). High surveillance capacity is defined as a 
GHS Index above the 75th quantile; low surveillance capacity is defined as 
a GHS Index below the 75th quantile. 
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ing ggplot2 in R (8). We fit the imported-and-reported 
case counts of the 49 high surveillance locations to the 
model and plotted these alongside 145 locations with 
low surveillance capacity (Figure 1). We noted some 
overlap between high and low surveillance locations 
(Figure 1).

To assess the robustness of our results we ran 8 ad-
ditional regression analyses by implementing a series 
of changes to the analysis. These changes included the 
following: setting the daily air travel volume to 0.1, 1, 
or 6 passengers/day for locations not listed by Lai et 
al. (unpub. data, https://doi.org/10.1101/2020.02.04.2
0020479) (Figure 2, panels A–C); removing all locations 
not listed by Lai et al. before fitting (Figure 2, panel D); 
defining high surveillance locations by using a more 
lenient GHS Index criterion, 50th quantile (Figure 2, 
panel E), and a more stringent criterion, 95th quantile 
(Figure 2, panel F); excluding Thailand from the model 
because it is a high-leverage point (Figure 2, panel G); 
and using an overdispersed Poisson likelihood (i.e., a 
negative-binomial likelihood) (Figure 2, panel H). We 
provide code for these analyses on GitHub (https://
github.com/c2-d2/cov19flightimport).

Results
We found that daily air travel volume positively 
correlates with imported-and-reported case counts 
of SARS-CoV-2 infection among high surveillance 

locations (Figure 1). We noted that increasing flight 
volume by 31 passengers/day is associated with 1 
additional expected imported-and-reported case. In 
addition, Singapore and India lie above the 95% PI 
in our model; Singapore had 12 more imported-and-
reported cases (95% PI 6–17 cases) than expected and 
India had 3 (95% PI 1–3 cases) more than expected. 
Thailand has a relatively high air travel volume com-
pared with other locations, but it lies below the 95% 
PI, reporting 16 (95% PI 1–40 cases) fewer imported-
and-reported cases than expected under the model. 
Indonesia lies below the PI and has no imported-and-
reported cases, but the expected case count is 5 (95% 
PI 1–10 cases) in our model. Across all 8 robustness 
regression analyses, we consistently observed that 
Singapore lies above the 95% PI and Thailand and 
Indonesia lie below (Figure 2). India remains above 
the 95% PI in all robustness analyses except when we 
used the more stringent GHS Index, 95th quantile, for 
fitting; then India lies on the upper bound of the 95% 
PI (Figure 2, panel F).

Discussion
We aimed to identify locations with likely undetected 
or underdetected imported cases of SARS-CoV-2 by 
fitting a model to the case counts in locations with 
high surveillance capacity and Wuhan-to-location air 
travel volumes. Our model can be adjusted to account 
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Figure 1. Plot showing imported-
and-reported cases of severe 
acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) 
against air travel volume (no. 
persons/day) from Wuhan, China. 
No. cases refers to possible 
imported-and-reported SARS-
CoV-2 cases. Solid line indicates 
the expected imported-and-
reported case counts for locations 
based on the model fit to high 
surveillance locations (slope = 3.3 
cases/100 passengers; p<0.001). 
Dashed lines represent for the 
same model the smoothed 95% 
prediction interval bounds. Purple 
dots indicate locations with high 
surveillance capacity according 
to category 2 of the Global Health 
Security Index. Cluster A is 
composed of Nepal, Sri Lanka, 
Finland, and Sweden, locations 
with 1 imported-and-reported 
case and air travel volume of <20 
passengers per day. Cluster B is 
composed of 161 locations with no 
imported-and-reported cases and estimated air travel <10 passengers per day. GER, Germany; NZ, New Zealand; RUS, Russia; UAE, 
United Arab Emirates; UK, United Kingdom; USA, United States of America.
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for exportation of cases from locations other than Wu-
han as the outbreak develops and more information 
on importations and self-sustained transmission be-
comes available. One key advantage of this model 
is that it does not rely on estimates of incidence or 
prevalence in the epicenter of the outbreak. Also, we 
intentionally used a simple generalized linear model. 
The linearity of the expected case count means that 
we have only 1 regression coefficient in the model 
and no extra parameters. The Poisson likelihood then 
captures the many 0-counts observed for less highly 
connected locations but also describes the slope be-
tween case-count and flight data among more con-
nected locations. We believe this model provides the 
most parsimonious phenomenologic description of 
the data.

According to our model, locations above the 95% 
PI of imported-and-reported cases could have high-
er case-detection capacity. Locations below the 95% 
PI might have undetected cases because of expect-
ed imported-and-reported case counts under high  

surveillance. Underdetection of cases could increase 
the international spread of the outbreak because the 
transmission chain could be lost, reducing oppor-
tunities to deploy case-based control strategies. We 
recommend rapid strengthening of outbreak surveil-
lance and control efforts in locations below the 95% 
PI lower bound, particularly Indonesia, to curb po-
tential local transmission. Early detection of cases 
and implantation of appropriate control measures 
can reduce the risk for self-sustained transmission in  
all locations.
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Figure 2. Analyses of imported-and-reported cases and daily air travel volume using a model to predict locations with potentially 
undetected cases of severe acute respiratory virus 2 (SARS-CoV-2). Air travel volume measured in number of persons/day. No. cases 
refers to possible undetected imported SARS-CoV-2 cases. Solid line shows the expected imported-and-reported case counts based 
on our model fitted to high surveillance locations, indicated by purple dots. Dashed lines indicate the 95% prediction interval bounds 
smoothed for all locations, including those with low surveillance capacity, indicated by light blue dots. A–C) Regressions that set the 
daily air travel volume for locations not listed by S. Lai et al. (unpub. data, https://doi.org/10.1101/2020.02.04.20020479): A) air travel 
volume set to 0.1 passenger/day; B) volume set to 1 pas   sengers/day; C) volume set to 6 passengers/day. D) Regression removing 
locations not listed by Lai et al. before fitting. E) Regression defining high surveillance locations by using a more lenient Global Health 
Security (GHS) Index criterion (50th quantile) for category 2, Early Detection and Reporting of Epidemics of Potential International 
Concern, to define high surveillance locations. F) A more stringent GHS Index criterion (95th quantile) to define high surveillance 
locations. G) Regression using a negative binomial likelihood and estimated dispersion parameter of 1.27 (p = 0.097). H) Regression 
excluding Thailand from the model fit.  Across all 8 regression analyses, Singapore lies above the 95% PI and Thailand and Indonesia 
lie below. India remained above 95% PI for all regressions, except when we used a more stringent GHS Index criterion (panel F). IDN, 
Indonesia; IND, India; SGP, Singapore; THA, Thailand.
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Severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) is the etiologic agent of the cur-

rent rapidly growing outbreak of coronavirus disease 
(COVID-19), originating from the city of Wuhan, Hu-
bei Province, China (1). Initially, 41 cases of “pneu-
monia of unknown etiology” were reported to the 
World Health Organization by the Wuhan Munici-
pal Health Committee at the end of December 2019 
(2). On January 8, 2020, the pathogen was identified 
(1), and human-to-human transmission was reported 
soon after. By January 21, most provinces of China 
had reported COVID-19 cases. By March 16, the out-
break had led to >170,000 total confirmed cases and 
>6,500 deaths globally. In a period of 3 months, an 
outbreak of apparent idiopathic pneumonia had be-
come the COVID-19 pandemic.

Studying dynamics of a newly emerged and 
rapidly growing infectious disease outbreak, such 
as COVID-19, is important but challenging because 

of the limited amount of data available. In addi-
tion, unavailability of diagnostic reagents early 
in the outbreak, changes in surveillance intensity 
and case definitions, and overwhelmed health-
care systems confound estimates of the growth 
of the outbreak based on data. Initial estimates of 
the exponential growth rate of the outbreak were 
0.1–0.14/day (a doubling time of 6–7 days), and a 
basic reproductive number (R0; defined as the av-
erage number of secondary cases attributable to 
infection by an index case after that case is intro-
duced into a susceptible population) ranged from 
2.2 to 2.7 (1,3–5). These estimates were based on 2 
broad strategies. First, Li et al. used very early case 
count data in Wuhan before January 4 (1). Howev-
er, case count data can be confounded by reservoir 
spillover events, stochasticities in the initial phase 
of the outbreak, and low surveillance intensity. 
The epidemic curve based on symptom onset after 
January 4 showed a very different growth rate (6). 
Second, inference was performed by using inter-
national flight data and infected persons reported 
outside of China (3–5). Because of the low numbers 
of persons traveling abroad compared with the to-
tal population size in Wuhan, this approach leads 
to substantial uncertainties (7,8). Inferences based 
on a low number of observations are prone to mea-
surement error when data are incomplete or model 
assumptions are not fully justified; both conditions 
are common challenges associated with rapid and 
early outbreak analyses of a new pathogen.

We collected an expanded set of case reports 
across China on the basis of publicly available in-
formation, estimated key epidemiologic parameters, 
and provided a new estimate of the early epidemic 
growth rate and R0 in Wuhan. Our approaches are 
based on integration of high-resolution domestic 
travel data and early infection data reported in prov-
inces other than Hubei to infer outbreak dynamics in 
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Severe acute respiratory syndrome coronavirus 2 is the 
causative agent of the ongoing coronavirus disease pan-
demic. Initial estimates of the early dynamics of the out-
break in Wuhan, China, suggested a doubling time of the 
number of infected persons of 6–7 days and a basic re-
productive number (R0) of 2.2–2.7. We collected exten-
sive individual case reports across China and estimated 
key epidemiologic parameters, including the incubation 
period (4.2 days). We then designed 2 mathematical 
modeling approaches to infer the outbreak dynamics in 
Wuhan by using high-resolution domestic travel and in-
fection data. Results show that the doubling time early 
in the epidemic in Wuhan was 2.3–3.3 days. Assuming 
a serial interval of 6–9 days, we calculated a median R0 
value of 5.7 (95% CI 3.8–8.9). We further show that ac-
tive surveillance, contact tracing, quarantine, and early 
strong social distancing efforts are needed to stop trans-
mission of the virus.
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Wuhan. They are designed to be less sensitive to bi-
ases and confounding factors in the data and model 
assumptions. Without directly using case confirma-
tion data in Wuhan, we avoid the potential biases in 
reporting and case confirmation in Wuhan, whereas 
because of the high level of domestic travel before 
the Lunar New Year in China, inference based on 
these data minimizes uncertainties and risk for po-
tential misspecifications and biases in data and mod-
el assumptions.

Methods

Methodologic Overview
We developed 2 modeling approaches to infer the 
growth rate of the outbreak in Wuhan from data 
from provinces other than Hubei. In the first model, 
the first arrival model, we computed the likelihood 
of the arrival times of the first known cases in prov-
inces outside of Hubei as a function of the exponen-
tial growing population of infected persons in Wuhan 
before late January. This calculation involved using 
domestic travel data to compute the probability that 
an infected person traveled from Wuhan to a given 
province as a function of the unknown actual number 
of infected persons in Wuhan and the probability that 
they traveled. The timings of the arrivals of the first 
infected persons in different provinces would reflect 
the rate of the epidemic growth in Wuhan.

In the second model, the case count model, we ac-
counted for the detection of additional persons who 
were infected in Wuhan and received their diagnoses 
in other provinces and explicitly modeled those per-
sons by using a hybrid deterministic–stochastic SEIR 
(susceptible-exposed-infectious-recovered) model. 
We then fitted this model to new daily case count 
data reported outside Hubei Province during the pe-
riod before substantial transmission occurred outside 
of the province.

By using data collected outside Hubei Prov-
ince, we minimized the effect of changes in surveil-
lance intensity. By the time cases were confirmed 
in provinces outside Hubei, all of the provinces of 
China had access to diagnostic kits and were engag-
ing in active surveillance of travelers out of Wuhan 
(e.g., using temperatures detectors and digital data 
to identify infected persons [9]) as the outbreak un-
folded. Furthermore, the healthcare systems out-
side Hubei were not yet overwhelmed with cases 
and were actively searching for the first positive 
case, leading to much lower bias in the reporting 
in each province compared with the time series of 
confirmed cases in Wuhan.

Data

Individual Case Reports
We collected publicly available reports of 140 con-
firmed COVID-19 cases (mostly outside Hubei Prov-
ince). These reports were published by the Chinese 
Centers for Disease Control and Prevention (China 
CDC) and provincial health commissions; accession 
dates were January 15–30, 2020 (Appendix 1 Table 
1, https://wwwnc.cdc.gov/EID/article/26/7/20-
0282-App1.xlsx). Many of the individual reports 
were also published on the China CDC official 
website (http://www.chinacdc.cn/jkzt/crb/zl/
szkb_11803) and the English version of the China 
CDC weekly bulletin (http://weekly.chinacdc.cn/
news/TrackingtheEpidemic.htm). These reports 
include demographic information as well as epide-
miologic information, including potential periods 
of infection, and dates of symptom onset, hospital-
ization, and case confirmation. Most of the health 
commissions in provinces and special municipalities 
documented and published detailed information of 
the first or the first few patients with confirmed CO-
VID-19. As a result, a unique feature of this dataset 
includes case reports of many of the first or the first 
few persons who were confirmed to have SARS-
CoV-2 virus infection in each province, where dates 
of departure from Wuhan were available.

Travel Data
We used the Baidu Migration server (https://qianxi.
baidu.com) to estimate the number of daily travelers 
in and out of Wuhan (Appendix 1 Table 2). 
The server is an online platform summarizing 
mobile phone travel data hosted by Baidu Huiyan 
(https://huiyan.baidu.com).

Calculations of R0 and Effect of Intervention Strategies
We considered realistic distributions for the latent 
and infectious periods to calculate R0. We described 
the methods we used to calculate R0 and the effect of 
intervention strategies on the outbreak (Appendix 2, 
https://wwwnc.cdc.gov/EID/article/26/7/20-0282-
App2.pdf).

Results 

Estimating Distributions of Epidemiologic Parameters
We first translated reports from documents or news 
reports published daily from the China CDC web-
site and official websites of health commissions 
across provinces and special municipalities in China 
during January 15–30, 2020. Altogether, we collected 
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137 individual case reports from China and 3 addi-
tional case reports from outside of China (Appendix 
1 Table 1).

By using this dataset, we estimated the basic pa-
rameter distributions of durations from initial expo-
sure to symptom onset to hospitalization to discharge 
or death. Our estimate of the time from initial expo-
sure to symptom onset (i.e., the incubation period) 
is 4.2 days (95% CI 3.5–5.1 days) (Figure 1, panel A), 
based on 24 case reports. This estimated duration is 
generally consistent with a recent report by Guan et 
al. (10) showing that the median incubation period is 
4 days. Our estimate is ≈1 day shorter than 2 previ-
ous estimates (1,11). One potential caveat of our es-
timation is that because most of the case reports we 
collected were from the first few persons detected 
in each province, this estimation might be biased to-
ward patients with more severe symptoms if they are 
more likely to be detected.

The time from symptom onset to hospitalization 
showed evidence of time dependence (Figure 1, panel 
B; Appendix 2 Figure 1). Before January 18, the time 
from symptom onset to hospitalization was 5.5 days 
(95% CI 4.6–6.6 days), whereas after January 18, the 
duration shortened significantly to 1.5 days (95% CI 
1.2–1.9 days) (p<0.001 by Mann–Whitney U test). The 
change in the distribution coincides with news re-
ports of potential human-to-human transmission and 
upgrading of emergency response level to Level 1 by 
the China CDC. The emerging consensus about the 
risk for COVID-19 probably led to substantial behav-
ior changes among symptomatic persons, in terms of 
seeking more timely medical care during this period. 
However, because most of the individual reports 
were collected in provinces other than Hubei, the 

change in durations might only reflect changes in the 
rest of China (rather than in Hubei). We also found 
that the time from initial hospital admittance to dis-
charge was 11.5 days (95% CI 8.0–17.3 days) (Figure 1, 
panel C) and from initial hospital admittance to death 
was 11.2 days (95% CI 8.7–14.9 days) (Figure 1, panel 
D). The time from symptom onset to death was esti-
mated to be 16.1 days (95% CI 13.1–20.2 days).

Estimating the Growth Rate of the Outbreak in  
Wuhan in January 2020
Moving from empirical estimates of basic epidemio-
logic parameters to an understanding of the early 
growth rates of COVID-19 requires model-based in-
ference and data. We first collected real-time travel 
data during the epidemic by using the Baidu Migra-
tion server, which provides real-time travel patterns 
in China based on mobile-phone positioning services 
(Figure 2, panel A; Appendix 1 Methods, Table 2). 
We estimated that, before the January 23 lockdown 
of the city, ≈40,000–140,000 people in Wuhan traveled 
to destinations outside Hubei Province each day (Fig-
ure 2, panel B). The extensive travel before the Lunar 
New Year was probably an important driver of the 
spread of COVID-19 in China.

We then integrated spatiotemporal domestic 
travel data to infer the outbreak dynamics in Wuhan 
by using two mathematical approaches (Appendix 
2; conceptual framework depicted in Figure 3, panel 
A). The first-arrival model uses a unique feature of 
our case report dataset whereby the dates of depar-
ture from Wuhan for many of the first persons who 
were confirmed with SARS-CoV-2 infection in each 
province were known (Appendix 1 Table 1). We as-
sumed an exponential growth for the total infected 
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Figure 1. Epidemiologic 
characteristics of early 
dynamics of coronavirus 
disease outbreak in 
China. Distributions of key 
epidemiologic parameters: 
durations from infection 
to symptom onset (A), 
from symptom onset to 
hospitalization (B), from 
hospitalization to discharge 
(C), and from hospitalization 
to death (D). Filled circles and 
bars on x-axes denote the 
estimated means and 95% CIs.
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population I* in Wuhan, I*(t) = er(t–t0), where I* in-
cludes infected persons who are asymptomatic or 
symptomatic, r is the exponential growth rate, and t0 
is the theoretical time of the exponential growth initi-
ation, so that I*(t0) = 1 in the deterministic model. We 
call t0 a “theoretical” time in the sense that it should 
not be interpreted as the time of first infection in a 
population. We should expect that t0 is later than the 
date of the first infection because multiple spillover 
events from the animal reservoir might be needed 
to establish sustained transmission and stochasticity 
might play a large role in initial dynamics before the 
onset of exponential growth (12–14).

We used travel data for each of the provinces (Ap-
pendix 1 Table 3) and the earliest times that an infected 
person arrived in a province, across a total of 26 prov-
inces (Figure 3, panel B), to infer r and t0 (Appendix 2). 
Model predictions of arrival times in the 26 provinces 
fitted the actual data well (Appendix 2 Figure 2). The 
growth rate r is estimated to be 0.29/day (95% CI 0.21–
0.37/day), corresponding to a doubling time of 2.4 days 
(95% CI 1.9–3.3 days). t0 is estimated to be December 20, 
2019 (95% CI December 11–26). As we show later, there 
exist larger uncertainties in the estimation of t0.

We further estimated that the total infected 
population size in Wuhan was ≈4,100 (95% CI 2,423–
6,178) on January 18 (Appendix 2 Figure 3), which 
is consistent with a recently posted estimate (7). The 
estimated number of infected persons was ≈18,700 
(95% CI 7,147–38,663) on January 23 (i.e., the date 
when Wuhan started its lockdown). We projected 
that without any control measures, the infected pop-
ulation would be ≈233,400 (95% CI 38,757–778,278) 
by the end of January.

An alternative model, the case count approach, 
used daily new case counts of persons who had 
COVID-19 diagnosed in other provinces but who 
had been in Hubei Province within 14 days of be-
coming symptomatic. This model uses data be-
yond the first appearance of an infected person 
from Wuhan but also accounts for the stochastic 
nature of the process by using a hybrid model. In 
this model, the infected population in Wuhan was 
described with a deterministic model, whereas the 
infected persons who traveled from Wuhan to oth-
er provinces were tracked with a stochastic SEIR 
(susceptible-exposed-infectious-recovered) model 
(12). We restricted the data to the period of January  
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Figure 2. Extremely high level 
of travel from Wuhan, Hubei 
Province, to other provinces 
during January 2020, as 
estimated by using high-resolution 
and real-time travel data, China. 
A) A modified snapshot of the 
Baidu Migration online server 
interface showing the human 
migration pattern out of Wuhan 
(red dot) on January 19, 2020. 
Thickness of curved white lines 
denotes the size of the traveler 
population to each province. The 
names of most of the provinces 
are shown in white. B) Estimated 
daily population sizes of travelers 
from Wuhan to other provinces. 
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19–26, when new cases reported were mostly in-
fections imported from Wuhan (i.e., indicative of 
the dynamics in Wuhan). The transitions of the in-
fected persons from symptom onset to hospitaliza-
tion and then to case confirmation were assumed 
to follow the distributions inferred from the case 
report data (Appendix 2). Simulation of the model 
using best-fit parameters showed that the model 
described the observed case counts over time well 
(Figure 3, panel C). The estimated theoretical time 
(t0) is December 16, 2019 (95% CI December 12–21), 
and the exponential growth rate is 0.30/day (95% 
CI 0.26–0.34/day). These estimates are consistent 
with estimates in the first arrival approach (Figure 
4; Appendix 2 Figure 4).

In both models, we assumed perfect detection 
(i.e., of infected cases outside of Hubei Province). 
However, a certain fraction of cases probably was 
not reported. To investigate the robustness of our 
estimates, we performed extensive sensitivity anal-
yses to test 23 different scenarios of surveillance in-
tensity (Appendix 2). First, we tested the assump-
tion that a constant fraction of infected persons 
(e.g., persons with mild or no symptoms) (15) were 
not detected. We found that under this assumption, 
t0would be earlier than our estimate but the estima-
tion of the growth rate remained the same (Appen-
dix 1 Table 4). Second, we tested the assumption 
that the intensity of surveillance increases over the 
period of data collection, although this scenario is 
less likely because of the intensive surveillance im-
plemented outside Hubei Province. We found that 

our data in general do not support this hypothesis 
on the basis of corrected Akaike Information crite-
rion scores (Appendix 1 Table 4). However, if the 
intensity of surveillance outside Hubei Province in-
creased over the period of January, we would pre-
dict a lower growth rate than the estimate we just 
described. For the worst-case scenario considered, 
we estimated the growth rate of the outbreak to be 
0.21/day (Appendix 2).

Other Evidence of a High Growth Rate of the  
Outbreak in Wuhan
In addition to using 2 modeling approaches, we 
looked for other evidence of a high outbreak growth 
rate to cross-validate our estimations. We found that 
the time series of reported deaths in Hubei, which is 
less subject to the biases of the confirmed case counts, 
is simply not consistent with a growth rate of 0.1/
day (Appendix 2 Figure 5). As the infected popula-
tion grows, the number of death cases will grow at 
the same rate but with a delayed onset corresponding 
to the time from infection to death. Fitting a simple 
exponential growth model to the number of reported 
deaths in Hubei during late January 2020 yields an 
estimate of 0.22–0.27/day, which is within the 95% CI 
of the estimation we previously described.

Overall, these analyses suggest that although 
there exist uncertainties depending on the level of 
surveillance, the exponential growth rate of the out-
break is probably 0.21–0.3/day. This estimation is 
much higher than previous reports, in which the 
growth rate was estimated to be 0.1–0.14/day (1,3–5).
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Figure 3. Estimates of the 
exponential growth rate and the date 
of exponential growth initiation of 
the coronavirus disease outbreak 
in China based on 2 different 
approaches. A) Schematic illustrating 
the export of infected persons 
from Wuhan. Travelers (dots) are 
assumed to be random samples 
from the total population (whole pie). 
Because of the growth of the infected 
population (orange pie) and the 
shrinking size of the total population 
in Wuhan over time, probability of 
infected persons traveling to other 
provinces increases (orange dots). 
B) The dates of documented first 
arrivals of infected persons in 26 
provinces. C) Best fit of the case 
count model to daily counts of new 
cases (including only imported 
cases) in provinces other than Hubei. 
Error bars indicate SDs. 
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Estimating R0
The basic reproductive number, R0, is dependent on 
the exponential growth rate of an outbreak, as well as 
additional factors such as the latent period (the time 
from infection to infectiousness) and the infectious 
period (16,17), both of which cannot be estimated 
directly from the data. Following the approach by 
Wearing and Rohani (16), we found that with a high 
growth rate of the outbreak, R0 is in general high and 
the longer the latent and the infectious periods, the 
higher the estimated R0 (Appendix 2 Figure 6).

To derive realistic values of R0, we used previous 
estimates of serial intervals for COVID-19. The serial 
interval is estimated to be ≈7–8 days based on data 
collected early in the outbreak in Wuhan (1). More re-
cent data collected in Shenzhen Province, China, sug-
gests that the serial interval is dependent on the time 
to hospital isolation (Q. Bi et al., unpub. data, https://
doi.org/10.1101/2020.03.03.20028423). When infect-
ed persons are isolated after 5 days of symptoms (a 
probable scenario for the early outbreak in Wuhan, 
where the public was not aware of the virus and few 
interventions were implemented), the serial interval 
is estimated to be 8 days (Q. Bi et al., unpub. data). 
Thus, these results suggest a serial interval of 7–8 
days. With this serial interval, we sampled latent and 
infectious periods within wide biologically plausible 
ranges (Appendix 2) and estimated the median R0 to 
be 5.8 (95% CI 4.4–7.7) (Figure 5, panel A). To include 
a wider range of serial interval (i.e., 6–9 days) (Figure 
5, panel A; Appendix 2 Figure 6), given the uncertain-
ties in these estimations, we estimated that the me-
dian of estimated R0 is 5.7 (95% CI of 3.8–8.9) (Figure 
5, panel B). The estimated R0 can be lower if the serial 
interval is shorter. However, recent studies reported 
that persons can be infectious for a long period, such 
as 1–3 weeks after symptom onset (18; R. Woelfel  

et al., unpub data. https://doi.org/10.1101/2020.03.
05.20030502); thus, we believe that a mean serial in-
terval shorter than 6 days is unlikely during the early 
outbreak in Wuhan, where infected persons were not 
rapidly hospitalized.

Implications for Intervention Strategies
The R0 values we estimated have important implica-
tions for predicting the effects of pharmaceutical and 
nonpharmaceutical interventions. For example, the 
threshold for combined vaccine efficacy and herd im-
munity needed for disease extinction is calculated as 
1 – 1/R0. At R0 = 2.2, this threshold is only 55%. But at 
R0 = 5.7, this threshold rises to 82% (i.e., >82% of the 
population has to be immune, through either vaccina-
tion or prior infection, to achieve herd immunity to 
stop transmission).

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1475

Figure 4. Marginalized likelihoods of growth rate (r) for 2 inference 
approaches to estimates the exponential growth rate of the 
coronavirus disease outbreak in China. 

Figure 5. Estimation of the 
basic reproductive number 
(R0), derived by integrating 
uncertainties in parameter 
values, during the coronavirus 
disease outbreak in China. 
A) Changes in R0 based on 
different growth rates and 
serial intervals. Each dot 
represents a calculation with 
mean latent period (range 
2.2–6 days) and mean 
infectious periods (range 4–14 
days). Only those estimates 
falling within the range of 
serial intervals of interests 
were plotted. B) Histogram summarizing the estimated R0 of all dots in panel A (i.e., serial interval ranges of 6–9 days). The 
median R0 is 5.7 (95% CI 3.8–8.9).
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We then evaluated the effectiveness for nonphar-
maceutical interventions, such as contact tracing, quar-
antine, and social distancing, by using the framework 
by Lipsitch et al. (19) (Appendix 2). We extended the 
framework to consider a fraction of transmission occur-
ring from infected persons who would not be identified 
by surveillance and can transmit effectively (15). This 
fraction is determined by the fraction of actual asymp-
tomatic persons and the extent of surveillance efforts to 
identify these persons and persons with mild-to-moder-
ate symptoms. Results show that quarantine and contact 
tracing of symptomatic persons can be effective when 
the fraction of unidentified persons is low. However, 
when 20% of transmission is driven by unidentified 
infected persons, high levels of social distancing efforts 
will be needed to contain the virus (Figure 6), highlight-
ing the importance of early and effective surveillance, 
contact tracing, and quarantine. Future field, laboratory, 
and modeling studies aimed to address the unknowns, 
such as the fraction of asymptomatic persons, the extent 
of their transmissibility depending on symptom sever-
ity, the time when persons become infectious, and the 
existence of superspreaders are needed to accurately 
predict the impact of various control strategies (20).

Discussion
In this study, we estimated several basic epidemio-
logic parameters, including the incubation period (4.2 

days), a time dependent duration from symptom on-
set to hospitalization (changing from 5.5 days in early 
January to 1.5 days in late January outside Hubei 
Province), and the time from symptom onset to death 
(16.1 days). By using 2 distinct approaches, we esti-
mated the growth rate of the early outbreak in Wu-
han to be 0.21–0.30 per day (a doubling time of 2.3–3.3 
days), suggesting a much faster rate of spread than 
initially measured. This finding would have impor-
tant implications for forecasting epidemic trajectories 
and the effect on healthcare systems as well as for 
evaluating the effectiveness of intervention strategies.

We found R0 is likely to be 5.7 given our current 
state of knowledge, with a broad 95% CI (3.8–8.9). 
Among many factors, the lack of awareness of this 
new pathogen and the Lunar New Year travel and 
gathering in early and mid-January 2020 might or 
might not play a role in the high R0. A recent study 
based on structural analysis of the virus particles sug-
gests SARS-CoV-2 has a much higher affinity to the 
receptor needed for cell entry than the 2003 SARS 
virus (21), providing a molecular basis for the high 
infectiousness of SARS-CoV-2.

How contagious SARS-CoV-2 is in other coun-
tries remains to be seen. Given the rapid rate of 
spread as seen in current outbreaks in Europe, we 
need to be aware of the difficulty of controlling SARS-
CoV-2 once it establishes sustained human-to-human 
transmission in a new population (20). Our results 
suggest that a combination of control measures, in-
cluding early and active surveillance, quarantine, and 
especially strong social distancing efforts, are needed 
to slow down or stop the spread of the virus. If these 
measures are not implemented early and strongly, 
the virus has the potential to spread rapidly and in-
fect a large fraction of the population, overwhelming 
healthcare systems. Fortunately, the decline in newly 
confirmed cases in China and South Korea in March 
2020 and the stably low incidences in Taiwan, Hong 
Kong, and Singapore strongly suggest that the spread 
of the virus can be contained with early and appropri-
ate measures.
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In December 2019, a new coronavirus emerged in 
China and caused an acute respiratory disease now 

known as coronavirus disease 2019 (COVID-19) (1). 
The virus was identified to be a betacoronavirus relat-
ed to severe acute respiratory syndrome coronavirus 
(SARS-CoV) and thus was named SARS-CoV-2 (2). In 
<2 decades, this virus is the third known coronavirus 
to cross the species barrier and cause severe respira-
tory infections in humans after SARS-CoV in 2003 
and Middle East respiratory syndrome coronavirus 
(MERS-CoV) in 2012, yet with unprecedented spread 
compared with the earlier 2 viruses.

Because of the rapid increase in number of cas-
es and uncontrolled and vast spread worldwide, 
the World Health Organization has declared SARS-
CoV-2 a pandemic. As of March 14, 2020, the virus 
had infected >130,000 persons in 122 countries, 3.7% 
of whom had died. (3). Rapid identification of the 
etiology and sharing of the genetic sequence of the 
virus, followed by international collaborative efforts 
initiated because of emergence of SARS-CoV-2, has 
led to rapid availability of real-time PCR diagnostic 
assays that support case ascertainment and tracking 
of the outbreak (4). Availability of these assays has 
helped in patient detection and efforts to contain the 
virus. However, validated serologic assays are still 
lacking and are urgently needed.

Validated serologic assays are crucial for patient 
contact tracing, identifying the viral reservoir hosts, 
and epidemiologic studies. Epidemiologic studies are 
urgently needed to help uncover the burden of dis-
ease, in particular the rate of asymptomatic infections, 
and to get better estimates on illness and death. In ad-
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A new coronavirus, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has recently emerged to 
cause a human pandemic. Although molecular diagnos-
tic tests were rapidly developed, serologic assays are 
still lacking, yet urgently needed. Validated serologic as-
says are needed for contact tracing, identifying the vi-
ral reservoir, and epidemiologic studies. We developed 
serologic assays for detection of SARS-CoV-2 neutral-
izing, spike protein–specific, and nucleocapsid-specific 
antibodies. Using serum samples from patients with 
PCR-confirmed SARS-CoV-2 infections, other coronavi-
ruses, or other respiratory pathogenic infections, we vali-
dated and tested various antigens in different in-house 
and commercial ELISAs. We demonstrated that most 
PCR-confirmed SARS-CoV-2–infected persons sero-
converted by 2 weeks after disease onset. We found that 
commercial S1 IgG or IgA ELISAs were of lower specific-
ity, and sensitivity varied between the 2 assays; the IgA 
ELISA showed higher sensitivity. Overall, the validated 
assays described can be instrumental for detection of 
SARS-CoV-2–specific antibodies for diagnostic, seroepi-
demiologic, and vaccine evaluation studies.
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dition, these epidemiologic studies can help identify 
the extent of virus spread in households, communi-
ties, and specific settings, which could help guide 
control measures. Serologic assays are also needed 
for evaluation of results of vaccine trials and develop-
ment of therapeutic antibodies.

Among the 4 coronavirus structural proteins, the 
spike (S) and nucleocapsid (N) proteins are the main 
immunogens (5). We describe development of sero-
logic assays for detection of virus neutralizing anti-
bodies and antibodies to the N protein and various 
S protein domains, including the S1 subunit, and the 
receptor-binding domain (RBD) of SARS-CoV-2 in 
an ELISA format. Using a well-characterized cohort 
of serum samples from PCR-confirmed SARS-CoV-2 
and patients PCR-confirmed to be infected with sea-
sonal coronaviruses and other respiratory pathogens, 
we validated and tested various antigens in different 
platforms developed in-house,  as well as a commer-
cial platform.

Materials and Methods

Serum Samples

Erasmus Medical Center Samples
We used serum samples (n = 10) collected from 3 PCR-
confirmed patients: 2 with mild COVID-19 and 1 with 

severe COVID-19 (Table 1) from France in accordance 
with local ethics approvals (F.-X. Lescure et al., unpub. 
data, https://doi.org/10.1101/2020.03.11.987958). 
For assay validation, we used samples obtained from 
persons who had PCR-diagnosed infections with hu-
man coronaviruses (HCoV-229E, NL63, or OC43), 
SARS-CoV, MERS-CoV, or other respiratory viruses 
(Table 1) as reported (6). We also included samples 
from patients who had recent infections with cy-
tomegalovirus, Epstein-Barr virus, or Mycoplasma 
pneumoniae because these pathogens have a higher 
likelihood of causing false-positive results. As nega-
tive controls, we used serum samples from 45 healthy 
blood donors (Sanquin Blood Bank, https://www.
sanquin.nl) (cohort A). We also tested serum samples 
from SARS patients (7). All samples were stored at 
-20°C until use. The Sanquin Blood Bank obtained 
written informed consent for research use of samples 
from blood donors. Use of serum samples from the 
Netherlands was approved by the local medical eth-
ics committee (approval no. 2014–414). 

Berlin Samples
All serum samples (n = 31) from patients with PCR-
confirmed cases of COVID-19 cases were previous-
ly analyzed by a recombinant SARS-CoV-2 S pro-
tein–based immunofluorescence test and plaque 
reduction neutralization (R. Wölfel et al., unpub. 
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Table 1. Cohorts used to validate specificity and sensitivity of assays for SARS-CoV-2* 

Cohort Country Sample source Infection 
No. 

samples 
Postdiagnosis range 

or time 
A The Netherlands Healthy blood donors (negative cohort) NA 45 NA 
B The Netherlands Non-CoV respiratory infections† Adenovirus 5 2–4 wk 

Bocavirus 2 2–4 wk 
Enterovirus 2 2–4 wk 

HMPV 9 2–4 wk 
Influenza A 13 2–4 wk 
Influenza B 6 2–4 wk 
Rhinovirus 9 2–4 wk 

RSV 9 2–4 wk 
PIV-1 4 2–4 wk 
PIV-3 4 2–4 wk 

Mycoplasma pneumoniae 1 2–4 wk 
CMV 5 2–4 wk 
EBV 7 2–4 wk 

C The Netherlands HCoV infections† -CoV HCoV-229E 19 2 w–1 y 
-CoV HCoV-NL63 18 2 w–1 y 
-CoV HCoV-OC43 38 2 w–1 y 

D The Netherlands Zoonotic CoV infections† MERS-CoV 2 10,228 d 
South Korea  5 9 mo 

E Hong Kong, China Zoonotic CoV infection† SARS-CoV 2 >14 d 
F France RT-PCR confirmed SARS-CoV-2 

infections 
Mild infection 6‡ 3–27 d 

Severe infection 4§ 6–31 d 
*Cohorts A–E were used to test assay specificity; cohort F was used to test assay sensitivity. -CoV, alphacoronavirus; -CoV, betacoronavirus; CoV, 
coronavirus; CMV, cytomegalovirus; EBV, Epstein-Barr virus; HCoV, human coronavirus; HMPV, human metapneumovirus; MERS, Middle East 
respiratory syndrome; NA, not applicable; PIV, parainfluenza virus; RSV, respiratory syncytial virus; RT-PCR, reverse transcription PCR. 
†Cross-reactivity. 
‡Samples taken from 2 patients at different time points. 
§Samples taken from 1 patient at different time points. 
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data, https://doi.org/10.1101/2020.03.05.2003050
2). We tested serum samples as part of an extend-
ed diagnostic regimen after we obtained informed 
written consent from patients. We obtained non–
SARS-CoV-2–infected serum samples (n = 31) from 
the serum collection of the National Consiliary 
Laboratory for Coronavirus Detection at Charité– 
Universitätsmedizin Berlin (Berlin, Germany). 
Samples were collected after we obtained informed 
written consent. The collection contained follow-
up antibody-positive serum samples from PCR-
confirmed virus-infected cases: HCoV-229E (n = 4), 
HCoV-HKU1 (n = 3), HCoV-OC43 (n = 7), MERS-
CoV (n = 3), HCoV-NL63 (n = 6), SARS-CoV (n = 3), 
and common cold CoV (n = 6).

Protein Expression
We expressed the S ectodomains of SARS-CoV-2 (res-
idues 1–1,213, strain Wuhan-Hu-1, GenBank acces-
sion no. QHD43416.1), SARS-CoV (residues 1–1,182, 
strain CUHK-W1, accession no. AAP13567.1), and 
MERS-CoV (residues 1–1262, strain EMC, accession 
no. YP_009047204.1) in HEK-293T cells by using a 
C-terminal trimerization motif, Strep-tag, and the 
pCAGGS expression plasmid. Likewise, we expressed 
the SARS-CoV-2 S1 subunit or its subdomains (S;S1, 
residues 1–682; S1A, residues 1–294; RBD, residues 
329–538; accession no. QHD43416.1) in 293T cells, as 
described (C. Wang et al., unpub. data, https://doi.
org/10.1101/2020.03.11.987958).

We produced S1 proteins of other HCoVs: HKU1 
(residues 1–750), OC43 (residues 1–760), NL63 (resi-
dues 1–717), 229E (residues 1–537), SARS-CoV (resi-
dues 1–676), and MERS-CoV as described (6,8). We 
affinity purified all recombinant proteins from  cul-
ture supernatant by using Protein-A Sepharose beads 
(catalog no. 17–0780–01; GE Healthcare, GE Health-
care, https://www.gehealthcare.com) or strep-tac-
tin beads (catalog no. 2–1201–010; IBA Lifesciences, 
https://www.iba-lifesciences.com). We checked pu-
rity and integrity of all purified recombinant proteins 
by using sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis and staining with Coomassie blue.

Plaque Reduction Neutralization Test
We used the plaque reduction neutralization test 
(PRNT) as a reference for this study because neutral-
ization assays are the standard for coronavirus se-
rologic analysis. We tested serum samples for their 
neutralization capacity against SARS-CoV-2 (Ger-
man isolate; GISAID ID EPI_ISL 406862; European 
Virus Archive Global #026V-03883) by using PRNT 
as described with some modifications (9). We 2-fold 

serially diluted heat-inactivated samples in Dulbecco 
modified Eagle medium supplemented with NaHCO3, 
HEPES buffer, penicillin, streptomycin, and 1% fe-
tal bovine serum, starting at a dilution of 1:10 in 50 
µL. We then added 50 µL of virus suspension (400 
plaque-forming units) to each well and incubated at 
37°C for 1 h before placing the mixtures on Vero-E6 
cells. After incubation for 1 h, we washed, cells sup-
plemented with medium, and incubated for 8 h. After 
incubation, we fixed the cells with 4% formaldehyde/
phosphate-buffered saline (PBS) and stained the cells 
with polyclonal rabbit anti-SARS-CoV antibody (Sino 
Biological, https://www.sinobiological.com) and a 
secondary peroxidase-labeled goat anti-rabbit IgG 
(Dako, https://www.agilent.com). We developed 
signal by using a precipitate forming 3,3′,5,5′-tetra-
methylbenzidine substrate (True Blue; Kirkegaard 
and Perry Laboratories, https://www.seracare.com) 
and counted the number of infected cells per well by 
using an ImmunoSpot Image Analyzer (CTL Europe 
GmbH, https://www.immunospot.eu). The serum 
neutralization titer is the reciprocal of the highest 
dilution resulting in an infection reduction of >50% 
(PRNT50). We considered a titer >20 to be positive.

We performed the PRNT for serum samples 
from Germany by using Vero E6 cells, as described 
(R. Wölfel et al., unpub. data, https://doi.org/10.11
01/2020.03.05.20030502) (10) and 24-well plates. Be-
fore the PRNT, we heat-inactivated patient serum 
samples at 56°C for 30 min. For each dilution step (in 
duplicate), we diluted patient serum samples in 200 
µL of OptiPro serum-free medium (https://www.
thermofisher.com) and mixed 1:1 with 200 µL of virus 
solution containing 100 PFUs. We vortexed the 400-
µL serum–virus solution gently, incubated at 37°C for 
1 h, and then incubated each 24-well plate with 200 
µL serum–virus solution. After incubation for 1 h at 
37°C, we discarded supernatants, washed cells once 
with PBS, and supplemented them with 1.2% micro-
crystalline cellulose solution in Dulbecco modified 
Eagle medium. After 3 days, we fixed and inactivated 
the plates by using a 6% formaldehyde/PBS solution 
and stained with crystal violet.

ELISA
We performed anti-SARS-CoV-2 S1 IgG and IgA 
ELISAs by using β-versions of 2 commercial kits 
(EUROIMMUN Medizinische Labordiagnostika AG, 
https://www.euroimmun.com) and performed the 
assay according to the manufacturer’s protocol. We 
detected optical density (OD) at 450 nm and calculat-
ed a ratio of the reading of each sample to the reading 
of the calibrator, included in the kit, for each sample 
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(OD ratio). Because the β-version of the kit awaits 
validation and marking, we determined an in-house 
cutoff value based on the mean background reactiv-
ity of all SARS-CoV-2–negative serum samples in the 
study multiplied by 3. The OD ratio was 0.9 for IgA 
and 0.3 for IgG.

We performed the in-house ELISAs by coating 
96-well microtiter ELISA plates with in-house–pro-
duced S antigens (S or S1 of SARS-CoV-2, SARS-CoV 
or MERS-CoV; SARS-CoV-2 S1A; or RBD proteins) or 
SARS-CoV N protein (Sino Biological) in PBS over-
night at 4°C. After blocking, we added diluted serum 
(diluted 1:100 or 2-fold serially diluted for titers) and 
incubated at 37°C for 1 h. Antigen-specific antibod-
ies were detected by using peroxidase-labeled rabbit 
anti-human IgG (Dako) and 3,3′,5,5′-tetramethylben-
zidine as a substrate. The absorbance of each sample 
was measured at 450 nm, and we set the cutoff value 
at 6 SD above the mean value for the negative cohort.

S1 Protein Microarray
Serum samples were previously tested for antibodies 
against S1 of different coronaviruses. We used a pro-
tein microassay that has been described (6).

Statistical Analysis
We analyzed the correlations between antibody re-
sponses detected by different ELISAs and those de-
tected by PRNT, which is the standard for coronavirus 
serologic analysis. We used  GraphPad Prism version 
8 (https://www.graphpad.com) for this analysis.

Results
We evaluated SARS-CoV-2–specific antibody re-
sponses in severe and mild cases by using serum 
samples collected at different times postonset of dis-
ease from 3 PCR-confirmed COVID-19 patients from 
France. We tested serum samples for SARS-CoV-2–
specific antibodies by using different ELISAs. After 
infection, all 3 patients seroconverted between days 
13 and 21 after onset of disease (Figure 1), and an-
tibodies were elicited against the SARS-CoV-2 S, S1 
subunit, and RBD, but only 2/3 patients had detect-
able antibodies to the N-terminal (S1A) domain. Be-
cause the N protein of SARS-CoV-2 is 90% similar 
to that of SARS-CoV (Table 2), we used SARS-CoV 
N protein as an antigen to test for SARS-CoV-2 N 
protein–directed antibodies in an ELISA format. 
We found that antibodies were elicited against the 
N protein in all three patients. When tested in a 
PRNT, serum samples from all three patients neu-
tralized SARS-CoV-2 infection. Antibody responses 
detected by different assays correlated strongly with  

neutralizing antibody responses (Figure 2). We ob-
served cross-reactivity with the SARS-CoV S and S1 
proteins, and to a lower extent with MERS-CoV S pro-
tein, but not with the MERS-CoV S1 protein (Figure 1, 
panels G, H). This finding was evident from analyzing 
the degree of similarity of the different coronavirus S 
protein domains to their corresponding SARS-CoV-2 
proteins (Table 2). This analysis showed that the S2 
subunit is more conserved and thus plays a role in the 
cross-reactivity seen when the whole S was used as 
antigen. Thus, S1 is more specific than S as an antigen 
for SARS-CoV-2 serologic diagnosis.

We further assessed the specificity of the S1 as-
say by using cohorts A–E (Table 1), which were com-
posed of serum samples from healthy blood donors 
(A), PCR-confirmed acute respiratory non-CoV in-
fections (B), acute-phase and convalescent-phase 
PCR-confirmed α- and β-HCoV infections (C), PCR-
confirmed MERS-CoV infections (D), and PCR-con-
firmed SARS-CoV infections (E). None of the serum 
samples from specificity cohorts A–D were reactive 
in our in-house S1 ELISA at the set cutoff value, indi-
cating 100% specificity, whereas serum samples from 
SARS-CoV patients cross-reacted (Figure 3, panel A). 
The specificity of S1 as an antigen for SARS-CoV-2 
serologic analysis was further supported by the fact 
that 87%–100% of serum samples in cohorts A–C in-
cluded in this study were seropositive for endemic 
HCoVs (HCoV-HKU1, HCoV-OC43, HCoV-NL63, 
and HCoV-229E), as determined by the S1 protein 
microarray (Figure 3, panel B). Nonetheless, all se-
rum samples were seronegative for SARS-CoV and 
MERS-CoV.

Using the same cohort, we also validated the 
specificity of the N protein IgG and RBD IgG ELISAs 
for detecting SARS-CoV-2–specific antibodies. At 
the set cutoff, except for serum samples from SARS-
CoV patients, none of the control serum samples was 
positive for RBD antibodies, and 1 MERS-CoV–posi-
tive serum sample was weakly positive for N protein 
antibodies (Figure 3, panels C, D). We also detected 
seroconversion among the 3 patients with COVID-19. 
Because serum samples from the 3 patients were col-
lected at a limited number of time points, it was dif-
ficult to accurately assess time for seroconversion. 
To accurately assess time of seroconversion, a larger 
number of longitudinal samples is needed. Overall, 
these validated ELISAs for different antigens can be 
useful for epidemiologic studies and for evaluation of 
vaccine-induced immune responses.

Next, we validated the sensitivity and specific-
ity of 2 commercial ELISA kits for detecting S1-spe-
cific IgG and IgA by using the same cohort (Table 1; 
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Figure 1. Kinetics of antibody responses against SARS-CoV-2 after infection. We tested 1 patient who had severe coronavirus disease 2019 
(red) and 2 patients who had mild coronavirus disease 2019 (green and black) for antibody responses against A) S protein, B) S protein S1 
subunit, C) S N-terminal (S1A) domain, D) RDB, and E) N protein by using ELISAs. F) Virus-neutralizing antibodies were tested by using a 
PRNT50. G, H) Reactivities of serum samples from the 3 patients at different time points against whole S (G) and S1 (H) of SARS-CoV-2, 
SARS-CoV, and MERS-CoV were tested by ELISAs. Dotted horizontal lines indicate ELISA cutoff values. MERS-CoV, Middle East respiratory 
syndrome coronavirus; N, nucleocapsid; OD, optical density; PRNT50, 50% plaque reduction neutralization test; RBD, receptor-binding domain; 
S, spike; SARS-CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Figure 4). All 3 COVID-19 patients had reactive an-
tibodies detected by the IgG (6/10 serum samples) 
and IgA (7/10 serum samples) ELISAs (Figure 4). 
We also detected reactivity of serum samples from 
the validation cohorts A–D; 11/203 for IgA and 
8/203 for IgG ELISAs. Serum samples from 2 pa-
tients infected with HCoV-OC43 (a betacoronavi-
rus) were reactive in both IgG and IgA ELISA kits. 
We have reported the cross-reactivity of these se-
rum samples in a MERS-CoV S1 IgG ELISA kit (6). 
We confirmed the cross-reactivity of the 2 serum 
samples by testing 12 serum samples from both pa-
tients that were collected at different time points 
(pre-OC43 and post-OC43 infection). Although 
all preinfection serum samples were negative, all 

postinfection serum samples were reactive in the 
IgG and IgA ELISAs. 

Further validation was also made in a different 
laboratory by using 31 serum samples collected from 
9 COVID-19 patients in Germany (R. Wölfel et al., 
unpub. data, https://doi.org/10.1101/2020.03.05.20
030502) at different time points (3–23 days after dis-
ease onset); a specificity cohort composed of 18 serum 
samples from persons infected with HCoV (4 samples 
from persons infected with HCoV-229E, 3 from per-
sons infected with HCoV-HKU1, 4 from persons in-
fected with HCoV-NL63, and 7 from persons infected 
with HCoV-OC43); and 3 serum samples from per-
sons infected with MERS-CoV and 3 samples from 
persons infected with SARS-CoV whose samples 
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Table 2. Percentage amino acid identity of coronavirus spike and nucleocapsid proteins with SARS-CoV-2 proteins* 
Virus type Virus Nucleocapsid S S1 S2 S1A RBD 
Betacoronavirus SARS-CoV 90 77 66 90 52 73 

MERS-CoV 49 33 24 43 ND ND 
HCoV-OC43 34 33 25 42 ND ND 
HCoV-HKU1 34 32 25 40 ND ND 

Alphacoronavirus HCoV-229E 28 30 24 35 ND ND 
HCoV-NL63 29 28 21 36 ND ND 

*SARS-CoV-2, HCoV-OC43, MERS-CoV, HCoV-HKU1, HCoV-NL63, SARS-CoV, HCoV-229E (GenBank accession nos. NC_045512.2, NC_006213.1, 
NC_019843.3, NC_006577.2, NC_005831.2, NC_004718.3, and NC_002645.1). Protein sequences were aligned by using ClustalW 
(https://www.genome.jp/tools-bin/clustalw). RBD, receptor-binding domain; ND, not done; S, spike; S1, N-terminal subunit of the spike protein; S2, C-
terminal subunit of the spike protein; S1A, domain A of the spike S1 subunit; SARS-CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2, 
severe acute respiratory syndrome coronavirus 2. 

 

Figure 2. Correlations between ODs of ELISAs and PRNT results for PCR-confirmed COVID-19 patients. A) S; B) S1; C) S1A; D) RBD; E) N. 
Ten serum samples were collected 6–27 days after diagnosis from 3 COVID-19 patients in France. Dots indicate patients. Dotted horizontal 
lines indicate ELISA cutoff values. COVID-19, coronavirus disease 2019; N, nucleocapsid; OD, optical density; PRNT50, 50% plaque 
reduction neutralization test; RBD, receptor-binding domain; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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were collected 4–56 days after onset of disease onset 
(Figure 5). All 9 COVID-19 patients were previously 
confirmed to seroconvert at days 6–15 after onset of 
disease by use of a recombinant immunofluorescence 
test and PRNT. A total of 8/9 seroconverted patients 
showed reactivity above the implemented cutoff 
values in the IgG and IgA ELISA. A serum sample 
from 1 patient (Figure 5, panels A, B) had an antibody 
level slightly below the cutoff value, which might be 
explained by an overall reduced antibody response 
of this patient (PRNT90 = 10). Overall, the IgA-based 
ELISA kit was more sensitive but less specific than 
the IgG-based ELISA kit.

Finally, we compared the performance of differ-
ent ELISAs for detection of antibodies among PCR-
confirmed COVID-19 patients with that of PRNT, 
which is the standard for coronavirus serologic 
analysis (Tables 3, 4). The PRNT50 correlated strong-
ly with different ELISAs; the commercial IgA ELISA 
showed the strongest correlation, followed by the S 
and N ELISA, which indicated their capacity to de-
tect SARS-CoV-2–specific antibodies. However, a 
larger patient cohort is needed to assess the sensi-
tivities of these platforms.

Discussion
Validated SARS-CoV-2 serologic assays are urgently 
needed for contact tracing, epidemiologic and vaccine 
evaluation studies. Because the N and S proteins are 

the main immunogenic coronavirus proteins, we de-
veloped ELISA-based assays that were able to detect 
antibodies to these 2 proteins, and to the 2 S domains, 
S1A, and RBD. Results for these assays correlated 
strongly with results of the PRNT50. Because most hu-
mans have antibodies against the 4 endemic human 
coronaviruses, it was crucial to verify the specificity 
of these assays to avoid false-positive results. In ad-
dition, the 2 zoonotic coronaviruses, SARS-CoV and 
MERS-CoV, are also betacoronaviruses, increasing 
the potential for cross-reactivity. Among the S anti-
gens tested, S1 was more specific than S in detecting 
SARS-CoV-2 antibodies, as MERS-CoV S cross-re-
active antibodies were detected in serum of 1 of the 
COVID-19 patients, which was not seen when MERS-
CoV S1 was used for testing. This finding could be 
explained by the high degree of conservation in the 
coronavirus S2 subunit relative to S1 (Table 2). There-
fore, consistent with our earlier findings for serologic 
analysis of MERS-CoV (6), S1 is a specific antigen for 
SARS-CoV-2 diagnostics.

When testing the specificity of S1 or its RBD for 
detecting SARS-CoV-2 antibodies, none of the serum 
samples from the validation cohorts (A–E) showed 
any reactivity, except for serum samples from pa-
tients with SARS-CoV. This finding is not unexpected 
because cross-reactivity resulted from the high degree 
of similarity between S1 and RBD of SARS-CoV and 
SARS-CoV-2 (Table 2). However, SARS-CoV has not 
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Figure 3. Validation of use 
of S1 (A, B), RBD (C), and N 
protein (D) ELISAs for detection 
of SARS-CoV-2–specific 
antibodies infections. Gray 
dots indicate specificity cohorts 
A–C, including healthy blood 
donors (n = 45), non-CoV 
respiratory infections (n = 76), 
and HCoV infections (n = 75); 
blue dots indicate non-SARS-
CoV-2 zoonotic coronavirus 
infections (i.e., MERS-CoV [n 
= 7] and SARS-CoV [n = 2]); 
red dots indicate patients with 
severe COVID-19; and green 
and black dots indicate patients 
with mild COVID-19. Dotted 
horizontal lines indicate ELISA 
cutoff values. CoV, coronavirus; 
COVID-19, coronavirus 
disease 2019; HCoV, human 
coronavirus; MERS-CoV, Middle 
East respiratory syndrome 
coronavirus; N, nucleocapsid; 
OD, optical density; RBD, receptor-binding domain; RFU, relative fluorescence unit; S, spike; SARS-CoV, severe acute respiratory 
syndrome coronavirus; SARS-CoV-2; severe acute respiratory syndrome coronavirus 2.
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Figure 4. Validation of 2 commercial ELISAs for detection of SARS-CoV-2–specific IgG (A, C, E, G) and IgA (B, D, F, H). A, B) Validation of 
the specificity of the 2 ELISA platforms; C, D) kinetics of antibody responses in 3 COVID-19 patients; E, F) cross-reactivity of HCoV-OC43 
serum samples in commercial platforms; G, H) correlation between antibody responses detected by the ELISAs and the plaque reduction 
neutralization assay. Gray dots indicate specificity cohorts A–C, including healthy blood donors (n = 45), non-CoV respiratory infections (n = 
76), and HCoV infections (n = 75); blue dots indicate non-SARS-CoV-2 zoonotic coronavirus infections (i.e., MERS-CoV [n = 7] and SARS-
CoV [n = 2]); red dots indicate patients with severe COVID-19; and green and black dots indicate patients with mild COVID-19.  Dotted 
horizontal lines indicate ELISA cutoff values. CoV, coronavirus; COVID-19, coronavirus disease 2019; HCoV, human coronavirus; MERS-
CoV, Middle East respiratory syndrome coronavirus; N, nucleocapsid; OD, optical density; PRNT50, plaque reduction neutralization assay; 
RBD, receptor-binding domain; RFU, relative fluorescence unit; S, spike; SARS-CoV-2; severe acute respiratory syndrome coronavirus 2.
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circulated in the human population since 2003 (i.e., 
17 years ago), and an earlier study reported waning 
of SARS-CoV–specific antibodies, which made them 
undetectable in 21 (91%) of 23 serum samples tested 
6 years after infection (11). It is therefore unlikely that 
antibodies to this virus are present in the population, 
and thus it is unlikely that false-positives results are 
caused by reactivity of SARS-CoV antibodies.

We used the high degree of similarity between 
the SARS-CoV and SARS-CoV-2 proteins to devel-
op a new in-house N protein ELISA, in which we 

used SARS-CoV N protein (90% similar to SARS-
CoV-2 N protein) as antigen. The N protein ELISA 
could detect SARS-CoV-2–specific antibodies with 
high specificity and sensitivity. Using the 3 dif-
ferent validated ELISAs, we found that antibody 
levels were higher after severe infection than af-
ter mild infections; similar findings have been re-
ported earlier for MERS-CoV (12,13). However, this 
finding needs to be confirmed in a larger cohort of 
patients with various degrees of disease severity, 
and it  highlights the potential need for a sensitive 
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Table 3. Correlations between ODs/OD ratios and PRNT results of 10 serum samples obtained from 3 PCR-confirmed COVID-19 
patients from France and tested in Rotterdam, the Netherlands, 6–27 d after diagnosis* 

Test, virus Correlations 
In-house ELISAs 

 
Euroimmun ELISAs 

S1 N RBD S S1A IgA IgG 
PRNT50, SARS-CoV-2 Spearman  value 0.87 0.94 0.92 0.94 0.93  0.98 0.92 

2-tailed p value 0.0021 0.0002 0.0005 0.0002 0.0003  <0.0001 0.0005 
p value summary <0.01 <0.001 <0.001 <0.001 <0.001  <0.0001 <0.001 

PRNT90, SARS-CoV-2 Spearman  value 0.88 0.88 0.88 0.88 0.88  0.93 0.88 
2-tailed p value 0.0024 0.0024 0.0024 0.0024 0.0024  0.0008 0.002 

p value summary <0.01 <0.01 <0.01 <0.01 <0.01  <0.001 <0.01 
*COVID-19, coronavirus disease 2019; OD, optical density; N, nucleocapsid; PRNT50, 50% plaque reduction neutralization test; PRNT90, 90% plaque 
reduction neutralization test; RBD, receptor-binding domain; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 

 

Figure 5. Sensitivity of 2 
commercial ELISAs for detection 
of SARS-CoV-2 specific IgG (A, 
C, E) and IgA (B, D, F). A, B) 
Kinetics of antibody responses in 9 
COVID-19 patients from Germany; 
C, D) correlation between antibody 
responses detected by the 
ELISAs and the plaque reduction 
neutralization assay; E, F) kits 
were tested for specificity by using 
18 serum samples from patients 
infected with HCoV (4 from patients 
infected with HCoV-229E, 3 from 
patients infected with HCoV-HKU1, 
4 from patients infected with HCoV-
NL63, and 7 from patients infected 
with HCoV-OC43), MERS-CoV 
(n = 3), and SARS-CoV (n = 3). 
Dotted horizontal lines indicate 
ELISA cutoff values. COVID-19, 
coronavirus disease 2019; HCoV, 
human coronavirus; MERS-CoV, 
Middle East respiratory syndrome 
coronavirus; N, nucleocapsid; OD, 
optical density; PRNT50, plaque 
reduction neutralization assay; 
RBD, receptor-binding domain; 
RFU, relative fluorescence unit; S, 
spike; SARS-CoV, severe acute 
respiratory syndrome coronavirus; 
SARS-CoV-2; severe acute 
respiratory syndrome coronavirus 2.
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assay to avoid missing persons who have milder in-
fections in epidemiologic studies.

In addition, IgG seroconversion can be reliably 
confirmed in the second week after disease onset. 
However, because of the limited number of longitu-
dinal serum samples from COVID-19 patients tested 
by the in-house assays, it was difficult to accurately 
assess time for seroconversion. For this assessment, a 
larger number of longitudinal samples is needed. In 
the 3 in-house ELISAs tested, the RBD and N protein 
ELISAs were more sensitive than S1 ELISA in detect-
ing antibodies in mildly infected patients and showed 
stronger correlations with PRNT50 titers. Therefore, 
detecting antibodies against 2 different antigens 
might be needed to confirm the findings and avoid 
false-negative results in surveillance studies. How-
ever, the sensitivities of the assays need to be further 
validated with a larger cohort.

We validated β-versions of IgA and S1 IgG com-
mercial ELISAs in 2 different laboratories. The IgA-
based ELISA showed higher sensitivity than the 
IgG-based ELISA, whereas the IgG ELISA showed 
higher specificity than the IgA ELISA. The IgA and 
IgG assays can be used for serologic diagnosis, IgG 
is longer lived (14) and thus is preferred for sero-
surveillance studies. We observed some cross-reac-
tivity in both ELISAs with serum samples from the 
same 2 HCoV-OC43 patients in which these samples 
showed cross-reactivity in a MERS-CoV S1 IgG ELI-
SA (6) despite the different antigen used. This find-
ing indicates a response to another protein that could 
be in the blocking or coating matrix, apart from the 
specific antigen coated, resulting in this consistent 
false-positive result.

Overall, the assays developed and validated in 
this study could be instrumental for patient contact 
tracing, serosurveillance studies, and vaccine evalu-
ation studies. However, because various studies will 
be conducted in different laboratories, it is crucial to 
calibrate and standardize assays developed by dif-
ferent laboratories by using well-defined standard 
references as part of diagnostic assay validation. This 

standardization is not only needed to reduce interas-
say variability, but to also correlate results obtained 
from different laboratories that use various assays 
(15). This correlation is crucial for better comparison 
and interpretation of results from different studies; 
evaluating vaccine trials; enabling uniform assess-
ment of immunogenicity, efficacy; and better un-
derstanding of correlates of immune protection (16). 
Thus, setting up reference panels is a vital element 
in our preparedness approaches to emerging viruses.
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Respiratory syncytial virus (RSV) is the common-
est cause of acute lower respiratory tract infection 

in children <5 years of age worldwide, causing an es-
timated 33 million cases, 3 million hospitalizations, 
and 60,000 deaths annually (1). In young children and 
infants, RSV infections can cause bronchiolitis and 
pneumonia requiring hospitalization. In the United 
States, RSV accounts for 40% of respiratory hospital-
izations in all age groups (2); children <5 years of age 

account for two thirds of this burden. Similarly, in the 
United Kingdom, RSV accounts for 28% of hospital-
izations for lower respiratory tract infection in chil-
dren <5 years of age (3).

Several RSV vaccines are in development. Poten-
tial immunization strategies include vaccination of 
children, pregnant mothers, and older adults. Assess-
ing the potential impact and cost-effectiveness of fu-
ture vaccination strategies relies on robust estimates 
of RSV-related health burden and cost, to inform na-
tional procurement and prioritization decisions. We 
present estimates of RSV-related primary care con-
sultations, hospitalizations, and associated healthcare 
costs among children <30 months of age in Singapore.

Methods

Study Setting
Singapore, a high-income tropical country, has year-
round RSV circulation. Compared with the distinct 
winter seasonal peaks in temperate settings, the RSV 
season is longer, peaking in May–September (4–6). 
Hospitalization costs in Singapore are borne by a 
mix of public and private insurance, out-of-pocket 
financing, and means-tested subsidies for lower-in-
come patients. KK Women’s and Children’s Hospi-
tal (KKH) is the largest specialist women’s and chil-
dren’s hospital in Singapore. All children admitted 
to KKH with respiratory symptoms, regardless of 
clinical severity, are tested by nasopharyngeal swab 
sampling for a panel of respiratory viruses using di-
rect immunofluorescence antibody (DFA). Primary 
care is available through public polyclinics, private 
general practices, and pediatric clinics. Polyclinics 
are subsidized, and patients contribute a co-pay-
ment; consultations in private practices are paid out 
of pocket or through individual insurance. Approxi-
mately 80% of primary care consultations occur in 
the private sector (7).
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Respiratory syncytial virus (RSV) is the most common 
cause of pediatric acute lower respiratory tract infection 
worldwide. Detailed data on the health and economic bur-
den of RSV disease are lacking from tropical settings with 
year-round RSV transmission. We developed a statistical 
and economic model to estimate the annual incidence 
and healthcare cost of medically attended RSV disease 
among young children in Singapore, using Monte Carlo 
simulation to account for uncertainty in model param-
eters. RSV accounted for 708 hospitalizations in children 
<6 months of age (33.5/1,000 child-years) and 1,096 in 
children 6–29 months of age (13.2/1,000 child-years). The 
cost of hospitalization was SGD 5.7 million (US $4.3 mil-
lion) at 2014 prices; patients bore 60% of the cost. RSV-
associated disease burden in tropical settings in Asia is 
high and comparable to other settings. Further work incor-
porating efficacy data from ongoing vaccine trials will help 
to determine the potential cost-effectiveness of different 
vaccination strategies.
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Approach
We used data on primary care consultations for acute 
respiratory illness (ARI) and hospital admissions for 
bronchiolitis and pneumonia in children <30 months 
of age, together with data on laboratory testing for 
RSV and healthcare bill sizes, to estimate incidence 
of medically attended RSV and associated healthcare 
costs from a societal perspective. We used Monte Car-
lo simulations to estimate numbers of primary care 
consultations and numbers of hospitalizations for 
bronchiolitis, pneumonia without complications, and 
pneumonia with complications. We developed 2 cost 
models: the full-cost model estimated the total cost of 
RSV-related healthcare, whereas the subsidized cost 
estimated the share of healthcare costs paid by pa-
tients after accounting for public subsidies.

Data Sources

Bronchiolitis and Pneumonia Admissions
We obtained data on bronchiolitis and pneumonia 
hospitalizations in children <72 months of age dur-
ing 2005–2014 from electronic inpatient admission re-
cords at KKH. We selected all admissions with diag-
nostic codes for pneumonia and bronchiolitis in any 
diagnostic field (International Classification of Dis-
eases, 9th Revision [ICD-9], codes 480–486 and 466, 
or ICD, 10th Revision [ICD-10], codes J12–18 and J21). 
We excluded records for which a pathogen other than 
RSV was mentioned as the cause of bronchiolitis or 
pneumonia in the medical code description.

RSV and Influenza Positive Identifications
We extracted data on positive identifications of RSV 
and influenza at KKH from laboratory diagnostic re-
cords for children <30 months of age for the period 
2005–2014. Viral infections were detected using DFA 
for influenza A and B viruses, RSV, adenovirus, para-
influenza viruses 1–3, and human metapneumovirus 
(D3 Double Duet DFA Respiratory Virus Screening 
and ID Kit; Diagnostic Hybrids; Quidel Corporation, 
https://www.quidel.com). The positive and nega-
tive percent agreements of virus detection by this test 
against a predicate test are 100%.

Rotavirus Positive Identifications
We used rotavirus as a negative control, to rule out 
spurious associations related to secular changes in re-
cording of diagnoses or laboratory investigations. We 
extracted all positive identifications of rotavirus in 
children <30 months of age hospitalized for gastroen-
teritis during 2005–2014. Rotavirus detection in stool 
samples was done via an immunochromatographic 

assay (Simple Rotavirus/Stick Rotavirus; Operon, 
https://operon.es).

Public Primary Care Consultations
We obtained data on polyclinic consultations for ARI 
among children <5 years of age in 2014 from the Min-
istry of Health; the National Public Health Laboratory 
additionally tests for a range of respiratory patho-
gens in a subset of primary care ARI samples. We 
obtained data on the proportion of samples, by age 
group, in which RSV was detected as the sole patho-
gen as determined by a commercial multiplex assay 
(Seegene Allplex Respiratory Panel; Seegene Inc.,  
http://www.seegene.com).

Costs of Hospitalization and Primary Care Consultation
Singapore Ministry of Health (MOH) standardized 
unit costs of hospitalization by condition, health-
care institution, and ward class, together with av-
erage length of stay (LOS), are published annually 
(8). Wards are categorized into 5 classes, A, B1, B2+, 
B2, and C, with A being unsubsidized and C being 
the most highly subsidized. We obtained published 
costs of an admission to KKH for bronchiolitis, pneu-
monia, and pneumonia with complications from 
the MOH website for the 5 different ward classes 
(Appendix Table 5, https://wwwnc.cdc.gov/EID/
article/26/7/19-0539-App1.pdf). We determined 
the cost of a primary care consultation on the ba-
sis of the average cost of a polyclinic visit, which 
we obtained from the respective providers (9,10)  
(Appendix Table 4).

Data Analysis

Proportion of Bronchiolitis and Pneumonia Admissions  
Attributed to RSV
We estimated the proportion of RSV-related bron-
chiolitis and pneumonia admissions using a sea-
sonal regression method (11,12). We used a nega-
tive binomial model with an identity link to model 
weekly counts of bronchiolitis and pneumonia 
admissions against weekly counts of RSV-positive 
identifications for the years 2005–2013. We included 
an intercept term to account for admissions not ex-
plained by RSV. We fitted separate models for chil-
dren <6 months of age and children 6–30 months 
of age. We used the model coefficients to predict 
the proportion of bronchiolitis and pneumonia ad-
missions in 2014 attributable to RSV. We tested the 
model’s validity by comparing the model-predict-
ed and observed values for 2014 and calculating the 
correlation coefficient (ρ), root mean squared error 
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(RMSE), and mean absolute error (MAE) (Appen-
dix Figure 1). In a sensitivity analysis, we ran ad-
ditional regressions individually, adjusting for the 
following: linear and quadratic trend terms, weekly 
influenza positive identifications, weekly rotavirus 
positive identifications, and weekly gastrointesti-
nal admissions (Appendix).

Percentage of Admissions for Pneumonia
Of admissions for bronchiolitis and pneumonia, the 
percentage specifically for pneumonia-related codes 
increased with age, which has implications for the 
cost of treatment; pneumonia incurs higher treatment 
costs. We used a logistic regression model with natu-
ral cubic splines of age and internal knots at 9-month 
age intervals to predict the age-specific proportion of 
pneumonia-related admissions in 2014.

LOS and Pneumonia with Complications
We modeled LOS in 2005–2013 by fitting an exponen-
tial regression to the percentage distribution of LOS 
separately for bronchiolitis and pneumonia admis-
sions (Appendix Figure 4). We used the model coef-
ficients to predict the LOS distribution for 2014.

We defined pneumonia with complications as 
pneumonia with LOS >5 days, assuming that pneu-
monia with complications results in longer hospital-
ization. Approximately 8% of admissions for bronchi-
olitis and pneumonia had a LOS >5 days, matching 
the percentage of admissions categorized as pneumo-
nia with complications in MOH billing data.

Burden and Cost of RSV Hospitalization
We developed a model to estimate the annual number 
of hospitalizations for bronchiolitis, pneumonia, and 
pneumonia with complications and their associated 
cost, estimated separately for children <6 months and 
6–29 months of age (Appendix). In the model, num-
ber of RSV-positive identifications in KKH in 2014 for 
each age group are inputs. We used the coefficients 
from the 3 regressions to estimate the overall number 
of bronchiolitis and pneumonia admissions attrib-
utable to RSV; the number of admissions that were 
bronchiolitis versus pneumonia by patient’s age in 
months; the number of admissions for pneumonia 
with complications, based on the predefined cutoff 
for LOS; and the total number of days of hospitaliza-
tion for bronchiolitis, pneumonia, and pneumonia 
with complications. We extrapolated hospitalization 
estimates to the whole of Singapore by applying in-
flation factors to account for the proportion of hos-
pitalizations occurring in other hospitals (Appendix  
Equations 4.1–4.3).

To estimate the full hospitalization costs, we ap-
plied the average daily bill size in a class A (unsub-
sidized) ward to the total hospitalization days for 
bronchiolitis, pneumonia, and pneumonia with com-
plications (Appendix Equation 5). To estimate the 
subsidized cost (the cost borne by patients), we ap-
plied the average daily bill size for each ward class to 
the number of hospitalization days spent by patients 
in each type of ward (Appendix Equation 6). We esti-
mated costs separately for bronchiolitis, pneumonia, 
and pneumonia with complications.

Burden and Cost of RSV Primary Care Consultations
Because fine age stratification of primary care consul-
tations was not available, we used the age distribu-
tion of RSV-positive identifications from KKH to infer 
the number of polyclinic consultations in children <6 
months and 6–29 months of age (Appendix Equation 
7). To estimate the number of consultations occurring 
in the private sector, we used the ratio of pediatric 
consultations (for children <5 years of age) in poly-
clinics versus private GPs, published in the 2014 Pri-
mary Care Survey (7). We estimated the proportion of 
respiratory consultations due to RSV using National 
Public Health Laboratory ARI testing data, in which 
8% of ARI samples from children <5 years had RSV 
as the sole identified pathogen. We estimated the full 
cost of primary care consultations for RSV by apply-
ing the cost of an unsubsidized polyclinic consulta-
tion to the estimated number of consultations. To 
estimate the subsidized cost, we applied the cost of 
a pediatric polyclinic consultation to the subset of 
consultations occurring in government polyclinics  
(Appendix Equations 8.1–8.2).

Monte Carlo Simulation
To account for uncertainty in model parameters, we 
used Monte Carlo methods to sample parameter 
values at random from their assumed distributions. 
We performed 10,000 simulations. For each output 
parameter, we used the median and 2.5th and 97.5th 
percentiles of the sampled distributions as the point 
estimate and corresponding 95% CI.

To assess the influence of our definition of pneu-
monia with complications, we repeated the analy-
ses varying the LOS cutoff used to define pneumo-
nia with complications (+ 1 day). We adjusted costs 
to 2014 prices using the healthcare domain of the 
Consumer Price Index (13). We rounded cumulative 
healthcare costs to the nearest SGD 1,000.

We performed all analyses using Stata version 
12 (Stata Corporation, https://www.stata.com) and 
R version 3.4.1 (14). The SingHealth Centralized  
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Institutional Review Board approved this study (ap-
plication 2017/2223).

Results
During 2005–2013, there were 18,323 bronchiolitis 
and pneumonia admissions in children <30 months 
of age at KKH, an average of 39 weekly admissions, 
and 7,691 RSV-positive identifications, a weekly aver-
age of 16. There was substantial temporal agreement 
between the two time-series, with a marked peak in 
RSV identifications in May–September in most years 
(Figure 1). Model validation showed high correlation 
between model-predicted and observed bronchiolitis 
admissions for 2014 (ρ = 0.88 for children <6 months 
of age; ρ = 0.81 for children 6–29 months of age)  
(Appendix Table 1).

Hospitalizations Attributable to RSV
The negative binomial model with an intercept and 
a linear term for weekly RSV-positive identifications 
provided the best fit to the data. From this model, 
RSV accounted for 47.0% (95% CI 42.4%–51.5%) of 
bronchiolitis and pneumonia admissions among 
children <6 months of age, and 34.3% (95% CI 25.0%–
33.1%) among children 6–29 months. The estimated 
yearly number of RSV-associated bronchiolitis ad-
missions was 135–340 among children <6 months of 
age and 271–680 among children 6–29 months of age 
(Appendix Table 1).

Adjusting for linear or quadratic trend terms, in-
fluenza positive identifications, rotavirus positive 
identifications, and gastrointestinal admissions result-
ed in small changes to the RSV-attributable percentage. 

However, none of these more complex models provid-
ed a better fit to the data (Appendix Table 2).

Percentage of Pneumonia Hospitalizations by Age
Based on the regression with natural cubic splines, the 
percentage of pneumonia admissions was estimated to 
be 18.6% for children hospitalized in the first month of 
life. This percentage decreased to 5.5% by 4 months of 
age but rose to 74.0% by 29 months of age (Figure 2).

Bronchiolitis and Pneumonia Hospitalization Rates
An estimated 708 (95% CI 664–765) bronchiolitis and 
pneumonia admissions due to RSV occurred in 2014 
among children <6 months of age, a rate of 33.5 hos-
pitalizations/1,000 child-years. For children 6–29 
months, the corresponding number was 1,096 (95% 
CI 998–1,273), or 13.2 hospitalizations/1,000 child-
years (Table 1). Among children <6 months of age, 
the number of admissions was 637 for bronchiolitis, 
54 for pneumonia without complications, and 15 for 
pneumonia with complications. In children aged 6–29 
months, the corresponding numbers were 826 for 
bronchiolitis, 203 for pneumonia without complica-
tions, and 63 for pneumonia with complications.

Primary Care Consultation Rates
The number of estimated primary care consultations 
for RSV among children <6 months of age was 3,600 
(95% CI 3,120–4,130) or 170.5 consultations/1,000 
child-years. The corresponding number of consul-
tations in children 6–29 months was 5,700 (95% CI 
5,010–6,450), for a rate of 68.6 consultations/1,000 
child-years (Table 1).
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Figure 1. Hospital admissions 
for respiratory syncytial virus 
and for bronchiolitis and 
pneumonia over time by age 
group, Singapore, 2005–2013.
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Hospitalization Costs
The annual unsubsidized cost of RSV-associated 
bronchiolitis and pneumonia hospitalizations among 
children <30 months of age was SGD 5.7 million (95% 
CI SGD 5.2 – SGD 6.4 million). Patients bore SGD 
3.6 million (US $2.6 million), or 63%, of the total cost 
(Table 2). Approximately 40% of admissions occurred 
in maximally subsidized class C wards and 30% in 
unsubsidized class A wards (Figure 3).

Among children <6 months of age, average cost 
per bronchiolitis hospitalization was SGD 2,953 (US 
$2,209), rising to SGD 7,944 (US $5,942) for a hos-
pitalization for pneumonia with complications. 
Among children 6–29 months of age, average costs 
were SGD 2,949 (US $2,206) for bronchiolitis and 
SGD 8,300 (US $6,208) for pneumonia with compli-
cations. Varying the definition of pneumonia with 
complications by +1 day from the 5-day cutoff had 
negligible effect on estimates of case counts or over-
all cost (Appendix Figure 5).

Primary Care Costs and Costs per Child
The annual cost of primary care consultations was 
SGD 0.46 million (US $0.34 million), of which 38% was 
incurred for children <6 months of age. The mean cost 
per case was SGD 49 (US $37).

The overall cost of RSV-related hospitalizations 
and primary care consultations was SGD 6.2 million 
(US $4.7 million). This total is equivalent to SGD 60 
annually per birth (US $45), of which SGD 55 repre-
sents hospitalization costs.

Discussion
RSV causes substantial pediatric health and economic 
burden in Singapore, accounting for 33.5 hospitaliza-
tions/1,000 child-years among children <6 months 
of age and 13.2 hospitalizations/1,000 child-years in 
children 6–29 months of age. The annual healthcare 
cost attributable to RSV is SGD 6.2 million (US $4.7 
million), or SGD 60 (US $45) per birth, the bulk of 
which is for acute hospital care. Our findings help to 
address the gap in information to support the cost-
effectiveness evaluations of future RSV vaccination 
strategies in tropical settings.

Shi et al. reported similar estimates on commu-
nity incidence of RSV disease (66/1,000 children) 
and hospitalization (26/1,000 children) for infants <6 
months in high-income countries (1). RSV hospital-
ization rates in children <6 months from 4 East Asia 
and Asia-Pacific studies ranged from 14 hospital-
izations/1,000 children/year in 2 rural provinces in 
Thailand to 42.7/1,000/year in Alice Springs, North-
ern Territory, Australia (1). Homaira et al., using 
linked administrative health data from Australia, es-
timated a hospitalization rate of 26/1,000 children <3 
months (15). RSV hospitalization rates of ≈45/1,000 
children <6 months of age have been reported in Eng-
land and Wales (11) and Denmark (16). Our estimate 
is somewhat lower, at 33/1,000 children. This differ-
ence could reflect differences in estimation methods 
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Figure 2. Proportion of bronchiolitis and pneumonia admissions 
for pneumonia-related codes as contrasted with model predictions 
by age, Singapore, 2005–2013. Gray shading along the curve 
indicates 95% CI. 

 
Table 1. Estimated RSV-associated hospitalizations and primary care consultations, Singapore, 2014 
Age, mo Outcome Total no. cases (95% CI) No. cases/1,000 person-years (95% CI) 
Hospitalizations 
 <6 All diagnoses 708 (664–765) 33.5 (31.4–36.2)  

Bronchiolitis 637 (604–671) 30.2 (28.6–31.8)  
Pneumonia 54 (30–99) 2.6 (1.4–4.7)  

Pneumonia with complications 15 (7–29) 0.7 (0.3–1.4) 
 6–29 All diagnoses 1,096 (994–1,269) 13.2 (12–15.3)  

Bronchiolitis 826 (793–862) 9.9 (9.5–10.4)  
Pneumonia 203 (115–372) 2.4 (1.4–4.5)  

Pneumonia with complications 63 (38–110) 0.8 (0.5–1.3) 
Primary care consultations 
 <6 ARI 3,600 (3,120–4,130) 170.5 (147.8–195.6) 
 6–29 ARI 5,700 (5,010–6,450) 68.6 (60.3–77.6) 
*Estimates are expressed as the medians from 10,000 Monte Carlo simulations. Note that the sum of medians from individual diagnoses does not equal 
the median for all diagnoses combined. ARI, acute respiratory illness; RSV, respiratory syncytial virus. 
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or the lower fertility rates in Singapore, which might 
result in reduced transmission of RSV among very 
young children.

Hospitalization costs are difficult to compare 
because of differences between countries in health-
care financing. In our analysis, the hospitalization 
cost per child was ≈US $41, higher than in Denmark 
(≈US $25) (16) but lower than in England and Wales 
(≈US $82) (11). In our analysis, two thirds of hos-
pitalization costs were borne by patients through 
personal insurance, Medisave (a national medical 
savings scheme), or out-of-pocket payments. In 
health systems with shared financing, determin-
ing the share of the cost borne by different sectors 
can be relevant for policy decisions. Although the 
healthcare costs of disease are shared by patients, 
insurers, and governments, it is a country’s gov-
ernment that is generally responsible for deci-
sions about vaccine introduction and financing.  
Clarifying how the costs of averted illness af-
fect different parties can help to inform vaccine  
policy decisions.

A limitation of our analysis is a lack of open-
ly available information on how closely hospital 
bill amounts reflect actual treatment costs for RSV 
disease. We used average bill sizes for services 
in public-sector hospitals and polyclinics, which 
are likely to reflect treatment costs more closely 
than do bills for services from private healthcare 
providers, which are likely to include additional 
profit margins. Despite the large burden and cost 
we identified, our figures are likely to be underes-
timates. First, we limited our analysis to children 
<30 months of age because we lacked data on posi-
tive RSV identifications in older children. Second, 

our primary care estimates exclude consultations to  
private pediatricians, which were not included in 
the Primary Care Survey. Third, although we ob-
tained detailed estimates of RSV hospitalization 
costs by ward class, our estimates of bill sizes in 
private hospitals is conservative. Because hospital 
billing data were not available by age group, we es-
timated the proportion of pediatric RSV admissions 
in private hospitals using the distribution of bron-
chiolitis admissions treated in different ward types, 
because bronchiolitis is primarily a pediatric diag-
nosis. We could not apply hospital-specific bill sizes 
because the cost of pneumonia admissions is usu-
ally heavily influenced by adult admissions; there-
fore, we applied KKH bill sizes for (unsubsidized) 
class A wards to all ward types as a proxy for the 
actual cost to providers of hospital care. Finally, we 
did not consider societal costs resulting from time 
taken off work by caretakers or nonhealthcare ex-
penditure resulting from illness.

We did not estimate the fraction of RSV burden 
that occurs in higher-risk groups, such as preterm 
babies or children with underlying conditions, 
which could have implications for subsequent as-
sessment of vaccination strategies. However, the 
overall healthcare cost is unlikely to be affected. 
Although we might have overestimated the burden 
attributable to RSV because of possible concurrent 
infections with other pathogens causally related 
to respiratory illness, we believe this is unlikely. 
We estimated RSV impact on primary care using 
the proportion of ARI samples in which RSV was 
identified as the sole pathogen (≈75% of samples 
in which RSV was detected). In estimating hospi-
talization burden, we used a regression approach 
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Table 2. Cost of RSV-associated hospitalizations and primary care consultations, Singapore, 2014* 
Age, mo Outcome Full cost (95% CI) Subsidized cost (95% CI) 

Hospitalizations 
 <6  All $2,160,000 ($2,002,000–$2,352,000) $1,321,000 ($1,168,000–$1,492,000) 
 Bronchiolitis $1,881,000 ($1,771,000–$1,995,000) $1,127,000 ($1,006,000–$1,250,000) 
 Pneumonia $152,000 ($82,000–$278,000) $106,000 ($53,000–$198,000) 
 Pneumonia with 

complications 
$119,000 ($55,000–$220,000) $80,000 ($25,000–$167,000) 

 6–29  All $3,554,000 ($3,175,000–$4,118,000) $2,236,000 ($1,932,000–$2,651,000) 
 Bronchiolitis $2,436,000 ($2,319,000–$2,563,000) $1,459,000 ($1,328,000–$1,600,000) 
 Pneumonia $573,000 ($321,000–$1,041,000) $401,000 ($217,000–$729,000) 
 Pneumonia with 

complications 
$523,000 ($322,000–$857,000) $358,000 ($191,000–$610,000) 

Primary care consultations 
 <6  Primary care attendances $177,000 ($153,000–$203,000) $118,000 ($102,000–$136,000) 
 6–29  Primary care attendances $280,000 ($246,000–$317,000) $187,000 ($163,000–$213,000) 
Hospitalizations and primary care consultations 
 <6  All $2,337,000 ($2,175,000–$2,530,000) $1,440,000 ($1,285,000–$1,611,000) 
 6–29  All $3,833,000 ($3,454,000–$4,399,000) $2,423,000 ($2,115,000–$2,838,000) 
 <30  All $6,228,000 ($5,734,000–$6,950,000) $3,899,000 ($3,506,000–$4,432,000) 
*Estimates are expressed as the medians from 10,000 Monte Carlo simulations. Note that the sum of medians from individual diagnoses does not equal 
the median for all diagnoses combined. All costs are in Singapore dollars. RSV, respiratory syncytial virus. 
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that accounts for the seasonal correlation between 
hospital admissions and RSV-positive tests. To sub-
stantially affect our estimates, much of this season-
al variability would need to result from infections 
with other pathogens sharing similar seasonal pat-
terns, but that is highly unlikely. Influenza showed 
very little correlation with bronchiolitis and pneu-
monia hospitalization data, whereas pneumococcal 
disease, also important in this age group, accounts 
for only a modest number of hospitalizations in 
Singapore (≈150 annually).

Strengths of our analysis include the availabil-
ity of a long time-series of RSV-positive identifica-
tions based on routine, systematic diagnostic testing 
of pediatric respiratory admissions, and on patient-
level data for diagnosis and length of hospitaliza-
tion. The average hospitalization cost was US $2,200 
for bronchiolitis and $6,000 for pneumonia. Studies 
of RSV-associated healthcare costs in similar Asia 
settings are lacking; Sruamsiri et al. estimated the 

average cost of RSV-associated hospitalization in 
Japan at US $3,300 (17) and Homaira et al. in Aus-
tralia at US $4,500 (15). Of note, we estimated the 
cost borne by patients and the health sector; in hy-
brid public–private healthcare financing systems, 
future vaccination policy options may be better 
informed by understanding how avoidable costs 
affect different sectors of society. Our results indi-
cate that patients bear >60% of hospitalization costs 
either through health insurance schemes or out-of- 
pocket payments.

Our findings add to the increasing body of data 
on the burden of RSV in infants and young children 
in both high- and low-income settings, and point to 
the need and potential for RSV vaccines to reduce 
neonatal disease burden. As evidence for the effi-
cacy of new RSV vaccines emerges from ongoing tri-
als, these data will provide a much-needed baseline 
against which to measure the cost effectiveness of 
different vaccination strategies.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1495

Figure 3. Estimated annual RSV-associated hospital admissions and costs for children <5 months of age (A–C) and children 6–29 
months (D–F), Singapore, 2005–2013. Panels show estimated annual RSV-associated hospital admissions (panels A, D), total 
hospitalization costs by diagnosis (B, E), and full vs. subsidized costs (C, F). For panels C and F, shading indicates, from lightest to 
darkest: bronchiolitis, pneumonia without complications, pneumonia with complications. Point estimates and error bars representing 
medians and central 95% CI distributions were generated from 10,000 Monte Carlo simulations. B, bronchiolitis; P, pneumonia; PC, 
pneumonia with complications; RSV, respiratory syncytial virus; SGD, Singapore dollars.
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Acute respiratory diseases (ARD) are caused by 
numerous viral pathogens, including several hu-

man adenovirus (HAdV) types. Respiratory HAdV 
infections range from mild to severe and are fatal 
in some cases. HAdV-associated respiratory disease 
has threatened military readiness, and an increasing 
number of outbreaks and isolated cases documented 
in civilian communities in the United States and other 
countries (1–4) indicate that it is an emerging threat 
to public health. The live oral HAdV type 4 and type 
7 vaccines are highly effective against the 2 dominant 

types causing ARD outbreaks in the military environ-
ment, but they elicit type-specific immunity and are 
restricted to use in the US military (5–7). ARD caused 
by other HAdV types, such as HAdV types 3, 14, and 
21, occurs sporadically in military basic training fa-
cilities (8–10). An increasing number of new HAdV 
types have been described, indicating the potential 
emergence of new HAdV-associated diseases (11–13).

HAdV-55 was initially identified in respiratory 
isolates originating in China during 1965–1981 as 
serotype 11a, a distinct genomic variant of sero-
type 11, by its distinct BamHI digestion profile com-
pared with the HAdV-11 prototype strain Slobitski 
(14). This unique subspecies HAdV-B2 genotype 
was designated HAdV-55 (P14H11F14) in 2013 af-
ter the bioinformatics analysis of complete genome 
sequences revealed that the genome consists of a 
HAdV-14 backbone with a portion of the hexon gene 
from HAdV-11 (15–17). HAdV-55 has reemerged as 
a prevalent ARD pathogen, with endemic circula-
tion reported in China and South Korea since 2006 
(18–21). HAdV-55 whole-genome sequences (WGS) 
available in GenBank are mainly representative of 
strains from China and South Korea, but also in-
clude strains from Argentina, Egypt, and Singapore 
(Table 1) (22–25). More data for HAdV-55 isolates 
from other global locations and years are needed to 
enable a comprehensive investigation of the spec-
trum of intratypic genetic variability, phylogeny, 
and evolution of HAdV-55, and to apply the knowl-
edge to epidemiology and preventive measures. 
We acquired WGSs of 72 HAdV-55 clinical isolates 
from 1969–2018 in 6 countries, and conducted ge-
nomic, proteomic, and phylogenetic analyses to re-
veal unique characteristics of HAdV-55 and identify 
amino acid residue differences between strains.
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Human adenovirus type 55 (HAdV-55) causes acute re-
spiratory disease of variable severity and has become an 
emergent threat in both civilian and military populations. 
HAdV-55 infection is endemic to China and South Korea, 
but data from other regions and time periods are needed for 
comprehensive assessment of HAdV-55 prevalence from 
a global perspective. In this study, we subjected HAdV-55 
isolates from various countries collected during 1969–2018 
to whole-genome sequencing, genomic and proteomic 
comparison, and phylogenetic analyses. The results show 
worldwide distribution of HAdV-55; recent strains share a 
high degree of genomic homogeneity. Distinct strains circu-
lated regionally for several years, suggesting persistent lo-
cal transmission. Several cases of sporadic introduction of 
certain strains to other countries were documented. Among 
the identified amino acid mutations distinguishing HAdV-55 
strains, some have potential impact on essential viral func-
tions and may affect infectivity and transmission.
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Materials and Methods

HAdV-55 Strains, DNA Extraction, Genome Sequencing
The HAdV-55 isolates included in this study were 
acquired from 2 main sources: the archival collection 
of isolates at Lovelace Respiratory Research Institute 
(LRRI), Albuquerque, NM, USA, gathered through 
collaborative surveillance efforts funded by the US De-
partment of Defense’s Global Emerging Infections Sur-
veillance and Response System; and the HAdV-posi-
tive specimen collection of the Naval Health Research 
Center—Operational Infectious Disease (NHRC-OID, 
San Diego, CA, USA), NHRC-OID conducts surveil-
lance of febrile respiratory illness among military 
personnel and their dependents in the Pacific Rim at 
Commander US Fleet Activities Yokosuka, Yokosuka, 
Japan (Table 2). At LRRI, we performed viral isolation 
in A549 cell cultures, purification of HAdV genomic 
DNA, and molecular typing by restriction enzyme 
analysis or by PCR and Sanger sequencing of hexon 
and fiber genes as previously described (8,16). At Wal-
ter Reed Army Institute of Research (Silver Spring, 
MD, USA), viral DNA samples received from LRRI 
were subjected to next-generation sequencing (NGS) 
fragment library preparation using QIAseq FX DNA 
Library Kit (QIAGEN, https://www.qiagen.com), 
followed by sequencing by using MiSeq Reagent Kit 

version 3 (600-cycle) and MiSeq sequencer (Illumina, 
https://www.illumina.com) (26). At the Pacific Rim 
Surveillance Hub (PRSH) of NHRC-OID, respiratory 
samples collected from persons meeting case defini-
tion for febrile respiratory illness were tested on the 
FilmArray Respiratory Pathogen Panel (Biofire Di-
agnostics, https://www.biofiredx.com), a multiplex 
panel consisting of 21 respiratory viral and bacterial 
pathogens. Adenovirus-positive samples were sub-
mitted to OID from Brian Allgood Army Community 
Hospital (BAACH), Seoul, South Korea. All samples 
from PRSH and BAACH sent to OID underwent fur-
ther characterization that included additional typing 
by PCR amplification and sequencing of hypervari-
able region 7 of the hexon gene HVR7 as previously 
described (27). Clinical samples that failed to sequence 
were reflex-tested on type-specific assays that targeted 
the hexon gene, and were also inoculated in A549 cells 
to attempt viral isolation. We subjected all confirmed 
HAdV isolates to whole-genome NGS using Illumina 
Nextera XT library preparation kit and MiSeq System.

Whole-Genome Sequence Assembly, Annotation,  
and Comparison
We first analyzed NGS data acquired at Walter Reed 
Army Institute of Research with an in-house de novo 
pathogen discovery pipeline to identify possible 
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Table 1. HAdV type 55 strains from other studies used in genomic analysis for study of virus distribution, regional persistence, and 
genetic variability 

HAdV-55 strain Collection year Collection date Country 
GenBank 

accession no. 
Human/EGY/ak37_AdV11a/2001/55[P14H11F14] 2001 May 1 Egypt JX423385 
Human/ARG/ak36_AdV11a/2005/55[P14H11F14] 2005 Jan 1 Argentina JX423384 
SGN1222 2005 May 26 Singapore FJ597732 
QS-DLL 2006 Apr  China FJ643676 
CQ-814 2010 Aug 18 China JX123027 
HAdV-B/CHN/BJ01/2011/55[P14H11F14] 2011 Mar 24 China JX491639 
Shanxi/QZ01/2011  Dec 5 China KJ883522 
CQ-1657  Apr 22 China JX123028 
Shanxi-Y16  UNK China MK123979 
Human/CHN/AQ-1/2012/55[P14/H11/F14] 2012 Apr 18 China KP279748 
HAdV-B55 XZ2012-492  Apr 26 China KC857701 
CQ-2903  Jan 8 China JX123029 
Hebei/BD01/2012  Feb 11 China KP896478 
Hebei/BD6728/2013 2013 Apr 6 China KJ883520 
TJ-2013-90  Jan 14 China KF908851 
TY12  UNK China MK123980 
TY26  UNK China MK123981 
Liaoning/LS01/2013  Feb 25 China KP896483 
Tianjin/TJ01/2013  Jan 15 China KP896484 
Hebei/BD6729/2013  Apr 7 China KJ883521 
JS201501 2015 Nov 12 China KX289874 
100-GD_CHN_2016 2016 Jun  China KY780931 
73-GD_CHN_2016  Jun  China KY780933 
60-GD-2016  Jun 30 China KY070248 
Yunnan/KM04/2016  Jun 8 China KY002685 
AFMC 16-0011 2016 Feb 23 South Korea KX494979 
267 2018 Jun  China (Guangzhou) MK123978 
*HAdV, human adenovirus; UNK, unknown. 
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mix of viruses (28). We assembled full genome se-
quences using NGS_Mapper (https://github.com/ 
UDBWRAIR/ngs_mapper) an in-house reference 
mapping pipeline built on BWA-MEM assembler (H. 
Li, unpub. data, https://arxiv.org/abs/1303.3997v2). 
We used Geneious R10 (Biomatters Ltd., https://
www.geneious.com) and Integrative Genomics 
Viewer (IGV) software (Broad Institute, https://igv.
org) for manual curation of the assembly, sequence 
alignment, annotation of genes, etc. We used the com-
plete genome sequence of HAdV-55 strain QS-DLL/
China/2006 (GenBank accession no. FJ643676) (29,30) 
as reference in reference mapping, annotation, and se-
quence comparison. We analyzed NGS data acquired 
at NHRC using the EDGE (Empowering the Develop-
ment of Genomics Expertise) Bioinformatics Platform 
(https://edge.readthedocs.io) (31) and Lasergene 
software suite (DNASTAR, Inc., https://www.dna-
star.com), and performed sequence alignment using 
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Phylogenetic and Proteomic Analysis
We used MAFFT and MEGA7 (32) to align HAdV-
55 genomic sequences. We determined general time 
reversible gamma-distributed invariant models of 
evolution using jModelTest2 (https://github.com/
ddarriba/jmodeltest2), and inferred a maximum  

likelihood phylogenetic tree using PhyML in MEGA7 
(http://www.megasoftware.net), with subtree prun-
ing and regrafting and nearest-neighbor interchange 
tree search and Shimodiara-Hasegawa approximate 
likelihood ratio test for node confidence values.

We input the nucleotide sequence alignment and 
the GenBank feature table for the reference strain 
QS-DLL/China/2006 (FJ643676) into an in-house 
pipeline that annotates the sequences. To aid in vi-
sualization and comparison, we concatenated and 
aligned the annotated protein sequences using MUS-
CLE (http://www.drive5.com/muscle) in Geneious 
R10. We removed redundant identical sequences for 
further analysis. We visualized mismatches with an 
augmented version of the output using Highlighter 
software (https://www.hiv.lanl.gov/content/se-
quence/HIGHLIGHT/highlighter_top.html) (33).

Results
HAdV55 has been detected worldwide for decades 
(Table 1). We obtained complete genome sequences 
for a set of diverse HAdV-55 strains originating in 
6 countries over many years and deposited them in 
GenBank under accession nos. MN654375–MN654395 
(Table 2). The characterized strains include strain 273/
Spain/1969, originally identified as an intermediate 
variant 11/14 and isolated during an outbreak of ARD 
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Table 2. HAdV type 55 strains used for genomic analysis for study of vius distribution, regional persistence, and genetic variability* 

Strain Collection year Collection site Country Source 
GenBank 

accession no. 
HAdV-11/14 strain 273 1969 Military camp Spain LRRI§ MN654395 
CADOH VRDL 76–0669 1976 California USA LRRI MN654394 
CDC 97026382 1997 South Dakota USA LRRI MN654392 
NAMRU3-E3 2000 Alexandria Egypt LRRI MN654380 
NAMRU3-E4 2000 Alexandria Egypt LRRI MN654381 
NAMRU3-E6 2000 Alexandria Egypt LRRI MN654385 
NAMRU3-E66 2002 Alexandria Egypt LRRI MN654382 
NAMRU3-E72 2000 Alexandria Egypt LRRI MN654383 
NAMRU3 2005–909685 2005 Cairo Egypt LRRI MN654390 
NAMRU3 2005–908017 2005 Cairo Egypt LRRI MN654391 
NAMRU3 2007–905716 2007 Cairo Egypt LRRI MN654386 
NAMRU3 2008–905223 2008 Cairo Egypt LRRI MN654384 
NAMRU3 2009–908968 2009 Cairo Egypt LRRI MN654387 
SNG1218 2005 Singapore Singapore LRRI MN654388 
SNG1223 2005 Singapore Singapore LRRI MN654389 
WPAFB24 2009 BAACH† South Korea LRRI MN654379 
WPAFB25 2009 BAACH South Korea LRRI MN654378 
WPAFB48 2009 BAACH South Korea LRRI MN654377 
WPAFB69 2009 BAACH South Korea LRRI MN654375 
WPAFB75 2009 BAACH South Korea LRRI MN654376 
WPAFB415 2012 Misawa AB‡ Japan LRRI MN654393 
NHRC557006 2017 CFA Yokosuka¶ Japan NHRC NA# 
NHRC isolates, n = 50 2017, 2018 BAACH South Korea NHRC NA# 
*An additional 27 full genome sequences from GenBank included in the analysis are listed in the Appendix Table 1. HAdV, human adenovirus. 
†Brian Allgood Army Community Hospital at US Army Garrison Yongsan, Seoul, South Korea. 
‡Misawa Air Base, Misawa, Aomori, Japan. 
§LRRI archival collection of isolates generated through collaborations with NHRC, United States Air Force School of Aerospace Medicine, US Naval 
Medical Research Unit No. 3, US Centers for Disease Control and Prevention, and California Department of Health. 
¶Commander US Fleet Activities Yokosuka, Yokosuka, Japan. 
#Isolates were fully genome sequenced and found to be identical to the South Korea HAdV-55 strains. 
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in the Spanish military (34); it is the earliest available 
HAdV-55 isolate and is therefore considered the pro-
totype strain. In addition, the examined collection in-
cludes 2 strains isolated from civilians in the United 
States, 76-0669/USA/CA/1976 and 97026382/USA/
SD/1997, the strain isolated during a large ARD out-
break in a civilian job training facility in South Dakota 
(35); 10 HAdV-55 strains from 2 major cities in Egypt; 
2 strains from a Singapore military base; 2 HAdV-55 
strains isolated in different locations and years in Ja-
pan; and 50 recent strains from South Korea.

The genome sequences of HAdV-55 strains are 
highly similar, with 132 or fewer nucleotide differ-
ences out of the 34.8 kb genome (i.e., genomic nucle-
otide divergence <0.38% among all the strains). The 
inferred phylogenetic tree of HAdV-55 lineage shows 
the examined strains mostly clustered together by col-
lection country (South Korea, China, Singapore, and 
Egypt), rather than collection year (Figure 1). The re-
sults demonstrate the long-term regional persistence of 
HAdV-55 infection, which appears to span for years. 
The 3 isolates collected in 2005 from Singapore were 
identical to each other and located within the clade of 
Egypt isolates from 2000–2009. We detected <9 nt dif-
ferences among all 14 Egypt and Singapore isolates ex-
amined (12 from this study; 2 from GenBank). The ge-
nome sequences of isolate NHRC557006/Japan/2017 
and all the South Korea isolates from this study and 
in GenBank were found to be identical, except for the 
differences in the length of the noncoding poly(A) or 
poly(T) sequences. A previous isolate, WPAFB415/
Japan/2012, was phylogenetically distinct from isolate 
NHRC557006/Japan/2017 and South Korea strains, 
with proximity with the Egypt strains. Likewise, iso-
lates from South Korea clustered in a monophyletic 
clade located proximate to the clade of China strains. 
Another isolate from China was found outside of the 
Chinese clade and was more related to a strain from 
Argentina. Nevertheless, we show a highly localized 
persistence of HAdV-55. GenBank had 1 available ge-
nome sequence for an HAdV-55 strain from Argentina, 
ak36_AdV11a/ARG/2005 (accession no. JX423384); 
however, Kajon et al. (16) performed thorough re-
striction enzyme analysis characterization and com-
pared hexon and fiber gene sequences for 7 Argentina 
HAdV-55 isolates collected in 2000–2005. Their results 
suggest these are isolates of a single strain. Of interest, 
we found the virtual restriction profiles with BamHI, 
BclI, BglII, BstEII, HindIII, HpaI, PstI, SmaI, and XbaI 
derived from genome sequence JX423384 to be 100% 
identical to the patterns reported for HAdV-55 strains 
by Kajon et al., suggesting a single strain was respon-
sible for multiple ARD cases in Argentina.

We compared amino acid sequences of all open 
reading frames (ORF) among HAdV-55 strains (Figure 
2; Appendix Table, https://wwwnc.cdc.gov/EID/
article/26/7/19-1707-App1.xlsx) and found very 
few amino acid differences. Out of 10,925 aa in the 
annotated 37 proteins, only 2–15 aa residues in each 
strain are different from consensus protein sequences 
(amino acid variation <0.14%) among the HAdV-55 
strains. No single annotated protein had >2 amino 
acid differences compared with the consensus except 
BJ01/CHN/2011 (GenBank accession no. JX491639), 
which had 6 amino acid substitutions in the 246 aa L3 
pVI 26.6 kDa protein and 3 amino acid mutations in 
the 812 aa L4 100K protein (Appendix Table). Seven 
proteins, L2 pVII 21.3 kDa protein, L3 pVI 26.6 kDa 
protein, L3 23K 23.7 kDa protein, E2A 58.3 kDa DNA 
binding protein, L4 pVIII 25 kDa protein, E4 ORF3 
13.6 kDa protein, and E4 ORF2 14.3 kDa protein, were 
identical among all the examined strains. 

Our analyses showed that hexon, fiber, and pen-
ton base proteins do not have more amino acid residue 
changes when compared with other proteins (Figure 
2). We detected a few insertions and deletions in in-
tergenic untranslated regions in several genomes. The 
strain USA/1976 has 2 deletions (of 3 aa each) in the 
coding sequences for L4 100K/91 kDa protein and L4 
22K/21.6 kDa protein (Appendix Table). It is remark-
able that there were no amino acid differences among 
South Korea isolates from 2009–2018. Despite the very 
few amino acid substitutions, most residue changes re-
sulted in amino acids of different chemical structures, 
which may potentially affect protein functionality 
(Appendix Table). Several amino acid mutations were 
strain-specific and not seen in other strains or other re-
lated HAdV types. One specific example is that the P18S 
mutation in the terminal protein precursor (pTP) was 
only found in the South Korea strain. This position was 
highly conserved (a proline) in all other examined ad-
enoviruses including HAdVs of species B and related 
simian or gorilla adenoviruses (GenBank accession nos. 
AP_000267, AP_000305, YP_006272955, ADQ38372). 
The strain BJ01/CHN/2011 was phylogenetically more 
closely related to the South Korea strain and had the 
same pTP sequence with the P18S mutation.

We obtained a total of 51 HAdV-55 isolates, 50 
recovered from US military active duty personnel in 
South Korea and 1 from a US military dependent in 
Japan, through PRSH efforts. Whole-genome sequenc-
ing and sequence data analysis confirmed all strains to 
be identical to the South Korea strain in full agreement 
with the recent reports on HAdV-55 circulation in 
South Korea and the high number of ARD cases docu-
mented among the South Korea military (18,36).
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Discussion
Recent reports describing large numbers of HAdV-
55-associated ARD cases in both China and South 
Korea, including outbreaks and some deaths in both 
civilian and military communities, have raised con-
cerns about the possibility of global transmission 
events, similar to those described for severe acute re-
spiratory syndrome or Middle East respiratory syn-
drome (21,37–43). Outbreaks and isolated cases of 
HAdV-55-associated ARD have been reported in the 
literature in other countries, such as Turkey (44), Is-
rael (45), and France (46) since 2005. Possible reasons 
for underdetection and underreporting of HAdV-55 
are its recent designation in 2013 as a discrete adeno-
virus type, following its recognition as an intertypic 

recombinant (P14H11F14) (17), and probably also 
molecular typing practices based solely on partial se-
quencing of the hexon gene. Molecular diagnosis of 
HAdV-55 and other intertypic recombinant HAdV 
genotypes requires a PCR-based assay targeting >2 
regions of the genome, the penton base and hexon 
or the hexon and fiber genes; such assays would 
greatly improve molecular surveillance practices. 
The prototype strain, 273/Spain/1969, was detected 
in association with a severe ARD outbreak involving 
military recruits in Spain and reported as a serologi-
cally intermediate variant 11/14 (34). The US strain 
97026382/South Dakota/1997, originally reported as 
HAdV-11 (35) and subsequently described as genome 
type 11a (16), caused a large ARD outbreak in a job 
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Figure 1. Phylogeny of HAdV-55 based on whole-genome sequences for study of virus distribution, regional persistence, and genetic 
variability. The phylogenetic tree was generated using the maximum-likelihood method with subtree pruning and regrafting and nearest-
neighbor interchange tree search and the Shimodiara-Hasegawa approximate likelihood ratio test for node confidence values. Node 
confidence values were estimated using approximate likelihood ratio test and the tree was rooted on a HAdV-14 clade as an outgroup (not 
shown). GenBank accession numbers for isolates are provided. Scale bar indicates node confidence value. HAdV, human adenovirus.



RESEARCH

training center. It is notable that the circulation of 
these viruses was not detected or reported in Europe 
or North America in the years following the detec-
tion of either the prototype or US strain. On the other 
hand, the long persistence of HAdV-55 in China and 
South Korea suggests continuous transmission and 
endemicity. If strains circulating in China or South 
Korea can cause repeated outbreaks, that indicates 
an important change in the epidemiologic pattern of 
HAdV-55 infection: from sporadic epidemic outbreak 
to persistent endemicity. The identification of factors 
that affect HAdV-55 transmission, from novel func-
tional changes in the viruses to social or environmen-
tal changes, warrants further investigation.

Our study and others have shown that recent 
HAdV-55 genomes share a nucleotide identity >99.7% 
(22,23,29). The nucleotide variations are located all 
over the genome and are not concentrated in any par-
ticular genomic regions. We noted amino acid sub-
stitutions on proteins essential for viral replication,  

such as L4 100K, which may affect virus growth 
phenotype, antigenicity, infectivity, or virulence. 
Terminal protein precursor (pTP) and its protease-
processed derivatives, intermediate terminal protein 
(iTP) and mature terminal protein (TP), play crucial 
and complex roles in adenovirus genome replication 
and virus maturation. The mutation P18S is unique 
to South Korea strains and located in a conserved 
region of pTP. Because the structure of pTP protein 
of adenovirus has not been resolved, it is unknown 
whether the P to S mutation will affect pTP structure 
and consequently change protease cleavage pattern 
of pTP, DNA replication, and genome packaging. 
Earlier work by Hay et al. (47,48) demonstrated that 
point mutations and deletions generated on pTP af-
fect DNA replication activity in vitro. Flint et al. (49) 
showed that G315V substitution in pTP of HAdV-5 
impaired pTP maturation leading to reduced infec-
tivity. The remaining genomic changes of HAdV-55  
appear to be largely trivial and not likely responsible 
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Figure 2. Protein sequence variations among human adenovirus type 55 strains for study of virus distribution, regional persistence, 
and genetic variability. Protein sequences were concatenated and aligned. Amino acid differences compared with the consensus were 
visualized with Highlighter software (https://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html). Redundant sequences 
are not shown. The locations of proteins and variant amino acid residues are shown at top. GenBank accession numbers for isolates 
are provided. Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartate; Cys, cysteine; Gln, glutamine; Glu, glutamate; Gly, glycine; 
His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine, Pro, proline; Ser, serine; Thr, threonine; Trp, 
tryptophan; Tyr, tyrosine; Val, valine.
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for the increased incidence of outbreaks and disease 
severity. Further investigation and comparison of 
these strains on virology, molecular biology, and bio-
chemistry perspectives will provide solid evidence to 
clarify whether some of the current strains are more 
infectious or virulent and therefore pose higher risks 
to human health. Detailed molecular epidemiology 
study, such as reported by Jing et al. on household 
HAdV-55 transmission (50), is warranted to enhance 
etiologic understanding of HAdV-55–caused ARD for 
accurate and timely diagnosis and disease prevention.

The United States has the highest number of do-
mestic and international trade and travel visits in the 
world and is therefore highly susceptible to impor-
tation and dispersion of incoming pathogens such 
as HAdV-55. Indeed, isolated HAdV-55 cases and at 
least one outbreak have occurred in the United States 
with no clear identification of the source. Of interest, 
as suggested by the results of our phylogenetic analy-
sis, the 2 US strains were not apparently related to 
each other. Therefore, implementation of enhanced 
surveillance, including typing of clinically relevant 
HAdV strains, is needed, along with proper design 
of countermeasures such as rapid diagnostics, treat-
ments, and novel vaccines.

A limitation of this study is the lack of detailed 
clinical data and travel history. More information 
is needed for accurate risk assessment of disease 
transmission. It is unclear whether NHRC557006/
Japan/2017 was introduced from South Korea by 
travel, or whether a cryptic circulation of the South 
Korea strain in Japan has yet to be detected. Similar-
ly, without reports on additional HAdV-55 cases in 
Japan, it remains unknown which HAdV-55 strain, 
the South Korea strain, WPAFB415/Japan/2012, or 
other unknown strains, are circulating in Japan. A 
large number of HAdV-55-associated ARD cases 
were detected in both South Korea military person-
nel and US military personnel stationed in South Ko-
rea. Determining whether infected persons trained 
together or participated in same military events, 
how long and how often they were in close con-
tact, the timeline of infection, and whether ARD 
outbreaks during an extended training period were 
underreported is important. It is worth noting that 
US active duty military in South Korea were vacci-
nated against HAdV-4 and HAdV-7, which suggests 
that the HAdV-4 and HAdV-7 vaccine formulation 
does not confer adequate protection against HAdV-
55. Our ongoing and planned studies on HAdV-55–
specific serologic surveys before, during, and after 
military deployment, as well as local serologic sur-
veys in South Korea and Japan, will contribute to 

comprehensive understanding of HAdV-55 preva-
lence and enable data-driven decisions on the neces-
sity of enhanced surveillance and development of  
effective prophylaxes.
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On December 31, 2019, China reported 27 cases 
of an unidentified viral pneumonia outbreak in 

Wuhan, Hubei Province, to the World Health Organi-
zation (WHO; 1). During the 2003 outbreak of severe 
acute respiratory syndrome (SARS), Taiwan experi-
enced 346 cases and 37 deaths (2). Considering >8,000 
cases of SARS occurred globally in 2003 and the out-
break claimed 774 lives worldwide, the Taiwan gov-
ernment was particularly cautious about the emerging 
infectious disease in nearby China in 2019. Taiwan’s 
proximity to China and the frequency of travelers  
between the 2 countries created concern the virus 

could spread. Because millions of Taiwan citizens liv-
ing and studying in China were expected to return 
home for the January 11 presidential election and 
impending Lunar New Year holiday and Taiwan is a 
favorite destination for tourists from China (3), inten-
sified public anxiety warranted heightened disease 
prevention measures.

Informed by lessons from the 2003 SARS out-
break, Taiwan had systems in place to fight the poten-
tial new epidemic. The country has a robust nation-
wide public health network, comprehensive universal 
healthcare for all citizens, vibrant medical research 
and pharmaceutical industries, and improved infec-
tion control practices. We delineate and analyze the 
critical policy decisions and cross-departmental col-
laborations in the Taiwan government and Taiwan 
Centers for Disease Control (Taiwan CDC) during the 
first 50 days of the COVID-19 epidemic. Of note, the 
centralized, real-time database of the country’s Na-
tional Health Insurance (NHI) helped support disease 
surveillance and case detection. Taiwan CDC’s com-
prehensive response and innovative use of the NHI 
database effectively delayed and contained commu-
nity transmission in the country, even as the number 
of confirmed cases surged in neighboring countries in 
Asia starting in mid-February.

Devising and Updating Travel and Disease  
Control Policies
While most of the world was preparing for the 2020 
New Year, Taiwan CDC began health screening of pas-
sengers on flights arriving from Wuhan. Within a week, 
the government assembled a cross-departmental task-
force and an expert team of leaders in infectious dis-
eases, public health, and laboratory sciences. The gov-
ernment raised the travel advisory to Wuhan to level 
I–watch and alerted the healthcare community to report 
to Taiwan CDC on patients with respiratory symptoms 
and fever or presumptive pneumonia who had recent-
ly traveled to Wuhan. At the same time, the Taiwan 
CDC epidemiology laboratory started developing and  
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Because of its proximity to and frequent travelers to and 
from China, Taiwan faces complex challenges in prevent-
ing coronavirus disease (COVID-19). As soon as China 
reported the unidentified outbreak to the World Health 
Organization on December 31, 2019, Taiwan assembled 
a taskforce and began health checks onboard flights 
from Wuhan. Taiwan’s rapid implementation of disease 
prevention measures helped detect and isolate the coun-
try’s first COVID-19 case on January 20, 2020. Labora-
tories in Taiwan developed 4-hour test kits and isolated 2 
strains of the coronavirus before February. Taiwan effec-
tively delayed and contained community transmission by 
leveraging experience from the 2003 severe acute respi-
ratory syndrome outbreak, prevalent public awareness, 
a robust public health network, support from healthcare 
industries, cross-departmental collaborations, and ad-
vanced information technology capacity. We analyze use 
of the National Health Insurance database and critical 
policy decisions made by Taiwan’s government during 
the first 50 days of the COVID-19 outbreak.
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producing test kits adapted from existing diagnostic 
modalities for pneumonia of unknown etiology.

As Taiwan CDC took the lead, public and pri-
vate healthcare providers, local governments, and 
health departments looked to the central government 
for guidance regarding preparedness and response. 
The country quickly updated infection control prac-
tices and strategies established during the 2003 SARS 
epidemic, such as installation of infrared temperature 
checkpoints and border quarantine at airports and 
seaports. Following Taiwan CDC’s outbreak preven-
tion guidelines, hospitals swiftly instituted screening 
booths to monitor the temperature of persons entering 
the facility, offer hand sanitizer, and separate persons 
with fever or related ailments. In addition, Taiwan 
increased stockpiles of personal protective equip-
ment (PPE) for healthcare workers, predesignated 
potential isolation wings and hospitals, and created a 
daily nationwide inventory of available intensive care 
and negative-pressure isolation rooms, including the 
number that could be refitted when needed.

On January 15, 2020, Taiwan CDC classified 
the novel coronavirus as a class-V communicable 
disease, which institutes legal measures, including 
mandated reporting and quarantine. For instance, 
under class-V, healthcare providers are required by 
law to report suspected cases to Taiwan CDC within 
24 hours, and the government can isolate or quaran-
tine persons confirmed or suspected to be infected 
at designated sites. The Wuhan travel advisory was 
elevated to level II–alert the next day and later to  
level III–warning (Figure; Appendix Table, https://
wwwnc.cdc.gov/EID/article/26/7/20-0574-App1.
pdf). Reporting criteria were broadened to include 
persons showing symptoms who had not traveled 
to China recently but had close contact with persons 
who had confirmed or suspected cases. In addition, 
specimen testing parameters were expanded. On 
January 20, Taiwan activated its Central Epidemic 
Command Center (CECC), which is equivalent to an 
Emergency Operations Center in the United States.

Border Quarantine
Border quarantine procedures are managed by staff 
from regional offices of Taiwan CDC stationed at air-
ports and seaports. Staff screen all incoming passen-
gers by using no-touch, video-recordable infrared ther-
mometers, which were installed during the 2003 SARS 
outbreak. Staff also monitor passengers for specific 
symptoms, provide timely health education, and con-
duct health evaluations, including sample collection or 
testing, as needed. In addition, staff report suspected 
cases to the centralized database of Taiwan CDC and 

to local health departments for follow-up monitoring 
or care and refer or transport symptomatic persons to 
hospitals according to infectious disease regulations, 
when needed.

Beginning December 31, 2019, Taiwan CDC im-
plemented enhanced border quarantine measures, 
which included temporary onboard health checks 
on persons arriving on flights from Wuhan. As the 
outbreak spread internationally, in late January 
2020, Taiwan began requiring passengers to manu-
ally or electronically complete a health declaration 
card detailing any symptoms or diseases, and travel 
and contact histories for case investigation or contact 
tracing, if necessary. In addition, Taiwan CDC staff 
determined the need and gave instructions for self-
monitoring or home quarantine, depending on cur-
rent policies and any special situations.

Case Detection
The enhanced border quarantine procedures led to ear-
ly detection of a suspected case of COVID-19. On Janu-
ary 20, a 55-year-old woman reported fever, cough, 
and shortness of breath at her airport health screening 
upon arrival from Wuhan. She was transported direct-
ly to the hospital, averting local exposure. She reported 
that she wore a mask and remained in her seat for the 
duration of the flight. The crew and other passengers, 
who had no prolonged direct interaction with her, 
passed the health evaluation at the airport and were 
directed to complete a 14-day self-monitoring regimen 
at home. During self-monitoring, passengers and crew 
were required to record their temperature twice daily, 
stay home, or wear a mask if they had to go out; as an 
extra measure, they had to respond to daily telephone 
checks by infectious disease staff.

On January 21, the passenger with symptoms 
was confirmed to have COVID-19, the first known 
imported case in Taiwan. The same day, the United 
States announced its first case in a 35-year-old man 
who had returned from Wuhan on January 15 and 
was later admitted to a hospital in Washington State 
on January 19 (4,5).

With confirmed cases reaching 1,400 globally, in-
cluding cases in Europe (6), Taiwan’s disease investiga-
tion teams worked through the week-long Lunar New 
Year holiday. Beginning on January 24, Lunar New 
Year’s Eve, all passengers traveling from China, Hong 
Kong, and Macau were required to complete a health 
declaration card and travel history upon arrival in Tai-
wan. Arriving passengers were given instructions for 
self-monitoring and a phone number for inquiries or 
concerns; this procedure was later expanded to cover 
arrivals from all destinations. Passengers from Wuhan 
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and Hubei Province and persons who had close con-
tact with confirmed cases were mandated to a 14-day 
home quarantine. Quarantine involved self-isolation 
without going out or having visitors, recording tem-
perature and symptoms twice daily, and if living with 
others, wearing a mask at all times and taking precau-
tions with household members.

To support Taiwan CDC’s surveillance, local civil 
offices were given the contact information of all home-
quarantined persons in their jurisdiction. Local health 
department personnel or district administrators famil-
iar with the communities conducted daily telephone 
checks on these home-quarantined persons in their ar-
eas. Persons who were not compliant with home quar-
antine orders were turned over to law enforcement 
and tracked by police officers. Repeat offenders could 
be fined or confined to designated facilities.

As the number of persons on home isolation in 
Taiwan grew to tens of thousands, GPS functionality 
and cameras on personal or government-dispatched 
smartphones were used for monitoring and case iden-
tification. Recognizing the challenges of the need for 
seemingly healthy persons to stay home for 2 weeks, 
miss work and school, and avoid outside contacts, 
local governments set up quarantine-care centers to 
provide support and counseling, which strengthened 
the barrier against potential community transmission. 
Staff in PPE could conduct home visits, arrange meal 
deliveries, and bring essential supplies to persons liv-
ing alone to help them comply with the quarantine or-
der. A 24-hour public epidemic hot line was opened 
for questions or reporting. Taiwan CDC upgraded 
its interactive mobile phone application, Disease-Pre-
vention Butler, and supplemented it with an artificial  
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Figure. Timeline of policy decisions during the first 50 days of COVID-19, Taiwan. Blue text indicates cases in Taiwan. Information 
collected from Taiwan CDC, CDC, and WHO. Because of differences in global time zones, some events might be recorded or 
announced with 1-day discrepancy in different reports, news, and publications. CDC, US Centers for Disease Control and Prevention; 
CECC, Central Epidemic Command Center; COVID-19, coronavirus disease; NHI, National Health Insurance; Taiwan CDC, Taiwan 
Centers for Disease Control and Prevention; TOCC, travel, occupation, contact, and cluster; WHO, World Health Organization.
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intelligence chatbot to provide accurate, timely infor-
mation and gather concerns for analysis and response.

Group tours from Taiwan to China were sus-
pended, and tours from China and residents of Hu-
bei were banned. All citizens from China were later 
banned from entry into Taiwan, with few exceptions 
(Appendix Table). For groups already in Taiwan at 
the time of border quarantine, tour leaders were re-
quired to conduct and report daily health checks of 
their members. Students enrolled in Taiwan colleges 
or universities who had gone home to China for the 
winter break and holiday were asked to postpone 
their return to Taiwan for 2 weeks; those who arrived 
early were self-quarantined in separate dormitories.

On January 30, WHO declared a public health 
emergency of international concern and urged inter-
national coordination to investigate and control the 
spread of COVID-19 (7). Confirmed cases climbed to 
>7,800 globally; Taiwan had 9, including 1 case of lo-
cal transmission in a man infected by his wife who 
returned from Wuhan (8).

Information Technology and  
Cross-Departmental Cooperation
Other government agencies in Taiwan also contrib-
uted expertise and increased capacity during the cri-
sis. Taiwan CECC partnered with civil and law en-
forcement departments for quarantine monitoring, 
as described. In addition, the CECC asked the NHI 
to integrate recent history of travel to China from the 
database of Customs and Immigration to supplement 
the NHI’s centralized cloud-based health records. Af-
ter Customs and Immigration data were integrated, 
the NHI system flagged records so medical providers 
would be aware of patients’ travel history when they 
made an appointment or came in. Later, all confirmed 
and suspected case contacts reported to Taiwan CDC 
also were added to the NHI database.

Because all providers are required to submit claims 
to the single-payer platform within 24 hours, the com-
prehensive NHI database had near–real-time informa-
tion that let clinicians and Taiwan CDC track or trace 
back all doctor visits. The NHI patient records includ-
ed complete health history, underlying health condi-
tions, and recent progression of symptoms, treatments, 
and hospitalization related to respiratory syndrome. 
These data helped pinpoint high-risk patients and 
persons likely to have had contact with infected cases. 
In addition, the NHI database gave Taiwan CDC the 
ability to quickly identify new patterns of symptoms 
or clustered cases and the source or path of infection.  
The high security and privacy policy of the NHI in-
formation technology system permitted data sharing 

only for purposes of combatting the epidemic and 
was restricted to 1-way transmission of specific infor-
mation from other departments to the NHI database. 
No health records or other personal information were 
available to anyone outside of the health system.

The Customs and Immigration database also dis-
played warnings about travel history to Wuhan and 
China within the previous 3 months so border con-
trol staff could identify persons who had been to the 
COVID-19 epicenter for additional health screening. 
The Ministry of Foreign Affairs negotiated and coor-
dinated the evacuation of Taiwan citizens stranded 
in Wuhan after the city went into lockdown on Janu-
ary 23 (9) and, later, those who were passengers on-
board the Diamond Princess cruise ship docked in 
quarantine off the coast of Japan (10). The Ministry of 
Transportation managed charter flight arrangements, 
and the special biohazard cadets from the Ministry of 
Defense were called to help disinfect the planes and 
affected airport areas afterwards. Repatriated citi-
zens and cruise ship passengers went through health 
screenings before boarding airplanes and were imme-
diately tested for COVID-19 upon arrival in Taiwan. 
One person evacuated from Wuhan tested positive 
for the coronavirus and was directly transported to 
a hospital. All others passed a double-negative cri-
terion, having 2 negative test results 24 hours apart, 
and went to a government-managed quarantine facil-
ity for 14 days, where they received check-ups 3 times 
a day. No subsequent cases manifested.

Social Norms and Mask Shortages
After the 2003 SARS outbreak, persons in Taiwan, Ja-
pan, and several other countries in Asia began wear-
ing medical face masks during influenza season or 
in crowded public spaces, such as on subways (11). 
Wearing a mask also is considered good practice for 
persons with a cold, and persons with allergies or a 
weakened immune system are expected to wear a 
mask (12). Therefore, many citizens had supplies at 
home or rushed to acquire masks once the epidemic 
was announced, despite Taiwan CDC advising that 
healthy persons did not need a mask, except when 
visiting hospitals or crowded, enclosed places.

Anticipating a surge in demand, Taiwan’s prime 
minister suspended mask exportation at the end of 
January. News of shortages soon emerged in differ-
ent parts of the world, partially attributed to the de-
layed and reduced exports from China, the largest 
mask-producing country in the world, because doz-
ens of cities in China were on lockdown and demand  
increased in the country (13,14). The Taiwan govern-
ment requisitioned domestically made medical and 
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surgical masks and invested to quickly expand pro-
duction. To accomplish better distribution across the 
population, Taiwan introduced a temporary rationing 
system. Every resident’s NHI card, which is already 
linked to thousands of pharmacies and hundreds of 
local health centers nationwide, became their identifi-
cation to obtain masks in their neighborhood. In addi-
tion, a government-funded, mobile phone application 
(Mask Finder, https://mask.pdis.nat.gov.tw), devel-
oped through a public-private partnership, helped 
citizens locate supply distribution points and showed 
updates on availability. Health promotion messages 
on indications for wearing a mask and handwashing 
routine were widely disseminated in all media.

Clinical and Pharmaceutical Research Capacity  
and Case Investigation
Starting in early January 2020, the Taiwan CDC labora-
tory began developing real-time reverse transcription 
PCR (RT-PCR) diagnostic protocols by leveraging pre-
vious experience sequencing SARS and Middle East 
respiratory syndrome coronaviruses. China released 
the full genomic sequence of the novel coronavirus on 
January 11, and by January 12, the Taiwan laboratory 
team introduced an upgraded, 4-hour test kit, short-
ened from the initial 24-hour test. The upgraded test 
had a high sensitivity of 10–100 copies/reaction, which 
is comparable to the standard assays recommended by 
WHO. The laboratory staff continued to accelerate test-
ing speed and capacity, developing the ability to test 
>1,100 samples/day. By the end of February, Taiwan 
was able to test 2,450 samples/day by using public and 
select contracted private laboratories.

In late January, 2 strains of the coronavirus were 
successfully isolated by a university and a govern-
ment-funded research institute in Taiwan. Research 
and development of drugs, vaccines, and a rapid test-
ing kit continued, some through public-private or in-
ternational partnerships.

As it became known that persons could have CO-
VID-19 and have mild or no symptoms, no travel his-
tory, or no definitive case contact (15), Taiwan CDC 
further widened its testing and reporting criteria to 
minimize local transmission. At the time, only 3 cases 
of local transmission had been identified, all contract-
ed from family members with recent travel history. 
To improve case detection, on February 12, Taiwan 
CDC conceived a retrospective COVID-19 screening 
scheme. The screening encompassed persons who had 
tested negative for influenza in the previous 14 days 
but who reported having severe influenza complica-
tions, were under surveillance for upper respiratory 
symptoms, were part of a cluster of influenza cases, or 

received a diagnosis of pneumonia but did not respond 
well to treatment. Using the NHI database, the team 
pinpointed 113 suspected patients, 1 of whom, case 19 
in Taiwan, tested positive for COVID-19 on February 
15 and died that evening. This discovery triggered the 
required confirmed-case contact investigation, which 
located and tested dozens of the patient’s family mem-
bers and close contacts. The patient’s asymptomatic 
brother tested positive on the same day, and 2 more 
family members with minor symptoms tested positive 
in the next 2 days. Other close contacts tested negative 
but were stipulated to a 14-day home quarantine, and 
hundreds more possible contacts were put on self-
monitoring for 2 weeks. The source of infection for case 
19 later was identified by using collaborative triangu-
lation of multiple departments’ databases and disease 
investigation and traced to a passenger who returned 
from China. Without retrospective screening and ac-
cess to the comprehensive NHI database, such cases 
would have gone undetected.

On day 50 of the global epidemic, February 18, 
WHO reported >75,000 cases and >2,000 deaths 
worldwide (16). Among the 22 cases confirmed in 
Taiwan, local transmissions were limited to 5, pri-
marily between family members. Despite a credible 
international report that modeled outbreak dynamics 
and predicted Taiwan would have the second highest 
case importation outside of China (17), early preven-
tion measures, stringent border control, and aggres-
sive efforts to combat community spread have contin-
ued to be effective as of March 2020.

Policy Implications
With the outlook of COVID-19 still unclear, health 
authorities around the world continue to be on high 
alert. Since February 2020, the Taiwan government 
and CECC have focused more on detecting and iso-
lating local cases to contain potential local spread, 
while maintaining and updating travel restrictions 
to limit foreign entry from highly affected areas. The 
experience of SARS generated instrumental lessons 
in disease control measures and policy planning for 
government agencies and hospitals in Taiwan. It also 
improved the public’s health behavior and hygiene 
practices, such as increased uptake of influenza and 
other vaccinations, frequent handwashing, and use of 
hand sanitizers and masks (12,18–20). In addition, the 
2003 SARS outbreak had heightened infection trans-
mission awareness and provided better mental pre-
paredness for the new pandemic. Timely, clear com-
munication with the public also has fostered trust and 
built community capacity for the public to partner 
with the government in containment and mitigation.
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During any health crisis, a robust health sys-
tem is crucial to support the surge of medical care 
and testing needed (21). Taiwan has a solid public 
health, medical, and insurance infrastructure dis-
tributed throughout the country. This infrastructure 
consists of local health departments and centers 
staffed by healthcare professionals trusted by local 
residents, particularly in the rural areas where pri-
vate practices are scarce; hospitals, medical centers, 
and clinics that strongly support a well-coordinated 
infectious disease network for preparedness and re-
sponse; and a comprehensive NHI that covers >99% 
of the population with high-quality providers and 
low out-of-pocket cost. The interconnected health 
system reduces barriers to doctor appointments 
and follow-up visits, which helped capture suspect-
ed cases with minor symptoms. Furthermore, the 
single-payer NHI model affords centralized health 
records of population-level longitudinal data and 
the capability of merging information from other 
government databases. This connectivity proved a 
valuable tool for analysis and case investigation dur-
ing disease outbreaks, including dengue, influenza, 
SARS, and the current COVID-19 pandemic.

Interagency collaboration, data sharing, and time-
ly mobilization of human capital and resources are 
equally vital to a response  (22). Taiwan followed WHO 
standards on testing and case definition and shared 
updated disease information and virus sequences on 
International Health Regulations (https://www.who.
int/ihr/en) and other global health platforms. With 
CECC’s authority to coordinate works across depart-
ments and enlist additional personnel during an emer-
gency, Taiwan CDC has been capable of handling the 
growing volume of regular and new tasks.

In addition, the legislature approved emergen-
cy funding to ensure disease control efforts did not 
fall short and to mitigate the economic effects of the 
outbreak. The funding included compensating lost 
wages for persons working part-time or without 
paid sick leave during the quarantine. Compensation 
also permitted time off for persons with children or 
elderly family members who were sick or had con-
tact with confirmed cases. These incentives, modeled 
after actions taken during the 2003 SARS outbreak, 
aided in isolation compliance.

Unlike SARS, in which patients were only in-
fectious when febrile (23), persons with COVID-19 
could have no or minimal symptoms, remain un-
diagnosed but contagious, and pose a greater 
threat of local transmissions (24). As the pandem-
ic evolves, global cases likely will increase be-
cause of community spread, expanded laboratory  

capacity, and wider testing criteria. The timing, lo-
cations, and policies of travel advisories and entry 
restrictions, in addition to testing and reporting 
criteria, are critical to epidemic control but vary 
across countries. From a public health perspective, 
recognizing the ideal time to institute or terminate 
these policies and measuring their effectiveness can  
be challenging.

Conclusions
Taiwan’s robust public health and healthcare systems, 
combined with public acceptance of protective poli-
cies influenced by the 2003 SARS outbreak, likely bol-
stered efficient implementation of policies in the first 
50 days of the COVID-19 outbreak. At the same time, 
Taiwan’s response to COVID-19 might have overshad-
owed other health threats, such as seasonal influenza 
and chronic diseases. Strategic prioritization of other 
public health functions and resources and broader 
government operations will be necessary. As the out-
break continues, Taiwan will need to evaluate associ-
ated policy decisions to sustain the system.

Taiwan built on lessons learned from SARS, and 
some of the successful strategies during the current 
pandemic could inform policy approaches by other 
governments. In countries that rely heavily on state and 
local actions, intergovernmental and interjurisdictional 
coordination and adequate funding are needed to as-
sure emergency preparedness and response capacity. 
An integrated approach that incorporates public health, 
human services, and healthcare systems can increase 
resilience and better prepare nations for future events.
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Severe fever with thrombocytopenia syndrome 
(SFTS) is an emerging tickborne disease caused by 

the SFTS virus (SFTSV; genus Banyangvirus, family  

Phenuiviridae, order Bunyavirales). The disease is 
prevalent in East Asia countries. It was first detected 
in China in 2009 and later in Japan and South Ko-
rea (1) and is suspected to be widely spread across 
other parts of the world (2). The recent identifica-
tion of SFTSV in Xinjiang, China (3), expanded our 
awareness of epidemic areas of SFTS and suggested 
the possibility of SFTSV spreading to bordering coun-
tries like Pakistan. However, the presence of SFTSV in 
Pakistan has been unclear. We investigated the serop-
revalence of SFTSV in humans in Pakistan. 

The Study 
For this study, we randomly collected human serum 
samples (n = 1,657) from 4 provinces in Pakistan during 
2016–2017 (Figure). All participants were farmers of 
livestock (sheep, goats, cattle, buffaloes, and camels). 
We recorded and summarized testing results by sex, 
age, and geographic location (Table). The collection 
of human serum samples and subsequent tests were 
reviewed and approved by the Ethics Committees of 
Government College University, Faisalabad, Pakistan 
(approval number: GCUF/MICRO/18/1598). Adult 
participants and parents of participants <18 years of 
age provided written informed consent. 

We used a 2-step approach to detect antibod-
ies against SFTSV. First, we screened the samples 
for SFTSV IgG by using a SFTSV human commercial 
ELISA kit (NZK Bio-tech, https://hbnzk.com), which 
employs SFTSV nucleocapsid protein (NP) as the vi-
ral antigen. To set up negative and positive controls, 
we used serum samples from 3 healthy persons from 
Wuhan, China (4), and serum samples from 2 con-
valescent SFTS patients from Wuhan archived in the 
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related viruses in this country. 

1These authors contributed equally to this article.



DISPATCHES

National Virus Resource Center (accession nos. YB-
17WIVS286, YB17WIVS294). Following manufacturer 
instructions (Appendix, https://wwwnc.cdc.gov/
EID/article/26/7/19-0611-App1.pdf), we tested se-
rum samples at 1:20 dilution; we considered samples 
IgG-positive when the absorbance was >2.1 times the 
mean absorbance of the negative control. Samples with 
optical density values >0.41 were considered SFTSV 
IgG–positive (Appendix Figure 1). We used an immu-
nofluorescence assay modified from a previous study 
(5) to verify the validity of the commercial ELISA. 

In the second step, we used a microneutralization 
test (MNT) assay to distinguish SFTSV-specific neu-
tralizing antibodies from SFTSV-related viruses, as 
described elsewhere (6); we estimated SFTSV preva-
lence from ELISA and MNT results within 95% CIs. 
We performed statistical analysis of the data using the 
χ2 test or Fisher exact test to explore the association of 
SFTSV with age, sex, and location. We performed the 
analysis in R version 3.5.1 with the Epicalc package 
version 2.15.1.0 (http://www.r-project.org). 

The ELISA revealed a high seroprevalence (46.7%, 
95% CI 44.3%–49.1%) of SFTSV in Pakistan (Table; 

Figure). Spatial distribution analysis indicated the 
highest prevalence (51.8%, 95% CI 48.4%–55.2%) in 
the Punjab province, followed by Balochistan (47.5%, 
95% CI 40.1%–55.1%), Sindh (40.5%, 95% CI 36.3%–
44.9%), and Khyber Pakhtunkhwa (32.6%, 95% CI 
23.2%–43.2%). The prevalence was significantly high-
er (p = 0.004) in women (49. 9%, 95% CI 46.6%–53.2%) 
than in men (42.7%, 95% CI 39.1%–46.4%). The serop-
revalence increased with age, but not uniformly; the 
highest seroprevalence (57.1%, 95% CI 28.9%–82.3%) 
was recorded in samples from persons >65 years of 
age. A technician unaware of the ELISA results and 
research details performed a single-blind test with 90 
ELISA-negative and 252 ELISA-positive samples, ran-
domly selected. This test confirmed results for 100% 
of the ELISA-negative samples and 212 (84.1%) of 252 
of the ELISA-positive samples (Appendix Figure 2). 

We confirmed SFTSV infection using MNT, 
which revealed a low prevalence (2.5%, 95% CI 1.9%–
3.4%) in Pakistan (Table; Appendix Figure 3). Women 
had a higher occurrence of anti-SFTSV neutralizing 
antibodies (2.7%, 95% CI 1.8%–4.0%) than men (2.3%, 
95% CI 1.4%–3.7%), however, this difference was not  
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Figure. Seroprevalence of severe fever 
with thrombocytopenia syndrome virus in 
4 provinces of Pakistan determined on the 
basis of ELISA detection. Numbers on map 
indicate microneutralization test–positive 
samples/total number of samples collected 
from the respective provinces. KPK, Khyber 
Pakhtunkhwa.
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significant (p = 0.619). Neutralizing antibodies were 
detected in all age groups. Furthermore, we performed 
MNT for a novel virus, Guertu virus (GTV) (4), which 
is closely related to SFTSV, on 10 randomly selected 
serum samples that tested positive for SFTSV neutral-
ization and 10 SFTSV IgG–positive samples that were 
negative for neutralization (Appendix Figure 3). All 10 
samples that tested negative on the SFTSV MNT also 
tested negative on the GTV MNT. However, 3 of the 
10 samples that tested positive on the SFTSV MNT also 
exhibited neutralization to GTV; the other 7 samples 
tested negative for neutralizing GTV. 

Conclusions 
This study highlights the activity of SFTSV and its 
substantial risks to the population in Pakistan. The 
observed high ELISA-based prevalence could be as-
cribed to the study population in this survey being 
livestock farmers, who could be more frequently ex-
posed to tick vectors and livestock reservoirs. Higher 
estimates of SFTS prevalence in the Punjab province 
of Pakistan could be attributed to the high proxim-
ity of human and livestock populations in this region. 
Higher prevalence among women than among men 
was expected because livestock is mostly tended by 
female farmers. 

In ELISA-based estimates of SFTSV in the hu-
man population reported from different areas of East 
Asian countries, seroprevalence has ranged from 
0.23% to 9.17% in China (7), from 1.9% to 7.7% in Ko-
rea (8,9), and from 0.14% to 0.3% in Japan (10,  11). In 
contrast to the findings from these reports (7–11), our 
study found a markedly high ELISA-based preva-
lence of SFTSV (46.7%) in Pakistan. The use of differ-
ent SFTSV antibody detection methods may have led 

to the observed differences in results (11); neverthe-
less, results of the blind test using an immunofluo-
rescence assay still suggested a high prevalence, such 
that 84.12% of the randomly selected ELISA-positive 
serum samples could react with the SFTSV antigen. 
Therefore, the low prevalence of neutralizing anti-
bodies (2.5%) against SFTSV suggests the possibility 
of cocirculating antigenicity-related viruses that were 
not discernable in the indirect ELISA tests. 

The genus Banyangvirus currently includes the 
Bhanja and SFTS/Heartland groups. The 5 viruses of 
the SFTS/Heartland group have a wide geographic 
distribution. SFTSV is found mostly in China, Japan, 
and South Korea (1); GTV in northwestern China 
(XJUAR) (4), Heartland virus in the United States 
(12); Hunter Island group virus in Australia (13); and 
Malsoor virus in India (14). 

Similar to findings in our study, a high serop-
revalence (19.8%) of GTV was detected among the 
local residents of Guertu County in Xinjiang, China; 
however, only 3 (0.65%) of the 465 serum samples 
had neutralizing antibodies against GTV (4). Anti-
genic cross-reactivity between SFTSV and GTV was 
suspected because cross-neutralization was observed 
in mouse serum (4). However, serologic investigation 
of other bunyaviruses is limited, and serotypes of the 
2 viruses, as well as other related viruses in the SFTS/
Heartland group, remain unclear. 

Our subsequent study found that a few serum sam-
ples exhibiting neutralization to SFTSV also exhibited 
cross-neutralization to GTV. All of these results indicate 
the presence in Pakistan of SFTSV and SFTSV-related 
viruses that might share antigenic similarity and could 
induce antibodies exhibiting cross-reactivity with each 
other. In addition, a recent study reported suspected 
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Table. Seroprevalence of severe fever with thrombocytopenia syndrome virus in Pakistan based on ELISA and MNT results 

Category 

ELISA 

 

MNT 
No. positive/no. 

tested 
Prevalence, % 

(95% CI) p value 
No. positive/no. 

tested 
Prevalence, % 

(95% CI) p value 
Province        
 Punjab 446/861 51.8 (48.4–55.2) <0.001  22/861 2.6 (1.6–3.8) 0.339 
 Balochistan 86/181 47.5 (40.1–55.1) 2/181 1.1 (0.1–3.9) 
 Sindh 212/523 40.5 (36.3–44.9) 17/523 3.3 (1.9–5.2) 
 KPK 30/92 32.6 (23.2–43.2) 1/92 1.1 (0–5.9) 
Sex        
 M 313/733 42.7 (39.1–46.4) 0.004  17/733 2.3 (1.4–3.7) 0.619 
 F 461/924 49.9 (46.6–53.2) 25/924 2.7 (1.8–4) 
Age group, y        
 15–24 196/413 47.5 (42.6–52.4) 0.919  8/413 1.9 (0.8–3.8) 0.120 
 25–34 310/669 46.3 (42.5–50.2) 21/669 3.1 (2–4.8) 
 35–44 149/325 45.9 (40.3–51.4) 3/325 0.9 (0.2–2.7) 
 45–54 89/184 48.4 (41–55.8) 8/184 4.4 (1.9–8.4) 
 55–64 22/52 42.3 (28.7–56.8) 1/52 1.9 (0–10.3) 
 >65 8/14 57.1 (28.9–82.3) 1/14 7.1 (0.2–33.9) 
Total 774/1657 46.7 (44.3–49.1)   42/1657 2.5 (1.9–3.4)  
*KPK, Khyber Pakhtunkhwa; MNT, microneutralization test. 
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clinical SFTS cases in Pakistan; however, they were not 
confirmed using serologic or molecular tests (15). 

Our findings suggest the potential risk for infec-
tion from SFTSV and SFTSV-related viruses in Paki-
stan. Further work on the discovery, identification, 
and ecology of these viruses in ticks, animal hosts, and 
human patients is needed because the viruses pose po-
tential threats to public health. 
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China accounts for half of global consumption of 
antimicrobial drugs (1,2) and reports high rates 

of antimicrobial resistance, especially among children 
(3,4). Despite current regulations requiring a prescrip-
tion to obtain antibiotics, unsupervised use in China 
is pervasive (3,4). To date, the few studies available 
on inappropriate administration to children beyond 
clinical settings have been limited in scope to small-
scale data in one geographic area (3,5–7). To inform 
control strategies, we investigated the prevalence of 
inappropriate antibiotic use for common childhood 
infections by parents across different geographic ar-
eas and economic development stages, overall pa-
rental knowledge about antimicrobial drug use and 
resistance, the impact of parental pressure for antibi-
otics on prescribing behaviors, and parental contribu-
tion to the overall use of antibiotics in children.

The Study
Study methods, including sampling strategy and data 
collection, were previously reported (8). Our data 
came from a cross-sectional survey conducted during 
June 2017–April 2018, which recruited 9,526 parents 
with children 0–13 years of age across 3 provinces 
(Zhejiang, Shaanxi, and Guangxi) representing dif-
ferent geographic areas and economic development  

stages in China (9). We conducted multistage strati-
fied random cluster sampling in provinces, prefec-
ture-level cities, urban and rural areas, and local 
sampling sites that included primary schools (chil-
dren 6–13 years of age), kindergartens (3–5 years), 
and community-based health centers (0–2 years). The 
Institutional Review Board at the Zhejiang Univer-
sity School of Medicine (approval no. ZGL201706-2) 
and London School of Hygiene and Tropical Medi-
cine (approval no. 14678) reviewed and exempted the 
study protocol and survey.

We recruited parents through their children, and 
all participants gave informed consent. We distrib-
uted a questionnaire to parents who self-identified as 
the primary caregiver and healthcare decision maker 
for the children; parents completed the questionnaire 
electronically. We collected data on parental sociode-
mographics, knowledge about antibiotic use and re-
sistance, and last episode of illnesses and treatments 
experienced by the child within a month (Figure 1). 

We calculated an 89% response rate by dividing 
the number of parents who completed the survey by 
the number of parents who were invited to take the 
survey (13,680/15,424 ). For data quality control, we 
used measures (including trap questions and IP ad-
dress control) to detect random responses or dupli-
cations, resulting in 70% (9,526/13,680) of the com-
pleted surveys verified as valid. We classified missing 
data (<11%) as missing-completely-at-random and 
excluded from the final analysis.

We conducted descriptive analysis on the data, 
followed by unadjusted univariable analysis to exam-
ine the association between antibiotic prescriptions 
and parental demand and employed multivariable 
logistic regression and likelihood ratio tests for ad-
justed analyses, controlling for relevant sociodemo-
graphic variables. We observed profound regional 
differences in parental socioeconomic composition, 
antibiotic-use practices, and medical facilities used 
when children (age 5.8 years, SD + 3.6 years) were ill 
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In a large-scale survey of 9,526 parents in China, we 
investigated antimicrobial drug use for common child-
hood infections. Of children with self-limiting conditions, 
formal care was sought for 69.2%; of those, 53.4% re-
ceived drug prescriptions, including 11.2% from parental 
demands. Where drugs were taken without prescrip-
tions, 70% were from community pharmacies.
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(Table). Most parents (55.2%–78.5%) were aware of the 
danger that overuse of antibiotics poses, yet confused 
antibiotics with inflammatory drugs or drugs effec-
tive for treating colds or alleviating symptoms (Fig-
ure 2). Among the respondents, 37.6% (3,579/9,526) 
self-reported that their children experienced a minor 
illness within the previous month, with some over-
lap between symptoms; 82.1% (2,938/3,579) reported 
that it was a common cold with rhinitis, nasal conges-
tion, or cough; 47.7% (1,707/3,579) sore throat; 31.0% 
(1,108/3,579) fever; 12.5% (446/3,579) diarrhea; and 
3.3% (119/3,579) otitis media. Among parents who 
reported to have self-treated sick children, 31.9% 
(621/1,944) reported medicating them with antibiot-
ics from either a local pharmacy (57.0%, 354/621) or 
personal stock (33.3%, 207/621). Almost all house-
hold stock of antibiotics was reported to have come 
from leftover prescriptions (63.1%, 2,891/4,580) or 

over-the-counter purchases (35.3%, 1,619/4,580); 
community pharmacies accounted for 70% of antibi-
otics for self-medication of children.

Of 3,579 parents whose children were ill in the 
previous month, 69.2% (2,478/3,579) sought care for 
the child. Before seeing a doctor, 16.5% (410/2,478) of 
children had already been medicated with antibiotics 
at home; moreover, among them, 15.4% (63/410) of 
parents admitted to having then asked for more an-
tibiotics at the facility. Among those for whom care 
was sought after parents medicated with antibiotics, 
83.9% (344/410) were prescribed antibiotics, 17.2% 
(59/344) of them because of parental demand. Data 
showed the success rate of obtaining antibiotic pre-
scriptions for children was 79.6% (148/186); paren-
tal demand for antibiotics was more likely to occur 
in lower-level hospitals than tertiary hospitals and 
was associated with ≈4-fold increase in prescribed  
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Figure 1. Use of antimicrobial 
drugs (antibiotics) for children by 
their parents (N = 9,526), China. 
Section A (left of dashed line) 
represents chronic antibiotic use 
in the previous year; section B 
(right of dashed line) indicates 
antibiotic use for common 
childhood illnesses in the previous 
month. Orange shading indicates 
treatment within community or 
household, outside of a clinical 
setting. Blue shading indicates 
use within a clinical setting. 

 
Table. Characteristics of antibiotic prescriptions for children with common childhood illnesses in the previous month, China* 

Study question 

Children brought 
to medical facility, 
N = 2,478, no. (%) 

  
Children prescribed antibiotics, n = 1,323 [53.39%] 

No. (%) OR aOR (95% CI)† p value‡ 
What was the medical facility used when seeking care for your child? (urban/rural)  0.04 
 Tertiary hospital 367 (14.8)  174 (47.41) Referent Referent  
 Secondary/county hospital 1,057 (42.7)  592 (56.01) 1.41 (1.11–1.79) 1.43 (1.11–1.84)  
 Community health centers/township 
 hospital 

719 (29.0)  373 (51.88) 1.20 (0.93–1.54) 1.17 (0.90–1.53)  

 Private clinics/ village clinics 335 (13.5)  184 (54.93) 1.35 (1.00–1.82) 1.21 (0.89–1.65)  
When seeking care at the medical facility, did you ask the doctor for antibiotics?   <0.0001 
 No 2,292 (92.5)  1,175 (88.81) Referent Referent  
 Yes 186 (7.5)  148 (11.19) 3.70 (2.57–5.34) 3.71 (2.56–5.38)  
*Bold text indicates a statistically significant difference (p<0.05). aOR, adjusted odds ratio; OR, odds ratio.  
†Adjusted for children’s sex and age, urban/rural residence, and province. 
‡Determined by likelihood ratio test. 
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antibiotics (Appendix Table, https://wwwnc.cdc.
gov/EID/article/26/8/19-0631-App1.pdf).

Overall, 53.4% (1,323/2,478) of children for whom 
care was sought were prescribed antibiotics. The most 
commonly prescribed antibiotic classes were penicil-
lins, macrolides, and cephalosporins, either alone or 
in combination. Differences emerged in prescription 
rates by type of healthcare facility, ranging from 47.4% 
(174/367) in tertiary hospitals to 56.0% (592/1,057) in 
county hospitals. More than 33% of children were ad-
ministered intravenous antibiotics; about half of those 
infusions were combined with oral antibiotics.

Our data showed that, among the 3,579 children 
who had common minor childhood illnesses (mostly 
self-limiting) in the previous month, 621 were admin-
istered nonprescription antibiotics by their parents 
and 1,323 obtained a prescription, with 148 of those 
deemed inappropriate due to parental demand. We 
estimated that demand from parents contributed to 
40% of antibiotic use on children for self-limiting ill-
nesses. Although some doctors’ prescriptions (sup-
ply-side) might be considered appropriate, all antibi-
otic demands and nonprescription uses from parents 
were inappropriate.

Conclusions
Overuse of medical care for self-limiting illnesses 
combined with a high prescription rate and a large 
population size drive high antibiotic consumption in 
China. We found that, of children for whom care was 
sought, 53.4% (1,323/2,478) received prescriptions for 
antibiotics; this proportion is at least twice as high as 
the official cap of outpatient prescriptions enforced in 
2012 (10,11). Unsupervised administration of antibi-
otics in children in the household, 3–10 times higher 
in China than in some countries in Europe (12), is a 
serious problem that has persisted for 15 years (13). 
Despite a 2004 ban on nonprescription sales of anti-
microbial drugs (10,11), participants in all sampled 
sites have been able to obtain them over the counter. 

Enforcing existing stewardship policies is an im-
portant step to reduce inappropriate antibiotic use 
in the community (11), as is a multifaceted program 
that addresses drivers of inappropriate use from 
both sides of healthcare system. Such a program 
should provide parents with education about anti-
biotic efficacy and care for childhood illnesses (14), 
corresponding to children’s developmental stages: 
prenatal care, vaccination, and kindergarten and 
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Figure 2. Answers to questions about antibiotics-related knowledge among parents in 3 representative provinces in China (N = 9,526). 
A) Knowledge of risks for antimicrobial resistance; B) understanding of drug efficacy for common illnesses; C) drug recognition. Correct 
answers are shown in parentheses.
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primary school–age concerns. The program should 
also support healthcare providers by removing fi-
nancial incentives to overprescribe medications and 
outpatient pediatric infusion services, enhancing 
clinical diagnostic capacity, and providing training 
on rational prescribing (14,15). Finally, interventions 
to improve effective patient–physician interaction 
and communication should consider both sides of 
the healthcare system (14).

This study is limited by its cross-sectional de-
sign; it cannot be used to establish causal conclu-
sions and is subject to recall bias. We limited ques-
tions about healthcare-seeking behaviors to the 
month before the survey and recruited a large sam-
ple to reduce the risk for bias. Because we estimated 
antibiotic consumption by a snapshot survey and 
not by prescriptions or use, the true magnitude of 
misuse in children may be underestimated. Com-
mon childhood illness cases reported in this study 
were diagnosed by parents; such diagnoses may or 
may not reflect true prevalence of the diseases, yet 
were a key determinant of parents’ childcare be-
haviors that dictated healthcare decisions parents 
made for their children.
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Shuni virus (SHUV) (Peribunyaviridae: Orthobun-
yavirus) was isolated in the 1960s from livestock, 

Culicoides midges, and a febrile child in Nigeria (1,2). 
In South Africa, SHUV was identified as the causative 
agent of neurologic disease in horses (3); seropositiv-
ity was also demonstrated in 3.0% of veterinarians, 
suggesting human exposures (4). SHUV was subse-
quently identified in aborted livestock and cattle with 
neurologic disease in Israel, suggesting an extended 
range beyond Africa (5,6). We investigated other po-
tential susceptible species in South Africa.

The Study
During February 2010–September 2018, a total of 101 
whole blood, 71 serum, and 476 tissue specimens 
from 608 nonequine domestic animals, wildlife, and 
birds (19 fetuses, 118 juvenile and 471 adults) with 
unexplained neurologic or febrile disease or sudden 
unexplained death from across South Africa were 
submitted to the Zoonotic Arbo and Respiratory  

Virus Program, Centre for Viral Zoonoses, Univer-
sity of Pretoria (Pretoria, South Africa) as part of a 
passive zoonotic arbovirus surveillance program. 
We extracted RNA under Biosafety Level (BSL) 
3 conditions using the QIAamp viral RNA mini 
kit (blood) or the RNeasy mini kit (tissue) (QIA-
GEN, https://www.qiagen.com), according to the 
manufacturer’s recommendations. We screened all 
samples by a SHUV real-time reverse transcription 
PCR (rRT-PCR) (7) and a newly designed rRT-PCR 
targeting a conserved area of the S segment of the 
Simbu serogroup (Appendix, https://wwwnc.cdc.
gov/EID/article/26/7/19-0770-App1.pdf). We con-
firmed PCR-positive samples by Sanger sequencing 
(Inqaba Biotech, https://www.inqababiotec.co.za) 
and phylogenetic analyses (Appendix). We also 
screened all specimens for West Nile (WNV), Wes-
selsbron (8), Middelburg (MIDV), Sindbis (9), and 
equine encephalosis viruses (10).

In addition, serum samples from African buf-
falo (Syncerus caffer) (n = 45) and white rhinoceros 
(Ceratotherium simum) (n = 48) from Kruger National 
Park were collected in March 2014 and June 2016, 
respectively, by South African National Parks and 
from wild Nile crocodiles (Crocodylus niloticus) (n 
= 34) from northern KwaZulu-Natal collected dur-
ing 2009–2012 by the Faculty of Veterinary Sciences, 
University of Pretoria, as part of surveillance stud-
ies. We examined tissue samples from a SHUV 
PCR-confirmed positive buffalo (MVA43/10) micro-
scopically under a light microscope using routinely 
prepared hematoxylin and eosin stained (11) histo-
logical sections at the Section of Pathology, Depart-
ment of Paraclinical Sciences, Faculty of Veterinary 
Science, University of Pretoria. We subjected serum 
samples to an epitope-blocking ELISA (eb-ELISA) 
(12,13) with modifications to detect antibodies to 
SHUV (Appendix).
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We screened nonequine animals with unexplained neu-
rologic signs or death in South Africa during 2010–2018 
for Shuni virus (SHUV). SHUV was detected in 3.3% of 
wildlife, 1.1% of domestic, and 2.0% of avian species. 
Seropositivity was also demonstrated in wildlife. These 
results suggest a range of possible SHUV hosts in Africa.



DISPATCHES

We calculated odds ratios (OR) and 95% CI in Epi-
Info version 7.2.0.1 (https://www.cdc.gov/epiinfo/
index.html). We excluded animals that were found 
dead, aborted, or stillborn from OR analysis.

We detected SHUV RNA in 15/608 (2.5%) ani-
mals tested from 10 different animal species: 12/361 
(3.3%) wildlife, 2/196 (1.0%) nonequine domestic ani-
mals, and 1/51 avian species (2.0%) (Table 1). We de-
tected SHUV in samples submitted from 2/62 (3.2%) 
white rhinoceroses, 2/50 (4.0%) sables, 1/15 (6.7%) 
warthog, 4/54 (7.4%) buffalo, 1/12 (8.3%) crocodiles, 
1/5 (20.0%) giraffes, 1/4 (25.0%) springboks, 1/93 
(1.1%) domestic bovids, and 1/10 (10.0%) alpacas 
(Table 1). We also detected SHUV in an exotic monal 
pheasant (1/13, 7.7%). Differential screening revealed 
co-infections with MIDV and WNV, suggesting that 
these arboviruses could co-circulate. A sable was 
also co-infected with Theileria sp. sable and Theileria  
separate (Table 1).

In 9/15 (60.0%, 95% CI 35.2%–84.8%) positive 
infections, we detected SHUV in the central nervous 
system (CNS) (Table 1), indicating passage across the 
blood–brain barrier, which suggests SHUV as the 
likely causal agent of the observed neurologic signs. 
This finding suggests that SHUV is not just an agent 
of subclinical infections or reproductive problems, 
such as abortion, as previously reported (5,14), but is 

also the likely etiology for neurologic disease in these 
species, as previously described for horses (3) and 
cattle (6). We did not detect SHUV RNA in aborted (n 
= 24) or stillborn (n = 16) animals. Eleven SHUV-posi-
tive animals showed neurologic signs (OR 1.8, 95% CI 
0.2–14.4), with 2 animals also reported to be pyrexic 
(OR 2.0, 95% CI 0.4–9.4) or showing respiratory signs 
(OR 1.0, 95% CI 0.2–4.8) (Table 2). Three SHUV-posi-
tive animals were found dead (OR 1.8, 95% CI 0.5–6.4) 
(Table 2). Specific neurologic signs associated with 
SHUV infection included hind limb paresis progress-
ing to quadriparesis with normal mentation (OR 6.7, 
95% CI 2.0–22.5) (Table 2). 

Positivity of infection was highest in the North 
West (4/47, 8.5% of samples submitted from North 
West), followed by Limpopo Province (8/132, 6.1%) 
(Table 1; Appendix Figure 1). SHUV was detected 
only in 2010 (4/15, 26.7%), 2017 (2/15, 13.3%), and 
2018 (9/15, 60.0%) despite continuous surveillance 
throughout the years, suggesting that outbreaks may 
be sporadic rather than annual. SHUV PCR positives 
were detected during April–September in each of the 
3 years (Appendix Figure 2).

Necropsy examination on the buffalo showed 
no specific macroscopic lesions on histopathology 
examination of brain tissue (Figure 1). Pathological 
changes that could be detected in regions of the brain 
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Table 1. Animals that tested positive for Shuni virus by real-time reverse transcription PCR, South Africa, 2010–2018* 

Animal type ID 
No. positive/ 
no. tested 

% Positive 
(95% CI) 

Province where 
submitted  

Positive 
specimen Clinical signs Co-infection 

Domestic bovid ZRU116/18 1/93 1.1 (0.0–3.1) North West Spleen SUD  
White rhinoceros 
(Ceratotherium simum) 

MVA11/10 2/62 3.2 (0.0–7.6) Limpopo CNS Neurologic MIDV 
ZRU137/18   Free State    

Sable (Hippotragus 
niger) 

ZRU419/17 2/50 4.0 (0.0–9.4) North West Spleen Hemorrhagic Theileriosis 
ZRU121/18   Limpopo    

Warthog 
(Phaecocherus 
africanus) 

MVA35/10 1/15 6.7 (0.0–19.3) Limpopo CNS Neurologic, 
respiratory 

 

Buffalo (Syncerus 
caffra) 

MVA43/10 4/54 7.4 (0.4–14.4) Limpopo CNS, whole 
blood 

Neurologic, 
respiratory 

 

ZRU77/18   Limpopo    
ZRU97/18   Limpopo    
ZRU166/18   Limpopo    

Monal (Lophophorus 
impejanus) 

ZRU119/18 1/13 7.8 (0.0–22.2) North West CNS SUD  

Crocodile (Crocodylus 
niloticus) 

MVA08/10 1/12 8.3 (0.0–24.0) Limpopo CNS Neurologic  

Alpaca (Vicugna 
pacos) 

ZRU172/18 1/10 10.0 (0.0–28–6) Western Cape CNS Neurologic,  
respiratory 

 

Giraffe (Giraffa 
camelopardalis) 

ZRU87/18 1/5 20 (0.0–55.0) North West Whole 
blood 

SUD WNV 

Springbok (Antidorcus 
marsupialis)† 

ZRU261/17/3 1/4 25.0 (0.0–67.4) Gauteng Spleen Neurologic  

Wildlife  12/361 3.3 (1.5–5.1)     
Domestic animals  2/196 1.1 (0.0–2.5)     
Avian  1/51 2.0 (0.0–5.8)     
Total  15/608 2.5 (1.2–3.7)     
*CNS, central nervous system; MIDV, Middelburg virus; SUD, sudden unexpected death; WNV, West Nile virus. 
†Cluster with Sango virus. 
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included mild white matter cerebro–cerebellar glio-
sis, especially microglial, associated with consider-
able glial apoptotic activity and occasional perivascu-
lar hemorrhage. In the spinal cord, occasional single 
neuronal necrosis (chromatolysis) and perineuronal 
hypereosinophilic bodies affecting the dorsal horns 
of the gray matter were distinctive. This finding 
seemed to be most severe in the lumbar spinal region. 
No evidence of demyelination or major immuno-
logical reaction was observed, apart from occasional  

perivascular lymphocytes. Development of appropri-
ate antibodies for immunohistochemistry or probes 
for in situ hybridization may further describe the pa-
thology of SHUV in animal tissue.

We used phylogenetic analyses on the small seg-
ment of the Simbu serogroup to verify the molecular 
results. All novel sequences from this study, with 1 
exception, were closely related to SHUV strains iden-
tified in horses in South Africa (3) in clade 1a of lin-
eage I within the Simbu serogroup (bootstopping: 
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Table 2. Clinical signs reported in wildlife, nonequine domestic animals, and birds upon submission to the Centre for Viral Zoonoses, 
South Africa, 2010–2018* 
Sign SHUV positive (%), n = 12 SHUV negative (%), n = 496 Odds ratio (95% CI) p value† 
Neurologic signs 11 (91.7) 415 (83.7) 1.8 (0.2–14.4) 0.9 
Ataxia 2 (16.7) 102 (20.6) 0.8 (0.2–3.5) 1 
Paralysis 3 (25.0) 61 (12.3) 2.3 (0.6–8.8) 0.4 
Quadriparesis 8 (66.7) 112 (22.6) 6.7 (2.0–22.5) <0.05 
Recumbence 2 (16.7) 103 (20.8) 0.7 (0.2–3.4) 1 
Pyrexia 2 (16.7) 44 (8.9) 2.0 (0.4–9.4) 0.7 
Respiratory/dyspnea 2 (16.7) 79 (15.9) 1.0 (0.2–4.8) 1 
Hemorrhage 1 (8.3) 10 (2.0) 4.3 (0.5–36.7) 0.6 
Congenital deformities 0 7 (1.4) Undefined 1 

 

Figure 1. Histopathological 
changes in formalin-fixed brain 
tissue of a Shuni virus PCR-
positive buffalo (MVA73/10) 
in South Africa that showed 
neurologic signs (original 
magnification 1000×). A, B) 
Cerebral white matter micro/
astrogliosis and cytogenic 
edema (arrows). C, D) Glial 
(suspected oligodendroglia) 
apoptosis (arrows). E, F) 
Perineural hypereosinophilic 
bodies (arrows); perivascular 
and neuropil hemorrhage (circle); 
single-cell neuronal degeneration 
(chromatolysis) (star). 



DISPATCHES

posterior probabilities = 89:0.99) (Figure 2). An iso-
late from a springbok (ZRU261_17_3) clustered with 
Sango virus (bootstopping: posterior probabilities 
= 67:0.94). P-distance analysis based on the partial 
small segment demonstrated few nucleotide differ-
ences between novel SHUV strains and reference 
strains (98.0%–100.0% identity). Wildlife specimens 
were submitted mostly from dead animals that were 
already undergoing postmortem cytolysis, inhibiting 
further genetic analysis and isolation of the virus. The 
use of a PCR designed to detect Simbu group/or-
thobunyavirus genus PCR rather than SHUV-specific 
PCR facilitated detection of these infections.

We detected antibodies to SHUV by an eb-ELISA 
in 3/44 (6.8%) African buffalo and 2/48 (4.2%) white 

rhinoceroses but none in crocodiles. SHUV-specific 
IgG was confirmed, using microtiter virus neutral-
ization assay, in 1 buffalo and 1 rhinoceros. Two of 3 
buffalo and 1 rhinoceros positive for SHUV epitope 
antibodies were negative by microtiter virus neutral-
ization assay, suggesting that these antibodies may 
have been elicited in response to closely related or-
thobunyavirus. Confirmation for the third buffalo 
was not possible because of depleted serum.

Conclusion
Our findings suggest that SHUV may have a wide 
host range, including several wildlife and domes-
tic species, and should be included in the differen-
tial diagnosis of neurologic disease in animals. This 
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Figure 2. Phylogram of clade 1a, 
lineage I, of the Simbu serogroup 
(15) recovered from maximum-
likelihood and Bayesian analyses 
of the small segment for SHUV 
isolates from wildlife and nonequine 
domestic animals, South Africa and 
reference sequences. Bootstrap 
values (maximum likelihood >60) 
and posterior probabilities (>0.8) are 
displayed on branches as support 
values. GenBank accession numbers 
for sequences from this study (black 
circles): MVA11_10_Rhinoceros, 
JQ726395; MVA08_10_Crocodile, 
JQ726396; MVA43_10_Buffalo, 
JQ726397; MVA35_10_Warthog, 
JQ726398; ZRU077_18_Buffalo, 
MK114084; ZRU121_18_Sable, 
MK114085; ZRU137_18_Rhinoceros, 
MK114086. GenBank accession 
numbers, virus types, and locations 
for reference sequences: An10107, 
AF362405, SHUV Nigeria; AINOV, 
M22011, Japan; VRC713423–2 
KAIV, AF362394, India; SAE72_09_
Horse, HQ610138, South Africa; 
SAE27_10_Horse, HQ610139, 
South Africa; SAE38_10_Horse, 
HQ610140, South Africa; 
SAE39_10_Horse, HQ610141, 
South Africa; SAE48_10_Horse, 
HQ610142, South Africa; 
SAE109_10_Horse, HQ610143, 
South Africa; SAE18_09_Horse, 
KC510272, South Africa; SAE87_11_
Horse, KC525997, South Africa; 
Shuni_215_14, KP900859, Israel; 
Shuni_263_14, KP900860, Israel; 
Shuni_267_2_14, KP900861, Israel; Shuni_267_4_14, KP900862, Israel; Shuni_273_14, KP900865, Israel; Shuni_274_14, KP900867, 
Israel; Shuni_275_1_14, KP900869, Israel; Shuni_275_2_14, KP900871, Israel; Shuni_2417_1_14, KP900872, Israel; Shuni_2417_2_14, 
KP900875, Israel; Shuni_2504_1_14, KP900877, Israel; Shuni_2504_2_14, KP900878, Israel; Shuni_2504_3_14, KP900882, Israel; 
2504_3_14, KU937313, Israel; SHUV_ISR-274_14, KT946779, Israel; SHUV_ISR-2417_2_14, KT946780, Israel; ISR-129_16, MF361846, 
Israel; ISR-242_16, MF361849, Israel; ISR-2067_16, MF361852, Israel; ISR-2162_16, MF361855, Israel; CSIRO 110, MH484320, Australia; 
An5077, AF362402, Nigeria. AINOV, ainovirus; KAIV, kaikalurvirus; PEAV, Peaton virus; SANV, Sango virus; SHUV, Shuni virus.
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study highlights the role of this virus as a potential 
emerging zoonotic pathogen in Africa that warrants 
increased surveillance and further investigation. Fu-
ture epidemiologic studies would benefit from an in-
creased sample size and more extensive serosurveys. 
Investigation of human infections may define SHUV’s 
importance as a zoonosis. The causative link between 
clinical manifestations in the various species and the 
evidence of SHUV infection must be regarded with 
caution because other possible infectious and nonin-
fectious etiologies were not excluded by comprehen-
sive investigations in all cases.
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Legionella pneumophila is a gram-negative bacterium 
usually found in small amounts in water in both na-

ture and built environments. In larger amounts, it can be 
responsible for a severe pneumonia known as Legion-
naires’ disease (LD). Transmission usually occurs when 
someone inhales contaminated aerosols from show-
ers, cooling towers, faucets, or fountains. Person-to-
person transmission is extremely rare (1). Researchers 
have shown evidence of a variety of other uncommon 
sources of contamination, such as windshield washer 
fluid (2) or dental unit waterlines (3). LD transmission 
through flushing toilets has also been suspected (4) but 
not demonstrated. We report 2 cases of LD in immu-
nocompromised patients in France, potentially caused 
by L. pneumophila transmission through flushing toilets. 

The Study 
In the first case, an 18-year-old woman who had un-
dergone an allogeneic bone marrow transplant for 
acute myeloid leukemia in February 2014 in a hospital 
hematology unit in France was hospitalized in Decem-
ber 2015 in the same unit for 9 days. At that time, she  

received immunosuppressive agents (steroids, cyclo-
sporine A, and ruxolitinib) for a chronic graft-versus-
host disease. She was readmitted to the hematology 
unit with fever (38.5°C), shivering, and dyspnea 6 days 
after discharge. Six days later, she was transferred to 
the medical intensive care unit (MICU) of the same 
hospital with fever (40°C), bilateral pneumonia, and 
respiratory and renal failure. The result from a L. pneu-
mophila urinary antigen test (BinaxNOW Legionella 
Urinary Antigen EIA kit; Abbott, https://www.ab-
bott.com) was positive at the time of MICU admission, 
leading clinicians to consider this LD case to be prob-
ably healthcare associated. Physicians successfully 
treated the patient with spiramycin and levofloxacin, 
and she was discharged from the MICU after 8 days. 

In the second case, a 51-year-old man was admit-
ted to the same hematology unit in May 2016 for an 
autologous transplant for a recurrent Hodgkin lym-
phoma. A persistent fever (38.8°C) appeared on the 
12th day after admission and a computed tomogra-
phy scan of the chest showed a multifocal consolida-
tion. The result from a L. pneumophila urinary antigen 
test (BinaxNOW) on day 22 was positive; therefore, 
this LD case was considered to be definitely health-
care associated. The patient’s condition suddenly 
worsened, and he was transferred to the MICU, 
where he rapidly recovered after doctors treated him 
with spiramycin and levofloxacin. 

For both patients, a bronchoalveolar lavage pro-
cedure found L. pneumophila bacteria from serogroup 
1 (LP1), pulsed-field gel electrophoresis pulsotype 
Paris, sequence type (ST) 1, monoclonal antibody 
subgroup Philadelphia. Both patients had been hos-
pitalized in the same room (room 1) of the hematol-
ogy unit, 5 months apart. Air filtration systems with 
HEPA filters were used to control the environment 
of the unit. Water from the sink in each room and 
from the shower, shared by all of the unit’s patients, 
was filtered through 0.1-µm pore filters. Both patients 
were provided only bottled water and did not take 
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We describe 2 cases of healthcare-associated Legion-
naires’ disease in patients in France hospitalized 5 months 
apart in the same room. Whole-genome sequencing anal-
yses showed that clinical isolates from the patients and 
isolates from the room’s toilet clustered together. Toilet 
contamination by Legionella pneumophila could lead to a 
risk for exposure through flushing. 



Legionnaires’ Disease and Toilet Flushing

showers during their hospital stay. In addition, there 
was no cooling tower within the hospital. 

We sampled and analyzed the potential sourc-
es of exposure in accordance with the NF T 90-431 
standard (Association Française de Normalisation, 
https://www.afnor.org) for counting Legionella spp., 
after the second LD case. In brief, we sampled 500 mL 
of water in sterile vials containing 20 mg sodium thio-
sulfate. First, we inoculated 0.2 mL of water on GVPC 
(glycine, vancomycin, polymyxin, cycloheximide) 
plates (Oxoid France, http://www.oxoid.com/fr/
blue/). Then, we filtered 10 mL and 100 mL of wa-
ter through 0.2-µm pore polycarbonate membranes 
placed on GVPC media. We incubated plates at 36°C 
(+ 2°C) for 8–11 days. We subcultured suspicious 
colonies on buffered charcoal yeast extract media 
with and without cystein and identified them by latex  
agglutination (Oxoid France). 

We found no L. pneumophila in the hot water from 
the shared shower (temperature 26.0°C, chlorine 1.12 
mg/L), nor in the hot or cold water from the sink in 
room 1 (temperatures 24°C and 25°C, chlorine 1.11 
mg/L and 0 mg/L, respectively). However, sampling 
of the water from the toilet bowl in room 1 showed con-
tamination (1,100 CFU/L LP1, with a temperature of 
22.0°C and no chlorine). LP1 was also in the toilet bowl 
of the adjacent room (room 2) (100 CFU/L, temperature 
24.4°C), the hot water from the sink in the nurses’ office 
(10 CFU/L, temperature 49.8°C, chlorine 0.77 mg/L), 
and the cold-water inlet of the building (20 CFU/L, tem-
perature 15.0°C). Contamination in the cold-water inlet 
(20 CFU/L, temperature 9.0°C) had also been detected 
in March 2016. Tests of samples of toilet water from 
tanks in nearby rooms did not show any contamination. 

The room was closed, and the toilet was disinfect-
ed daily with bleach. The toilet water in the room was 
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Figure. Maximum-likelihood tree of 39 
Legionella pneumophila ST1 isolates, 
including isolates from investigation 
of 2 cases of healthcare-associated 
Legionnaires’ disease in patients 
in France hospitalized 5 months 
apart in the same room (red bar). 
The tree was constructed using 258 
single-nucleotide polymorphisms 
(SNPs) identified after the removal 
of recombination events. Bootstrap 
values were calculated from 500 
replicates; only values >90 were 
indicated on the tree. Values at the 
right side of the tree represent the 
number of SNPs between the genome 
compared with the genome of patient 
2 after recombination removal. 
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monitored through iterative testing; results were neg-
ative from 10 successive samples tested between June 
2016 and November 2017. To determine the extent of 
such contamination, 29 toilets in 5 different hospital 
buildings were analyzed. All samples were negative, 
suggesting that L. pneumophila contamination of toilet 
water was not common. 

We used Nextera XT technology (Illumina, https://
www.illumina.com) for whole-genome sequencing of 2 
clinical and 10 environmental LP1 strains and deposited 
raw reads into the European Nucleotide Archive (study 
accession no. PRJEB32615). We used SPAdes to assem-
ble genomes (5) and mompS tool to extract STs from 
the WGS data (6). All 12 strains belonged to ST1. We 
analyzed these 12 strains in more depth by comparing 
their genomes to 27 other epidemiologically unrelated 
LP1 ST1 genomes from France available in the Sequence 
Read Archive database (Figure; Appendix, https://
wwwnc.cdc.gov/EID/article/26/7/19-0941-App1.
pdf). We also performed phylogenetic analyses on this 
genome’s dataset, as described by David et al. (7). 

The 2 clinical isolates were nested within and 
thus derived from the clade of isolates sampled from 
the hospital water network. All 12 strains, including 
the strains isolated in the cold-water inlet, were part 
of a cluster sharing the same most recent common an-
cestor (Figure). We observed no difference in single-
nucleotide polymorphisms (SNPs) between the 2 iso-
lates from the toilet water from the patients’ room and 
the isolate of the second patient (Figure). The strains 
present in the toilet water were identical or closely 
related to the strains infecting the patients, and no 
other potential contamination source was identified, 
strongly suggesting that the toilet water was the con-
tamination source. The few differences in SNPs be-
tween the first clinical isolate and the isolates found 
in the environment (0–23 SNPs; see Appendix Table) 
could be explained by diversity of the ST1 population 
in the water network or the micro-evolution of the 
environmental LP1 population during the 5 months 
between the 2 LD cases (7). 

Conclusions
We describe 2 cases in which LD was probably caused 
by L. pneumophila transmitted through contaminated 
toilet water that became aerosolized during flushing. 
We reached this conclusion because we found little 
to no detectable difference between whole genomes 
in isolates obtained from 2 patients hospitalized 5 
months apart in the same room and those from the 
toilet in that room. The other commonly suspected 
sources, in this case the shower and the sink, tested 
negative for L. pneumophila. 

This investigation suggests that transmission 
of L. pneumophila through toilet flushing should be 
considered when investigating a LD case. However, 
as previously suggested, there remains a need for 
a laboratory-based study to explore whether flush-
ing toilets can generate and spread contaminated  
aerosols (8,9). 
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Klebsiella pneumoniae is a threat to human health 
because of the emergence of hypervirulent K. 

pneumoniae, which has caused severe community-ac-
quired infections, and classical multidrug-resistant K. 
pneumoniae involved in hospital outbreaks (1). Classi-
cal K. pneumoniae generally lacks the virulence genes 
associated with invasive diseases (1) and belongs to 
successful clonal groups, such as sequence type (ST) 
11 and ST258 (2). Most hypervirulent K. pneumoniae 
isolates, which are mainly found in Asia (3,4), belong 
to the K1 and K2 capsular serotypes and are restrict-
ed to clonal complexes different from classical multi-
drug-resistant K. pneumoniae groups, such as K1-ST23, 
the most prevalent group (2). They rarely harbor ac-
quired antimicrobial resistance genes but have viru-
lence loci and a hypermucoviscous phenotype (5). We 
describe 2 hypermucoviscous K2-ST86 K. pneumoniae 

(positive string test) resistant to carbapenems isolated 
in northern and southern France.

The Study
In 2017, we recovered the Kpn154 strain from the 
urine of a 35-year-old man with community-ac-
quired urinary tract infection. He had fever (39°C) 
before local symptoms suggesting urinary tract in-
fection caused by bacteremic spread, which was 
successfully treated with intravenous ceftriaxone. A 
second strain, Kpn2166, was hospital-acquired and 
recovered from the feces of a 70-year-old man in 
the intensive care unit of the hospital at which the 
35-year-old patient was seem. Neither patient re-
ported travel during the past 4 years. Both strains 
were resistant to all penicillins and their combina-
tions with β-lactamase inhibitors, and to carbapen-
ems according to EUCAST (European Committee 
on Antimicrobial Susceptibility Testing) guidelines 
(https://www.eucast.org) (Table). In addition, 
Kpn2166 was resistant to the third-generation ceph-
alosporins, quinolones and tigecycline.

We obtained the isolates’ whole-genome se-
quence by hybrid de novo assembly of short and 
long reads generated with technologies from Il-
lumina (https://www.illumina.com) and Oxford 
Nanopore (https://nanoporetech.com; European 
Nucleotide Archive at EMBL-EBI under acces-
sion no. PRJEB34867). We typed the isolates as 
K2-ST86 from whole-genome sequencing using 
the Institut Pasteur multilocus sequence typing 
scheme (https://bigsdb.pasteur.fr) and Kleborate 
(6). Kpn154 harbored carbapenemase-encoding 
gene blaoxa-48 and Kpn2166 the extended-spectrum 
β-lactamase–encoding gene blaCTX-M-15 as the only 
acquired β-lactamase–encoding genes. CTX-M-15 
associated with the truncation of the outer mem-
brane protein OmpK36 caused by 11-bp deletion 
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We recovered 2 carbapenem-resistant K2-ST86 hy-
permucoviscous Klebsiella pneumoniae isolates from 
patients in France. The isolates had genetic attributes 
of hypervirulent K. pneumoniae but differed in ability to 
cause mouse lethality. Convergence of hypervirulent K. 
pneumoniae toward resistance could cause a health cri-
sis because such strains could be responsible for severe 
and untreatable infections.
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was probably responsible for carbapenem resis-
tance in Kpn2166. In the absence of rpsJ variants 
previously associated with tigecycline resistance, 
Kpn2166 resistance to tigecycline and quinolones 
probably resulted from a frameshift mutation in 
ramR (C→T at position 364) (7).

We identified IncL replicon in Kpn154 and IncN 
replicon in Kpn2166. The IncL replicon of Kpn154 
was a canonical pOXA-48–like plasmid encoding 
blaOXA-48 (GenBank accession no. JN626286). In the 
Kpn2166 isolate, blaCTX-M-15 was encoded by a new 
ST9-IncN plasmid, included in an IS26-based com-
posite transposon and downstream a truncated IS-
Ecp1 insertion sequence.

Each isolate harbored an IncHI1B/IncFIB replicon, 
designated pVIR-Kpn154 and pVIR-Kpn2166 (Table), 
typified by the reference hvKP virulence plasmid 
pLVPK (8). They shared with pLVPK 97% pairwise 
identity overall and all virulence genes, including the 
rmpA and rmpA2 genes involved in the hypermucoid 
phenotype (8). We typed the rmpA genes as allele 2 
according to the Institut Pasteur scheme. However, 
Kpn2166 rmpA2 harbored in addition a frameshift 
mutation (coding sequence [CDS] position 196) and 2 
other mutations in virulence genes encoding the sid-
erophores (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/26/7/19-1490-App1.pdf).

We compared the pVIR-Kpn154 and pVIR-
Kpn2166 plasmids with 16 complete hypervirulent 
K. pneumoniae plasmid sequences (Appendix Table) 

from the PATRIC database (http://www.patricbrc.
org). A single-nucleotide polymorphism–based phy-
logenic tree showed a link between the major tree 
branches and the sequence types of hypervirulent K. 
pneumoniae owners but not with their geographic or-
igin (Figure 1, panel A). This finding suggests emer-
gence was more likely caused by spread over distant 
geographic areas than by local expansion and that 
limited horizontal transfers between hypervirulent 
K. pneumoniae isolates probably resulted from the 
absence of known genes involved in conjugation. 
Phylogenetic tree analysis also showed 5 groups 
based on virulence gene synteny, with the predomi-
nant group typified by pLVPK (Figure 1, panel B). 
Because plasmids of ST23-like hypervirulent K. 
pneumoniae all share a similar synteny of virulence 
genes, ST86 hypervirulent K. pneumoniae contains a 
diversity of plasmid synteny groups (Figure 1, pan-
el A), suggesting that rearrangements of virulence 
genes occurred several times along plasmid evolu-
tion at rearrangement hotspots active in non-ST23 
genetic background. For example, pVIR-Kpn2166 
and pVIR-Kpn154 differed from reference plasmid 
pLVPK by the permutations in the ≈100-kb region 
flanked by IS5 mobile elements (Figure 1, panel C). 
pVIR-Kpn154 contained an additional copy of IS5, 
which was associated with another ≈30-kb permuta-
tion + translation event, suggesting that IS5 is a key 
factor in the evolution and diversity of hyperviru-
lent K. pneumoniae plasmids.

 
Table. Characteristics of carbapenem and hypervirulent Klebsiella pneumoniae isolates from 2 patients, France, 2017* 
Characteristic Kpn154 strain Kpn2166 strain 
Patient age, y/sex 35/M 70/M 
Sample, context Urine, community-acquired UTI Feces, hospital-acquired intestinal carriage 
MIC, g/mL   
 Ertapenem 2 32 
 Imipenem 10 10 
 Meropenem 2 4 
 Ceftazidime 0.125 >256 
 Ceftriaxone 0.5 >256 
 Cefotaxime 0.5 >256 
 Cefepime 0.25 >256 
 Aztreonam 0.06 >256 
 Temocillin 256 32 
 Tigecyclin 1 4 
 Colistin 0.5 0.5 
Genome size, sequencing depth 5,555,907 bp, 120 5,649,836 bp, 145 
Genotype K2-ST86 K2-ST86 
Resistance replicon, bp IncL, 100,326 IncN, 61,761 
Resistance marker blaOXA-48 blaCTX-M-15, ompK36, ramR 
Virulence replicon IncHI1B/IncFIB, 215,306 IncHI1B/IncFIB, 226,677 
Capsule regulator rmpA.2, rmpA2† rmpA.2, rmpA2‡ 
Aerobactin-ST§ AbST1: iucA1B1C1D1iutA1 AbST1: iucA1B1C1D1iutA1 
Salmochelin-ST§ SmST1: iroB1C1D1N1 SmST1: iroB1C1D1N1 
Yersiniabactin-ST§ ICEKp3-YbST202LV ICEKp12like- YbST13LV 
*K, capsular genotype; ST, sequence type; UTI, urinary tract infection. 
†New rmpA2 allele. 
‡Truncated allele harboring a frameshift mutation at base 222. 
§Genotyped based on Kleborate schemes. 
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The chromosome of Kpn154 and Kpn2166 ex-
hibited similar organization but differed by 128 in-
sertion/deletion mutations and 1,928 single-nucle-
otide variants (Appendix Figures 2, 3). The Kpn154 
chromosome-mediated ybt virulence locus, which 
encodes the yersiniabactin, was located in the inte-
grative conjugative element ICEKp3 and was typed 
ybST202–1LV (6). In Kpn2166, ybt was located in an 

original isoform of ICEKp12, presenting an ≈34-kb de-
letion compared to the canonical 97,771-bp ICEKp12, 
and was typed ybST13–1LV (6).

Although Kpn154 and Kpn2166 have the same ge-
netic background and share the same virulence score 
(6), they also have allelic and synteny differences in 
virulence genes. We therefore compared the virulence 
of these isolates in a sepsis model based on outbred 
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Figure 1. Comparison of pVIR-
Kpn2166 and pVIR-Kpn154 
Klebsiella pneumoniae isolates 
from 2 patients in France (bold) with 
16 hypervirulent K. pneumoniae 
virulence plasmids recovered from 
the PATRIC database (http://www.
patricbrc.org). A) Single-nucleotide 
polymorphism–based phylogenetic 
tree built by RaxML from an 
alignment generated by Burrows-
Wheeler Aligner and filtered to 
remove recombination using 
Gubbins as previously described 
(9). The ST and the geographic 
origin of bacterial hosts are 
shown. Scale bar indicates mean 
number of nucleotide substitutions 
per site. B) Synteny analysis of 
hypervirulent K. pneumoniae 
virulence plasmids based on data 
from blastn (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). Virulence-based 
synteny groups are indicated and 
the operons encoding the virulence 
factors, virulence synteny groups 
of plasmids and the ST and the 
geographic origin of bacterial 
hosts. Scale bar indicates kbp. 
C) Comparison of the details of 
rearrangements observed in pVIR-
Kpn2166 and pVIR-Kpn154 and in 
pLVPK. Scale bar indicates kbp. 
ST, sequence type.
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mice challenged intraperitoneally, as described (Fig-
ure 2) (10). Mice injected with 103 CFUs of Kpn154 or 
hypervirulent K. pneumoniae reference strain K. pneu-
moniae NTUH-2044 died in <72 h, in contrast to mice 
inoculated with Kpn2166 or American Type Culture 
Collection (ATCC) 13883, showing that only isolate 
Kpn154 is hypervirulent. Higher bacterial doses (106 
and 108 CFUs) of ATCC13883 and Kpn2166 did not 
lead to mouse lethality, confirming that Kpn2166 is 
not hypervirulent in this model, despite harboring all 
genetic attributes of hypervirulent K. pneumoniae ex-
cept a functional rmpA2 gene and allelic variants of 
siderophore-encoding genes. 

We assessed the production of siderophores in 
Kpn154, Kpn2166 and the control strains as described 
(11). Although the siderophore production of the 
nonvirulent strain ATCC13883 (mean 30.2 + SD 1.8 
µg/mL) was at the previously reported rate predict-
ing hypervirulent K. pneumoniae phenotype (≥30 µg/
mL), the other strains produced significantly higher 
siderophore levels (107.2 + 4.5 µg/mL to 306.7 + 20.2 
µg/mL; Bonferroni-adjusted p = 0.0035 by Mann-
Whitney test), with Kpn154 producing at the lower 
level (Appendix Figure 4).

Conclusions
Our results show that a hypermucoviscous K2-ST86 
strain can be avirulent in a sepsis mouse model and 

that hypervirulence cannot be clearly explained by 
siderophore production alone. Gene rmpA2, not 
required for the hypermucoviscosity phenotype 
as previously observed (12), might be required for  
hypervirulent phenotype because it is a main, but 
not the only, difference we observed between the 
ST86-K2 strains. Finally, these results highlight the 
importance of in vivo virulence investigation to 
identify hypervirulent K. pneumoniae, especially in 
the absence of an appropriate clinical scenario.

The threat of hypervirulent K. pneumoniae acquir-
ing carbapenem resistance is becoming a reality in 
Asia, especially in China, where hypervirulence prev-
alence among carbapenem-resistant K. pneumoniae is 
7.4%–15% (5). Most resistant isolates are non-K1/K2-
ST11 and produce carbapenemase KPC-2;. they result 
from the transfer of the pLVPK-like plasmid into ST11 
classical multidrug-resistant K. pneumoniae isolates, as 
observed in the 2 cases reported outside China (5). In-
versely, the carbapenemase-producing isolate Kpn154 
results from the transformation of K2-ST86 hypervir-
ulent K. pneumoniae by plasmid encoding carbapen-
emase OXA-48, the most prevalent carbapenemase in 
France. Similar events occurred with the KPC-2 K2-
ST86 isolate recently reported in Canada (13) and a few 
KPC-2 and NDM K1-ST23 cases documented in China 
and recently in the United States and United Kingdom 
(5,14,15). The combination of multidrug resistance and 
enhanced virulence has the potential to trigger the next 
clinical crisis and cause severe and untreatable infec-
tions in previously healthy persons.
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Figure 2. Kaplan–Meier survival curves of mice intraperitoneally 
challenged with Klebsiella pneumoniae strains Kpn154 and 
Kpn2166 from 2 patients in France, virulent strain NTUH-K2044, 
and nonvirulent ATCC 13883 strain, as previously described 
(10). Mice were injected with 103 CFUs and monitored for 96 h. 
p values were calculated from the Mantel-Cox log rank test for 
survival curve comparison. Gray shading indicates significant 
values. ATCC, American Type Culture Collection. 
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Four genetically distinct but serologically related den-
gue viruses (DENV-1–4) cause dengue, an acute fe-

brile illness common throughout the tropics (1). DENV 
is transmitted by Aedes mosquitoes and has a median 
incubation period of 6 days (2). Other routes of DENV 
transmission include perinatal (3), blood transfusion 
(4), needle stick (5), and laboratory exposure (6–8).

In August 2018, the North Carolina Department 
of Health and Human Services (NCDHHS; Raleigh, 
North Carolina, USA) was notified of a dengue case 
in a laboratory worker. NCDHHS and CDC con-
ducted an investigation to identify the most likely 
route of exposure.

The Study
We interviewed the case-patient and reviewed medi-
cal records to collect travel history, potential expo-
sures, clinical course, and diagnostic test results. The 
case-patient reported no recent travel to an area with 
ongoing DENV transmission. No travel-associated 
dengue cases were reported in 2018 from the coun-
ty where the case-patient worked and resided. The 

case-patient reported illness onset on July 18, 2018, 
with retroorbital eye pain, fever, myalgia, arthral-
gia, lethargy, chills, and lymphadenopathy (Figure 
1). By July 23, the case-patient was afebrile but had 
a whole-body maculopapular rash. The case-patient 
was evaluated by a physician that day and received 
a diagnosis of viral illness. After reporting the ill-
ness to the institutional occupational health clinic, 
the case-patient was referred to an infectious disease 
physician. Upon evaluation 2 days later, vital signs 
and laboratory values were unremarkable except for 
leukopenia (3.3 × 106 cells/mm3).

Four serum specimens were forwarded to CDC 
for diagnostic testing: a baseline specimen collected 
≈1.5 years before illness onset; an acute specimen col-
lected 7 days after illness onset; an early-convalescent 
specimen collected ≈1 month after illness onset; and a 
late-convalescent specimen collected ≈6 months after 
illness onset (Table). The acute specimen tested posi-
tive at a commercial laboratory for detection of non-
structural protein 1 (NS1) antigen and DENV IgM and 
negative for Ehrlichia IgG. At CDC, reverse transcrip-
tion PCR (9) performed on the acute specimen was 
negative; DENV IgM and IgG were detected (10,11) 
in acute and convalescent specimens. In the baseline 
specimen, neutralizing antibodies were detected for 
yellow fever virus but not DENV or West Nile virus. 
Comparison of DENV neutralizing antibody titers in 
acute, early convalescent, and late convalescent se-
rum specimens confirmed incident DENV infection; 
however, a >4-fold rise in neutralizing antibody titer 
against multiple DENVs precluded identification of 
the specific infecting DENV.

We visited the research laboratory where the 
case-patient worked; the principal investigator and 
laboratory safety officer described laboratory safety 
protocols. We reviewed laboratory activities per-
formed by the case-patient in the week before illness 
onset and interviewed the case-patient regarding 
practices of donning and doffing personal protective 
equipment (PPE).
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Investigation of a dengue case in a laboratory worker in 
North Carolina, USA, revealed that the case-patient pre-
pared high-titer dengue virus stocks soon before illness 
onset. Improper doffing of gloves with an open finger 
wound likely resulted in cutaneous exposure. This case 
reinforces recommendations for enhanced precautions 
when working with high-titer dengue virus.



Laboratory-Acquired Dengue Virus Infection

In the 2 weeks before illness onset, the case-
patient reported working with a protocol to grow, 
purify, and concentrate DENV-4. The case-patient 
reported wearing a single pair of nitrile gloves, eye 
protection, a lab coat, and closed-toed shoes while 
working with infectious virus in a certified biosafety 
cabinet (BSC).

The protocol for virus production and concentra-
tion included inoculating ≈40 roller bottles of Vero 
cells with ≈106 plaque-forming units (PFU) of DENV-
4 (Figure 1). Media were harvested and pooled on 
days 5, 7, and 9 postinoculation and concentrated by 
tangential flow filtration followed by sucrose gradi-
ent fractionation. Fractions were collected by piercing 
the centrifugation tubes and collecting fractions us-
ing a safety mechanism that prevented needle sticks. 
Fractions were separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis and protein con-
centration determined using a bicinchoninic acid as-
say. Typical protein concentrations correlated with 
virus titers of 109–1010 PFU/mL. The case-patient 
also performed neutralization and ELISA assays for 
DENV-1–4 during the 2 weeks before illness onset.

The case-patient reported that small splashes of-
ten occurred during virus production and purifica-
tion. The case-patient did not change gloves when 
splashes occurred but occasionally performed surface 
decontamination of gloves and the BSC with 70% 
ethanol. The case-patient estimated entering and ex-
iting the BSC 6–8 times per day on most days of the  

protocol but not being vigilant about handwashing 
after removing gloves. The case-patient reported tak-
ing online Biosafety Level 2 (BSL-2) training upon 
joining the laboratory, receiving hands-on training 
for BSL-2 work, and annually reviewing laboratory 
safety plans and procedures.

The case-patient reported having sustained a 
compression wound on the ring finger of the left hand 
on July 9 or 10; the wound later appeared infected 
and oozing. The case-patient reported not bandag-
ing or covering this wound before donning a single 
pair of gloves while working on the protocol for virus 
production and purification. The case-patient dem-
onstrated their technique for doffing gloves (Figure 
2): the base of the glove of the left hand was pinched 
with the thumb and forefinger of the right hand and 
the glove removed while turning it inside out, after 
which the base of the glove on the right hand was 
pinched with the thumb and forefinger of the now un-
gloved left hand. The case-patient acknowledged that 
the wound on the ring finger of the left hand could 
have contacted the potentially contaminated glove on 
the right hand. The case-patient also mentioned hav-
ing potentially touched mucosal surfaces of the nose 
or mouth with the lab coat sleeve while working with 
infectious virus in the BSC.

Conclusions
The presence of an open finger wound during work 
with high-titer DENV coupled with improper glove 
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Figure 1. Timeline of events surrounding a case of laboratory-acquired dengue virus infection, United States, 2018. ID, infectious 
disease; PCP, primary care physician.

Table. Summary of diagnostic test results of serum specimens collected from a case-patient with laboratory-acquired DENV 
infection, United States, 2018* 

Specimen 
designation 

Time of 
specimen 
collection† 

rRT-
PCR 

NS1 
ELISA 

IgM 
ELISA 

DENV IgG 
ELISA titer 

Neutralizing antibody titer 

DENV-1 DENV-2 DENV-3 DENV-4 WNV YFV 
Baseline‡ −1.5 y NT NT NT 1:40 <20 <20 <20 <20 <20 40 
Acute‡ 7 d Neg Pos Pos 1:163,840 <80 160 640 640 <80 160 
Early convalescent‡ 28 d NT NT Pos 1:163,840 80 640 1280 320 40 80 
Late convalescent§ 190 d NT NT Pos 1:40,960 40 <20 160 160 NT NT 
*DENV, dengue virus; IgM ELISA, anti-DENV IgM antibody capture enzyme linked immunosorbent assay; NS1 ELISA, nonstructural protein 1 ELISA; NT, 
not tested; rRT-PCR, real-time reverse transcription PCR; WNV, West Nile virus; YFV, yellow fever virus. 
†Relative to illness onset. 
‡Neutralizing antibody titers obtained by 90% plaque reduction neutralization test. 
§Neutralizing antibody titers obtained by recombinant microfluorescence reduction neutralization test. 
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doffing suggests that laboratory-acquired infection 
by cutaneous exposure was the most likely route of 
DENV infection in this case. However, other routes of 
exposure, including mucosal, could not be ruled out. 

Three previous cases of laboratory-associated 
DENV infection have been reported. In Nigeria, a lab-
oratorian responsible for cleaning cages and dispos-
ing of mice infected with DENV-1 became infected, 
although mosquito-borne transmission could not be 
ruled out (6). A laboratorian in Australia was infected 
while working with DENV-2 (7), although it could 
not be determined if infection occurred from a bite 
from an infected mosquito in the laboratory or po-
tential mucocutaneous exposure while working with 
infectious virus. In South Korea, a laboratorian was 
infected with DENV-2 following a needle stick injury 
while filtering cell cultures of DENV-2 (8).

In this case, detection of NS1 antigen indepen-
dently confirmed acute DENV infection, supported by 
detection of DENV IgM and >4-fold rise in DENV IgG 
and DENV neutralizing antibody. However, historic 
exposure to >1 flavivirus complicated interpretation 
of neutralizing antibody titers and precluded identi-
fication of the infecting DENV. Moreover, we could 
not rule out infection with DENV between collection 
of the baseline and acute specimens. The difficulty 
interpreting flavivirus neutralizing antibody patterns 
during secondary infections is well described (12).

A study in Belgium conducted during 2007–2012 
found that only 40% of laboratory-associated infec-
tions occurred following a known exposure event; a 
definitive cause of exposure could not be identified in 
nearly one third of cases associated with bloodborne 
pathogens (13). Thus, laboratory-acquired infections, 
including those with DENV, likely occur more fre-
quently than have been documented.

Titers of infectious DENV in human blood resulting 
from mosquito-borne transmission are typically 103–107 
PFU/mL (14). At 109–1010 PFU/mL, the concentration 

of DENV the case-patient handled would have been 
100 to 10 million times higher than the concentration 
found in the average blood specimen of a patient with 
DENV infection. Although BSL-2 containment is rec-
ommended for laboratory work with DENV, enhanced 
safety precautions including double-gloving are recom-
mended when handling large-scale or high-titer virus 
(15). This investigation highlights the importance of 
developing and maintaining risk assessment and man-
agement programs to mitigate exposures to infectious 
agents and emphasizing good microbiological practices 
and procedures training for laboratorians, including 
proper PPE donning and doffing techniques.
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Figure 2. Depiction of improper 
protocol for doffing gloves the 
case-patient reported using 
while conducting a protocol for 
growth and purification of high-
titer dengue virus, United States, 
2018. The red X indicates the 
location of an open wound 
on the ring finger of the case-
patient’s left hand.



Four genetically distinct but serologically related den-
gue viruses (DENV-1–4) cause dengue, an acute fe-

brile illness common throughout the tropics (1). DENV 
is transmitted by Aedes mosquitoes and has a median 
incubation period of 6 days (2). Other routes of DENV 
transmission include perinatal (3), blood transfusion 
(4), needle stick (5), and laboratory exposure (6–8).

In August 2018, the North Carolina Department 
of Health and Human Services (NCDHHS; Raleigh, 
North Carolina, USA) was notified of a dengue case 
in a laboratory worker. NCDHHS and CDC con-
ducted an investigation to identify the most likely 
route of exposure.

The Study
We interviewed the case-patient and reviewed medi-
cal records to collect travel history, potential expo-
sures, clinical course, and diagnostic test results. The 
case-patient reported no recent travel to an area with 
ongoing DENV transmission. No travel-associated 
dengue cases were reported in 2018 from the coun-
ty where the case-patient worked and resided. The 

case-patient reported illness onset on July 18, 2018, 
with retroorbital eye pain, fever, myalgia, arthral-
gia, lethargy, chills, and lymphadenopathy (Figure 
1). By July 23, the case-patient was afebrile but had 
a whole-body maculopapular rash. The case-patient 
was evaluated by a physician that day and received 
a diagnosis of viral illness. After reporting the ill-
ness to the institutional occupational health clinic, 
the case-patient was referred to an infectious disease 
physician. Upon evaluation 2 days later, vital signs 
and laboratory values were unremarkable except for 
leukopenia (3.3 × 106 cells/mm3).

Four serum specimens were forwarded to CDC 
for diagnostic testing: a baseline specimen collected 
≈1.5 years before illness onset; an acute specimen col-
lected 7 days after illness onset; an early-convalescent 
specimen collected ≈1 month after illness onset; and a 
late-convalescent specimen collected ≈6 months after 
illness onset (Table). The acute specimen tested posi-
tive at a commercial laboratory for detection of non-
structural protein 1 (NS1) antigen and DENV IgM and 
negative for Ehrlichia IgG. At CDC, reverse transcrip-
tion PCR (9) performed on the acute specimen was 
negative; DENV IgM and IgG were detected (10,11) 
in acute and convalescent specimens. In the baseline 
specimen, neutralizing antibodies were detected for 
yellow fever virus but not DENV or West Nile virus. 
Comparison of DENV neutralizing antibody titers in 
acute, early convalescent, and late convalescent se-
rum specimens confirmed incident DENV infection; 
however, a >4-fold rise in neutralizing antibody titer 
against multiple DENVs precluded identification of 
the specific infecting DENV.

We visited the research laboratory where the 
case-patient worked; the principal investigator and 
laboratory safety officer described laboratory safety 
protocols. We reviewed laboratory activities per-
formed by the case-patient in the week before illness 
onset and interviewed the case-patient regarding 
practices of donning and doffing personal protective 
equipment (PPE).
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Investigation of a dengue case in a laboratory worker in 
North Carolina, USA, revealed that the case-patient pre-
pared high-titer dengue virus stocks soon before illness 
onset. Improper doffing of gloves with an open finger 
wound likely resulted in cutaneous exposure. This case 
reinforces recommendations for enhanced precautions 
when working with high-titer dengue virus.
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In the 2 weeks before illness onset, the case-
patient reported working with a protocol to grow, 
purify, and concentrate DENV-4. The case-patient 
reported wearing a single pair of nitrile gloves, eye 
protection, a lab coat, and closed-toed shoes while 
working with infectious virus in a certified biosafety 
cabinet (BSC).

The protocol for virus production and concentra-
tion included inoculating ≈40 roller bottles of Vero 
cells with ≈106 plaque-forming units (PFU) of DENV-
4 (Figure 1). Media were harvested and pooled on 
days 5, 7, and 9 postinoculation and concentrated by 
tangential flow filtration followed by sucrose gradi-
ent fractionation. Fractions were collected by piercing 
the centrifugation tubes and collecting fractions us-
ing a safety mechanism that prevented needle sticks. 
Fractions were separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis and protein con-
centration determined using a bicinchoninic acid as-
say. Typical protein concentrations correlated with 
virus titers of 109–1010 PFU/mL. The case-patient 
also performed neutralization and ELISA assays for 
DENV-1–4 during the 2 weeks before illness onset.

The case-patient reported that small splashes of-
ten occurred during virus production and purifica-
tion. The case-patient did not change gloves when 
splashes occurred but occasionally performed surface 
decontamination of gloves and the BSC with 70% 
ethanol. The case-patient estimated entering and ex-
iting the BSC 6–8 times per day on most days of the  

protocol but not being vigilant about handwashing 
after removing gloves. The case-patient reported tak-
ing online Biosafety Level 2 (BSL-2) training upon 
joining the laboratory, receiving hands-on training 
for BSL-2 work, and annually reviewing laboratory 
safety plans and procedures.

The case-patient reported having sustained a 
compression wound on the ring finger of the left hand 
on July 9 or 10; the wound later appeared infected 
and oozing. The case-patient reported not bandag-
ing or covering this wound before donning a single 
pair of gloves while working on the protocol for virus 
production and purification. The case-patient dem-
onstrated their technique for doffing gloves (Figure 
2): the base of the glove of the left hand was pinched 
with the thumb and forefinger of the right hand and 
the glove removed while turning it inside out, after 
which the base of the glove on the right hand was 
pinched with the thumb and forefinger of the now un-
gloved left hand. The case-patient acknowledged that 
the wound on the ring finger of the left hand could 
have contacted the potentially contaminated glove on 
the right hand. The case-patient also mentioned hav-
ing potentially touched mucosal surfaces of the nose 
or mouth with the lab coat sleeve while working with 
infectious virus in the BSC.

Conclusions
The presence of an open finger wound during work 
with high-titer DENV coupled with improper glove 
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Figure 1. Timeline of events surrounding a case of laboratory-acquired dengue virus infection, United States, 2018. ID, infectious 
disease; PCP, primary care physician.

Table. Summary of diagnostic test results of serum specimens collected from a case-patient with laboratory-acquired DENV 
infection, United States, 2018* 

Specimen 
designation 

Time of 
specimen 
collection† 

rRT-
PCR 

NS1 
ELISA 

IgM 
ELISA 

DENV IgG 
ELISA titer 

Neutralizing antibody titer 

DENV-1 DENV-2 DENV-3 DENV-4 WNV YFV 
Baseline‡ −1.5 y NT NT NT 1:40 <20 <20 <20 <20 <20 40 
Acute‡ 7 d Neg Pos Pos 1:163,840 <80 160 640 640 <80 160 
Early convalescent‡ 28 d NT NT Pos 1:163,840 80 640 1280 320 40 80 
Late convalescent§ 190 d NT NT Pos 1:40,960 40 <20 160 160 NT NT 
*DENV, dengue virus; IgM ELISA, anti-DENV IgM antibody capture enzyme linked immunosorbent assay; NS1 ELISA, nonstructural protein 1 ELISA; NT, 
not tested; rRT-PCR, real-time reverse transcription PCR; WNV, West Nile virus; YFV, yellow fever virus. 
†Relative to illness onset. 
‡Neutralizing antibody titers obtained by 90% plaque reduction neutralization test. 
§Neutralizing antibody titers obtained by recombinant microfluorescence reduction neutralization test. 

 



DISPATCHES

doffing suggests that laboratory-acquired infection 
by cutaneous exposure was the most likely route of 
DENV infection in this case. However, other routes of 
exposure, including mucosal, could not be ruled out. 

Three previous cases of laboratory-associated 
DENV infection have been reported. In Nigeria, a lab-
oratorian responsible for cleaning cages and dispos-
ing of mice infected with DENV-1 became infected, 
although mosquito-borne transmission could not be 
ruled out (6). A laboratorian in Australia was infected 
while working with DENV-2 (7), although it could 
not be determined if infection occurred from a bite 
from an infected mosquito in the laboratory or po-
tential mucocutaneous exposure while working with 
infectious virus. In South Korea, a laboratorian was 
infected with DENV-2 following a needle stick injury 
while filtering cell cultures of DENV-2 (8).

In this case, detection of NS1 antigen indepen-
dently confirmed acute DENV infection, supported by 
detection of DENV IgM and >4-fold rise in DENV IgG 
and DENV neutralizing antibody. However, historic 
exposure to >1 flavivirus complicated interpretation 
of neutralizing antibody titers and precluded identi-
fication of the infecting DENV. Moreover, we could 
not rule out infection with DENV between collection 
of the baseline and acute specimens. The difficulty 
interpreting flavivirus neutralizing antibody patterns 
during secondary infections is well described (12).

A study in Belgium conducted during 2007–2012 
found that only 40% of laboratory-associated infec-
tions occurred following a known exposure event; a 
definitive cause of exposure could not be identified in 
nearly one third of cases associated with bloodborne 
pathogens (13). Thus, laboratory-acquired infections, 
including those with DENV, likely occur more fre-
quently than have been documented.

Titers of infectious DENV in human blood resulting 
from mosquito-borne transmission are typically 103–107 
PFU/mL (14). At 109–1010 PFU/mL, the concentration 

of DENV the case-patient handled would have been 
100 to 10 million times higher than the concentration 
found in the average blood specimen of a patient with 
DENV infection. Although BSL-2 containment is rec-
ommended for laboratory work with DENV, enhanced 
safety precautions including double-gloving are recom-
mended when handling large-scale or high-titer virus 
(15). This investigation highlights the importance of 
developing and maintaining risk assessment and man-
agement programs to mitigate exposures to infectious 
agents and emphasizing good microbiological practices 
and procedures training for laboratorians, including 
proper PPE donning and doffing techniques.
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Nontyphoidal salmonellae are among the most 
ubiquitous pathogens associated with foodborne 

illness worldwide (1). Salmonellosis detection is of 
public health value because of the ease with which 
the pathogen is transmitted (2), increased pathogen 
antimicrobial drug resistance (3), and high morbidity 
rates (4). Detection of Salmonella in a Massachusetts 
resident is reportable to the Massachusetts Depart-
ment of Public Health (MDPH), and submission of 
isolates to the MDPH State Public Health Laboratory 
(SPHL) is mandatory. From 2014 through 2018, an av-
erage of 1,200 confirmed cases of Salmonella infection 
in Massachusetts residents were reported each year. 
Since 1996, MDPH has used pulsed-field gel electro-
phoresis (PFGE) to identify local clusters and report 
isolate patterns to the Centers for Disease Control and 
Prevention (CDC) PulseNet network (https://www.
cdc.gov/pulsenet/index.html). Increasingly, public 
health laboratories are using whole-genome sequenc-
ing (WGS) to identify unique strains and outbreaks. 
MDPH began using WGS in 2015 and fully transi-
tioned to use of this technique in 2019.

After sequencing is complete, isolates are further 
analyzed by using a reference-free bioinformatics 

pipeline, a system first developed in Utah (5) and op-
timized by an MDPH bioinformatician for the Mas-
sachusetts SPHL. This pipeline enables creation of a 
phylogenetic tree, which shows relatedness between 
isolates. Concurrent with the analysis and develop-
ment of the tree at the SPHL, the raw sequencing 
data (FastQ files) are uploaded to PulseNet for core 
genome multilocus sequence typing analysis to deter-
mine allele differences between the isolates. In 2018, 
a total of 583 of 803 Salmonella isolates underwent se-
quencing in Massachusetts and results were sent to 
CDC for confirmatory analysis.

Massachusetts uses an integrated web-based 
surveillance and case-management system for >90 
reportable infectious diseases, including Salmonella 
(6). After a case is received through electronic labo-
ratory reporting, local boards of health are notified 
about the need for case investigation. Clusters iden-
tified through laboratory or epidemiologic methods 
receive additional follow-up. The SPHL and Divi-
sion of Epidemiology are part of the Bureau of Infec-
tious Disease and Laboratory Sciences at MDPH, and 
these programs meet regularly to review clusters of  
infectious disease.

The Study
In mid-October 2018, the SPHL notified epidemiolo-
gists about an increased number of isolates that were 
indistinguishable from Salmonella enterica serovar En-
teritidis pattern JEGX01.0004, according to by PFGE 
testing over a 60-day period. The average baseline 
for this pattern is 12.5 isolates/year from August 15 
through October 15; by October 15, 2018, a total of 
34 isolates had been identified. Pattern JEGX01.0004 
is the most common Salmonella Enteritidis pattern 
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found in Massachusetts, making cluster detection dif-
ficult. All JEGX01.0004 isolates received priority sta-
tus for WGS.

Before WGS data were available, epidemiologists 
identified 3 persons with laboratory-confirmed Sal-
monella infection who had been interviewed by the 
local board of health and reported having dined at 
the same restaurant on November 2, 2018. All 3 case-
patients lived in adjacent towns in Middlesex County 
and had not dined together. Two had eaten chicken 
Caesar salads and 1 had eaten a Greek salad with 
chicken. All 3 were female and 50–70 years of age. Ep-
idemiologists notified the SPHL of the epidemiologic 
link on November 15. On November 16, the labora-
tory confirmed that isolates from all 3 case-patients 
were indistinguishable from Salmonella Enteriditis 
pattern JEGX01.0004.

Subsequently, the MDPH Food Protection Pro-
gram notified the local board of health for the implicat-
ed restaurant, which led to a same-day inspection of 
the establishment. The inspection noted several food 
safety issues, including lack of an employee illness 
plan and absence of a separate sink for handwash-
ing. The restaurant closed for cleaning on November 
17 and again on November 19 while fecal samples 
from the food handlers were screened for Salmonella. 
Of the 11 employees who submitted fecal samples to 
the SPHL for Salmonella testing, results were positive 
for 1 food handler on November 23. This person had 
been working at the restaurant on the weekend of No-
vember 2–4, the reported exposure dates for the first 
case-patients. During November 19–26, WGS added 
an additional 6 cases to the cluster.

While the initial investigation of the restaurant 
was under way, the laboratory used in-house se-
quencing analysis to generate a phylogenetic tree; 
CDC performed confirmatory analyses on the ac-
companying FastQ files. The information resulted in 
identification of 7 individual clusters within isolates 
with the PFGE pattern JEGX01.0004. Further epide-
miologic investigations linked 1 cluster to the restau-
rant cluster; the other 6 clusters could not be linked to 
a common exposure (Figure).

By mid-December 2018, a total of 10 isolates had 
been confirmed as being related to this cluster: 3 iso-
lates were initially identified through epidemiologic 
data and later linked by sequencing, and the other 7 
were initially identified through sequencing and later 
confirmed to be associated with the restaurant through 
case-patient interview. By December 20, a total of 18 
isolates had been genetically linked to this cluster 
through WGS. The additional 8 case-patients were 
either not available for additional follow-up (n = 5)  

or did not report having dined at this restaurant (n = 
3). Case-patients associated with the restaurant had 
ordered food during November 2–4; of those, 10 had 
consumed raw lettuce and tomatoes in either a salad 
or sandwich, and 8 had consumed grilled chicken.

Conclusion
Our study report illustrates that classic epidemiologic 
case follow-up integrated with molecular approach-
es to cluster detection expanded the scope of a res-
taurant-associated outbreak. Using PFGE data only, 
a total of 84 isolates were included in this cluster of 
Salmonella Enteriditis pattern JEGX01.0004, making 
it difficult to identify which case-patients were likely 
to have common exposures. Open communication 
between epidemiologists and laboratory personnel 
about epidemiologic and WGS data narrowed the 
scope of the investigation to a clade within the larger 
PFGE cluster’s phylogenetic tree, focusing investiga-
tive activities and improving the timeliness of control 
measure implementation. The real-time sequencing 
and analysis of all JEGX01.0004 isolates contributed 
to the identification of additional patients and helped 
identify the source for a foodborne outbreak. 

We followed stringent next-generation sequenc-
ing data processing and filtering thresholds imple-
mented by PulseNet. In brief, we trimmed reads at 
Q30 and included genomes only if the average cov-
erage was >20×. This method generates high-con-
fidence results and has been adopted by PulseNet 
since early 2018 (7). 

The infected food handler was probably shed-
ding Salmonella and, if hygiene practices were inad-
equate, could have contaminated ready-to-eat foods 
such as lettuce and tomatoes. Alternatively, a ready-
to-eat food could have been the common source for 
all 18 cases in this cluster.

CDC has called for ongoing strengthening and 
support of state and local health departments to in-
vestigate and report outbreaks associated with food-
borne disease as a necessary mechanism to reduce 
the burden of foodborne illness in the United States 
(8). In Massachusetts, cross-discipline collabora-
tion among state and local health departments im-
proved foodborne illness surveillance and response 
to a Salmonella Enteritidis outbreak associated with a 
restaurant. The cluster was epidemiologically iden-
tified within 2 weeks of exposure for the first 3 case-
patients, inspection services were deployed to the 
restaurant the same day, and the probable source of 
contamination was confirmed by PFGE and WGS in 
<2 weeks. The prompt linking of epidemiologic and 
laboratory data and the implementation of in-state 
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Figure. Phylogenetic tree for 
Salmonella enterica serotype 
Enteritidis isolates from outbreak 
in Massachusetts, USA, 2018. 
The colored boxes on the left 
indicate 9 separate subclusters 
for the entire 84-isolate 
cluster, with confirmation of 
allele differences coming 
from PulseNet (https://www.
cdc.gov/pulsenet/index.html). 
Eight subclusters yielded no 
epidemiologic data, resulting in 
the closure of those clusters. The 
ninth subcluster, in the green 
box (right), contains the isolates 
associated with the restaurant 
cluster. Boldface indicates 
isolates from persons who ate at 
the restaurant; the star indicates 
the isolate from the food handler 
implicated in the outbreak.
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WGS and analysis improved public health surveil-
lance capacity and timeliness of outbreak detection 
and control.
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Food Safety

Foodborne illness (sometimes called “food-
borne disease,” “foodborne infection,” or 
“food poisoning”) is a common, costly—yet 
preventable—public health problem. Each 
year, 1 in 6 Americans gets sick by consum-
ing contaminated foods or beverages. Many 
different disease-causing microbes, or patho-
gens, can contaminate foods, so there are 
many different foodborne infections. In addi-
tion, poisonous chemicals, or other harmful 
substances can cause foodborne diseases if 
they are present in food.
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Seventeen years after the severe acute respiratory 
syndrome (SARS) epidemic, an outbreak of pneu-

monia, now called coronavirus disease (COVID-19), 
was reported in Wuhan, China. Some of the early case-
patients had a history of visiting the Huanan Seafood 
Wholesale Market, where wildlife mammals are sold, 
suggesting a zoonotic origin. The causative agent was 
rapidly isolated from patients and identified to be a 
coronavirus, now designated as severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) by the 
International Committee on Taxonomy of Viruses 
(1). SARS-CoV-2 has spread rapidly to other places; 
113,702 cases and 4,012 deaths had been reported in 
110 countries/areas as of March 10, 2020 (2). In Hong 
Kong, 130 cases and 3 deaths had been reported.

SARS-CoV-2 is a member of subgenus Sarbeco-
virus (previously lineage b) in the family Coronaviri-
dae, genus Betacoronavirus, and is closely related to 
SARS-CoV, which caused the SARS epidemic during 
2003, and to SARS-related-CoVs (SARSr-CoVs) in 
horseshoe bats discovered in Hong Kong and main-
land China (3–5). Whereas SARS-CoV and Middle 
East respiratory syndrome coronavirus were rapidly 
traced to their immediate animal sources (civet and 
dromedaries, respectively), the origin of SARS-CoV-2 
remains obscure.

SARS-CoV-2 showed high genome sequence iden-
tities (87.6%–87.8%) to SARSr-Rp-BatCoV-ZXC21/
ZC45, detected in Rhinolophus pusillus bats from 
Zhoushan, China, during 2015 (6). A closer-related 
strain, SARSr-Ra-BatCoV-RaTG13 (96.1% genome 
identity with SARS-CoV-2), was recently reported in 
Rhinolophus affinis bats captured in Pu’er, China, dur-
ing 2013 (7). Subsequently, Pangolin-SARSr-CoV/
P4L/Guangxi/2017 (85.3% genome identity to SARS-
CoV-2) and related viruses were also detected in 
smuggled pangolins captured in Nanning, China, dur-
ing 2017 (8) and Guangzhou, China, during 2019 (9). To 
elucidate the evolutionary origin and pathway of SARS-
CoV-2, we performed an in-depth genomic, phyloge-
netic, and recombination analysis in relation to SARSr-
CoVs from humans, civets, bats, and pangolins (10).

The Study
We downloaded 4 SARS-CoV-2, 16 human/civet-
SARSr-CoV, 63 bat-SARSr-CoV and 2 pangolin-SARSr-
CoV genomes from GenBank and GISAID (https://
www.gisaid.org). We also sequenced the complete ge-
nome of SARS-CoV-2 strain HK20 (GenBank accession 
no. MT186683) from a patient with COVID-19 in Hong 
Kong. We performed genome, phylogenetic, and re-
combination analysis as described (11).

The 5 SARS-CoV-2 genomes had overall 99.8%–
100% nt identities with each other. These genomes 
showed 96.1% genome identities with SARSr-Ra-
BatCoV-RaTG13, 87.8% with SARSr-Rp-BatCoV-
ZC45, 87.6% with SARSr-Rp-BatCoV-ZXC21, 85.3% 
with pangolin-SARSr-CoV/P4L/Guangxi/2017, and 
73.8%–78.6% with other SARSr-CoVs, including hu-
man/civet-SARSr-CoVs (Table 1, https://wwwnc.
cdc.gov/EID/article/26/7/20-0092-T1.htm).

Most predicted proteins of SARS-CoV-2 showed 
high amino acid sequence identities with that of SARSr-
Ra-BatCoV RaTG13, except the receptor-binding  
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We showed that severe acute respiratory syndrome 
coronavirus 2 is probably a novel recombinant virus. Its 
genome is closest to that of severe acute respiratory 
syndrome–related coronaviruses from horseshoe bats, 
and its receptor-binding domain is closest to that of 
pangolin viruses. Its origin and direct ancestral viruses 
have not been identified.
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domain (RBD) region. SARS-CoV-2 possessed an in-
tact open reading frame 8 without the 29-nt deletion 
found in most human SARS-CoVs. The concatenated 
conserved replicase domains for coronavirus species 
demarcation by the International Committee on Tax-
onomy of Viruses showed >92.9% aa identities (thresh-
old >90% for same species) between SARS-CoV-2 and 
other SARSr-CoVs, supporting their classification un-
der the same coronavirus species (Table 2) (1).

Unlike other members of the subgenus Sarbecovi-
rus, SARS-CoV-2 has a spike protein that contains a 
unique insertion that results in a potential cleavage site 
at the S1/S2 junction, which might enable proteolytic 
processing that enhances cell–cell fusion. SARS-CoV-2 
was demonstrated to use the same receptor, human 
angiotensin-converting enzyme 2 (hACE2), as does 
SARS-CoV (7). The predicted RBD region of SARS-
CoV-2 spike protein, corresponding to aa residues 
318–513 of SARS-CoV (12), showed the highest (97% 
aa) identities with pangolin-SARSr-CoV/MP789/
Guangdong and 74.1%–77.7% identities with human/
civet/bat-SARSr-CoVs known to use hACE2 (Table 
1). Moreover, similar to the human/civet/bat-SARSr-
CoV hACE2-using viruses, the 2 deletions (5 aa and 12 

aa) found in all other SARSr-BatCoVs (10) were absent 
in SARS-CoV-2 RBD (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/26/7/20-0092-App1.
pdf). Of the 5 critical residues needed for RBD-hACE2 
interaction in SARSr-CoVs (13), 3 (F472, N487, and 
Y491) were present in SARS-CoV-2 RBD and pangolin 
SARSr-CoV/MP789/2019-RBD.

Phylogenetic analysis showed that the RNA-de-
pendent RNA polymerase gene of SARS-CoV-2 is most 
closely related to that of SARSr-Ra-BatCoV RaTG13, 
whereas its predicted RBD is closest to that of pangolin-
SARSr-CoVs (Figure 1). This finding suggests a distinct 
evolutionary origin for SARS-CoV-2 RBD, possibly as 
a result of recombination. Moreover, the SARS-CoV-2 
RBD was also closely related to SARSr-Ra-BatCoV 
RaTG13 and the hACE2-using cluster containing hu-
man/civet-SARSr-CoVs and Yunnan SARSr-BatCoVs 
previously successfully cultured in VeroE6 cells (4,5).

To identify putative recombination events, we 
performed sliding window analysis using SARS-CoV-
2-HK20 as query and SARSr-Ra-BatCoV RaTG13, 
pangolin-SARSr-CoV/P4L/Guangxi/2017, SARSr-
Rp-BatCoV ZC45, SARSr-Rs-BatCoV Rs3367, and 
SARSr-Rs-BatCoV Longquan-140 as potential parents 
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Table 2. Percentage amino acid identity between 7 conserved domains of the replicase polyprotein for species demarcation in SARS-
CoV-2 and selected members of the subgenus Sarbecovirus* 

Virus 

% Amino acid identity compared with that for SARS-CoV-2 

ADRP nsp5 nsp12 nsp13 nsp14 nsp15 nsp16 

Seven 
concatenated  

domains 
Human SARS-CoV TOR2/Toronto/Mar2003 79.3 96.1 96.4 99.8 95.1 88.7 93.3 95.0 
Civet SARS-CoV SZ3/Shenzhen/2013 79.3 96.1 96.4 99.7 95.1 88.7 93.6 95.0 
Civet SARS-CoV PC4–136/Guangdong/2004 78.4 96.1 96.4 99.3 94.7 88.7 93.3 94.8 
Human SARS-CoV GZ0402 78.4 95.8 96.2 99.5 94.9 51.7 93.3 94.8 
SARSr-Rs-BatCoV HKU3–1/R.sinicus/Hong 
Kong/2005 

79.3 95.4 95.6 98.8 94.7 88.2 93.3 94.5 

SARSr-Rp-BatCoV 
Rp/Shaanxi2011/R.pusillus/Shaanxi/2011 

78.4 96.1 96.1 99.3 96.0 88.4 93.6 95.0 

SARSr-Rs-BatCoV 
Rs672/2006/R.sinicus/Guizhou/2006 

80.2 95.4 96.5 99.0 95.6 88.2 94.3 95.0 

SARSr-Rs-BatCoV WIV1 80.2 95.8 96.2 99.5 95.4 89.0 93.0 95.0 
SARSr-Rf-BatCoV 
YNLF_31C/R.ferrumequinum/Yunnan/2013 

80.2 95.8 96.2 99.3 95.6 88.7 93.0 95.0 

SARSr-Rf-BatCoV 
16BO133/R.ferrumequinum/Korea/2016 

79.3 95.1 96.1 98.7 94.9 88.2 92.6 94.6 

SARSr-Rf-BatCoV 
JTMC15/R.ferrumequinum/Jilin/2013 

79.3 94.8 96.2 98.5 94.9 88.2 92.6 94.5 

SARSr-Rs-BatCoV BtKY72/Rhinolophus 
sp./Kenya/2007 

74.8 95.4 95.0 96.8 92.8 87.3 90.6 92.9 

SARSr-Rm-BatCoV Longquan-
140/R.monoceros/Zhejiang/2012 

79.3 95.8 95.7 99.2 94.9 89.0 94.3 94.8 

SARSr-Rb-BatCoV BM48–
31/BGR/2008/R.blasii/Bulgaria/2008 

78.4 94.1 95.2 97.8 93.5 89.9 88.6 93.5 

SARSr-Rp-BatCoV 
ZXC21/R.pusillus/Zhejiang/2015 

88.3 99.0 95.6 98.8 94.7 88.2 98.0 95.4 

SARSr-Rp-BatCoV ZC45/R.pusillus/Zhejiang/2017 92.8 99.0 95.9 99.3 94.5 89.0 98.0 95.8 
Pangolin-SARSr-CoV Guangxi/P4L/2017 85.5 97.1 97.9 98.2 97.0 94.5 97.7 96.9 
SARSr-Ra-BatCoV RaTG13/R.affinis/Yunnan/2013 96.7 99.3 99.6 99.7 99.2 97.7 100 99.2 
*ADRP, ADP-ribose-1′′ phosphatase; nsp, nonstuctural protein; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SARSr-CoV, severe 
acute respiratory syndrome–related coronavirus. 
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(Figure 2; Appendix Figure 2). A similarity plot showed 
that SARS-CoV-2 is most closely related to SARSr-Ra-
BatCoV RaTG13 in the entire genome, except for its RBD, 
which is closest to pangolin-SARSr-CoV/MP789/Guang-
dong, and shows potential recombination breakpoints. 
Moreover, different regions of SARS-CoV-2 genome 
showed different similarities to pangolin-SARSr-CoV/

P4L/Guangxi/2017, SARSr-Rp-BatCoV ZC45, SARSr-Rs-
BatCoV Rs3367, and SARSr-Rs-BatCoV Longquan-140, 
as supported by phylogenetic analysis (Appendix  
Figures 2, 3).

Sequence alignment around the RBD supported 
potential recombination between SARSr-Ra-Bat-
CoV RaTG13 and pangolin-SARSr-CoV/MP789/
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Figure 1. Geographic and phylogenetic comparisons of SARS-CoV-2 isolates with closely related viruses. A) Locations in China where 
SARS-CoV-2 first emerged (Wuhan), and where closely related viruses were found, including SARSr-Ra-BatCoV RaTG13 (Pu’er), 
Pangolin-SARSr-CoVs (Guangzhou and Nanning), and SARSr-Rp-BatCoV ZC45 (Zhoushan). Time of sampling and percentage 
genome identities to SARS-CoV-2 are shown. *Guangzhou and Nanning. The geographic origin of smuggled pangolins remains 
unknown. B, C) Phylogenetic analyses of RdRp (B) and RBD (C) domains of SARSr-CoVs. Trees were constructed by using maximum-
likelihood methods with Jones-Taylor-Thornton plus gamma plus invariant sites (RdRp) and Whelan and Goldman plus gamma (RBD) 
substitution models. A total of 745 aa residues for RdRp and 177 aa residues for RBD were included in the analyses. Numbers at 
nodes represent bootstrap values, which were calculated from 1,000 trees. Only bootstrap values >70% are shown. Purple indicates 
SARS-CoV-2 (strain HK20 in bold); teal indicates SARSr-Ra-BatCoV RaTG13; pink indicates pangolin SARSr-CoVs; green indicates 
SARSr-Rp-BatCoVs ZXC21 and ZC45; red indicates SARSr-Rs-BatCoV Rs3367; black indicates SARSr-Rs-BatCoV Longquan-140; 
gray indicates remaining SARSr-BatCoVs. Dots indicate SARSr-BatCoVs reported to use angiotensin-converting enzyme 2 as receptor. 
Scale bars indicate estimated number of amino acid substitutions per 200 aa residues for RdRp and per 20 aa residues for RBD. SARS-
CoV-2, severe acute respiratory syndrome coronavirus 2; SARSr-CoV, severe acute respiratory syndrome–related coronavirus; NA, not 
available; RBD, receptor-binding domain; RdRp, RNA-dependent RNA polymerase.
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Figure 2. Bootscan analysis and nucleotide sequence alignment for SARS-CoV-2 isolates and closely related viruses. A) Bootscan 
analysis using the partial spike gene (positions 22397–23167) of SARS-CoV-2 strain HK20 as query sequence. Bootscanning was 
conducted with Simplot version 3.5.1 (https://sray.med.som) (F84 model; window size, 100 bp; step, 10 bp) on nucleotide alignment, 
generated with ClustalX (http://www.clustal.org). B) Multiple alignment of nucleotide sequences from genome positions 22300 to 23700. 
Yellow indicates receptor binding domain; orange indicates receptor binding motif; pink indicates bases conserved between SARS-
CoV-2 HK20 and Pangolin-SARSr-CoV/MP789/Guangdong/2019; and blue indicates bases conserved between SARS-CoV-2 HK20 and 
SARSr-Ra-BatCoVs RaTG13.
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Guangdong/2019 and the receptor-binding motif 
region showing exceptionally high sequence similar-
ity to that of pangolin-SARSr-CoV/MP789/Guang-
dong/2019. This finding suggested that SARS-CoV-2 
might be a recombinant virus between viruses closely 
related to SARSr-Ra-BatCoV RaTG13 and pangolin-
SARSr-CoV/MP789/Guangdong/2019.

Conclusions
Despite the close relatedness of SARS-CoV-2 to bat 
and pangolin viruses, none of the existing SARSr-
CoVs represents its immediate ancestor. Most of the 
genome region of SARS-CoV-2 is closest to SARSr-
Ra-BatCoV-RaTG13 from an intermediate horseshoe 
bat in Yunnan, whereas its RBD is closest to that of 
pangolin-SARSr-CoV/MP789/Guangdong/2019 
from smuggled pangolins in Guangzhou. Poten-
tial recombination sites were identified around the 
RBD region, suggesting that SARS-CoV-2 might 
be a recombinant virus, with its genome backbone 
evolved from Yunnan bat virus–like SARSr-CoVs 
and its RBD region acquired from pangolin virus–
like SARSr-CoVs.

Because bats are the major reservoir of SARSr-
CoVs and the pangolins harboring SARSr-CoVs were 
captured from the smuggling center, it is possible that 
pangolin SARSr-CoVs originated from bat viruses as 
a result of animal mixing, and there might be an un-
identified bat virus containing an RBD nearly identi-
cal to that of SARS-CoV-2 and pangolin SARSr-CoV. 
Similar to SARS-CoV, SARS-CoV-2 is most likely a 
recombinant virus originated from bats.

The ability of SARS-CoV-2 to emerge and infect 
humans is likely explained by its hACE2-using RBD 
region, which is genetically similar to that of cultur-
able Yunnan SARSr-BatCoVs and human/civet-
SARSr-CoVs. Most SARSr-BatCoVs have not been 
successfully cultured in vitro, except for some Yun-
nan strains that had human/civet SARS-like RBDs 
and were shown to use hACE2 (4,5). For example, 
SARSr-Rp-BatCoV ZC45, which has an RBD that is 
more divergent from that of human/civet-SARSr-
CoVs, did not propagate in VeroE6 cells (6). Factors 
that determine hACE2 use among SARSr-CoVs re-
main to be elucidated.

Although the Wuhan market was initially sus-
pected to be the epicenter of the epidemic, the imme-
diate source remains elusive. The close relatedness 
among SARS-CoV-2 strains suggested that the Wu-
han outbreak probably originated from a point source 
with subsequent human-to-human transmission, in  
contrast to the polyphyletic origin of Middle East re-
spiratory syndrome coronavirus (14). If the Wuhan 

market was the source, a possibility is that bats car-
rying the parental SARSr-BatCoVs were mixed in the 
market, enabling virus recombination. However, no 
animal samples from the market were reported to be 
positive. Moreover, the first identified case-patient and 
other early case-patients had not visited the market 
(15), suggesting the possibility of an alternative source.

Because the RBD is considered a hot spot for con-
struction of recombinant CoVs for receptor and viral 
replication studies, the evolutionarily distinct SARS-
CoV-2 RBD and the unique insertion of S1/S2 cleav-
age site among Sarbecovirus species have raised the 
suspicion of an artificial recombinant virus. However, 
there is currently no evidence showing that SARS-
CoV-2 is an artificial recombinant, which theoretically 
might not carry signature sequences. Further surveil-
lance studies in bats are needed to identify the pos-
sible source and evolutionary path of SARS-CoV-2.
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EID Podcast: Nipah Virus Transmission  
from Bats to Humans Associated with  
Drinking Traditional Liquor Made from  

Date Palm Sap, Bangladesh, 2011–2014
Nipah virus (NiV) is a paramyxovirus, and Pteropus spp. bats are the 
natural reservoir. From December 2010 through March 2014, hospital-
based encephalitis surveillance in Bangladesh identified 18 clusters of 
NiV infection. A team of epidemiologists and anthropologists investigat-
ed and found that among the 14 case-patients, 8 drank fermented date 

palm sap (tari) regularly before their illness, and 6 pro-
vided care to a person infected with NiV. The pro-

cess of preparing date palm trees for tari produc-
tion was similar to the process of collecting date 
palm sap for fresh consumtion. Bat excreta was 
reportedly found inside pots used to make tari. 

These findings suggest that drinking tari is a 
potential pathway of NiV transmission.

Visit our website to listen: 
http://www2c.cdc.gov/podcasts/player.asp?f=8642667



Heartland virus (HRTV), a phlebovirus in the 
order Bunyavirales, is an emerging zoonotic 

pathogen. In 2009, after 2 cases were identified in per-
sons in Missouri, additional cases were subsequently 
reported from Kansas, Oklahoma, Arkansas, Mis-
souri, Tennessee, Kentucky, Indiana, Georgia, and 
South Carolina. Disease onset was most often during 
April–September (1). HRTV symptoms can initially 
resemble those of ehrlichiosis (2) and include fatigue, 
fever, leukopenia, and thrombocytopenia (3). Human 
illness caused by HRTV infection often requires hos-
pitalization and has resulted in death (1).

After 2 persons infected with HRTV in north-
western Missouri reported having noticed attached 
ticks before symptom onset (4), subsequent entomo-
logic studies detected HRTV in nymphal Amblyomma 
americanum ticks. Laboratory studies confirmed the 
competence of A. americanum ticks for transmitting 
HRTV transstadially and horizontally (5). This body 
of evidence led to the implication of A. americanum 
ticks as the putative vector of HRTV (2,6). Serologic 
surveys of mammals and birds subsequently detected 
HRTV-specific neutralizing antibodies in a variety of 

mammals, including raccoons and white-tailed deer, 
suggesting that various medium- and large-sized 
mammals may serve as hosts (3,7).

A. americanum ticks are vectors of public health 
concern because of their aggressive biting behav-
ior, willingness to feed on humans, and abundance. 
Over the past century, their distribution range has 
expanded northward (8), and population estab-
lishment continues to increase because of climate 
change (9). Habitat suitability models have suggest-
ed that this species’ fundamental niche should reach 
the center of Illinois (10) or eventually encompass 
the state entirely (9).

In July 2018, a Kankakee County, Illinois, resi-
dent (case-patient 1) reported having incurred 
multiple tick bites while camping on private resi-
dential property. The patient was hospitalized with 
fever, headache, myalgia, nausea, diarrhea, and a 
diffuse maculopapular rash. In September 2018, a 
Williamson County, Illinois, resident (case-patient 
2) noticed tick bites while staying at a campground 
near home. The patient was hospitalized with fe-
ver, headache, myalgia, fatigue, decreased appe-
tite, nausea, and diarrhea. The Centers for Disease 
Control and Prevention (CDC) confirmed that clin-
ical samples from both patients were positive for 
HRTV. We subsequently performed entomologic 
investigations to determine tick density and HRTV 
prevalence among tick populations at the likely 
sites of exposure. 

The Study
The suspected sites of human exposure were deter-
mined according to case-patient interviews conduct-
ed by local county health departments (Figure). Two 
of the 3 sites were in an area considered endemic for 
A. americanum ticks, and the other site was near the 
putative current northern distribution range limit for 
this tick vector.
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In 2018, Heartland disease virus infected 2 persons in 
Illinois, USA. In 2019, ticks were collected at potential 
tick bite exposure locations and tested for Heartland 
and Bourbon viruses. A Heartland virus–positive pool of 
adult male Amblyomma americanum ticks was found at 
2 locations, 439 km apart, suggesting widespread dis-
tribution in Illinois.



Heartland Virus in Humans and Ticks, Illinois, USA

For case-patient 1, the potential exposure site was 
an ≈40-acre rural homestead in Kankakee County,  
which had an assemblage of barnyard animals, in-
cluding chickens, goats, horses, and turkeys (site 
1) and a small amount of forest surrounded by ex-
tensive cropland. For case-patient 2, in Williamson 
County, a potential exposure site consisted of 2 ad-
jacent lakeshore campgrounds located within a heav-
ily wooded wildlife refuge (site 2) and another was 
a suburban home with sparse tree cover (site 3). We 
observed deer at site 1 during collection visits on 

June 21 and 25, 2019, and deer, coyotes, and racoons 
at site 2 during visits on July 11 and 12, 2019. A pet 
dog lived at the residence at site 3, which we visited 
on July 11, 2019.

We collected ticks by dragging along 150-m tran-
sects (sites 1 and 2) and with carbon dioxide traps 
consisting of a 1 m2 white cloth laid on the ground 
with 0.5 kg of dry ice left in the center to sublimate 
for 2 hours before returning to collect ticks (sites 1–3). 
We collected live ticks into 14-mL plastic centrifuge 
tubes (TPP, https://www.tpp.ch) that had been 
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Figure. Tick collection sites associated with 2 cases of Heartland virus infection in humans, Kankakee and Williamson Counties, Illinois, 
USA, 2019. Locations of the counties are indicated by red dots on the Illinois map.
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modified by applying carpet tape between the lid and 
tube mouth. We added ticks through a tape-covered 
hole punched in the center of the paper-backed side 
of the tape; the sticky side of the tape facing the tube 
interior immobilized the ticks before they could exit, 
enabling their secure transport while alive (Video, 
https://wwwnc.cdc.gov/EID/article/26/7/20-
0110-V1.htm). Ticks were either kept alive (site 1) or 
killed in the field at the end of the day and kept on 
dry ice (sites 2 and 3) during transport to the Illinois 
Natural History Survey Medical Entomology Labora-
tory (Champaign, IL, USA), where they were identi-
fied and sorted by species, life stage, and sex (11,12) 
on a chill table and maintained at -80°C. Ticks were 
then shipped on dry ice to the CDC Arboviral Dis-
eases Branch (Fort Collins, CO, USA) for Heartland 
and Bourbon virus testing, where tick pool homog-
enization, RNA extraction, and virus screening were 
performed by real-time PCR as previously described 
(2,13). The prevalence of virus infection from pooled 
samples was calculated by using PooledInfRate, 
which implements a bias-corrected maximum-likeli-
hood estimation method (14).

A total of 70 pools of adult ticks and 23 pools of 
nymphs were tested (Table 1). The median pool size 
for adult ticks was 10 (range 1–10) and for nymphs 
was 30 (range 3–33). A single pool of male A. ameri-
canum ticks from each county was positive for HRTV 
(cycle threshold values of 21.7 for site 1 and 24.1 for 
site 2 by first PCR, 23.2 and 25.3 after confirmation by 
second PCR); Bourbon virus was not detected. The es-
timated prevalence of HRTV in adult male A. america-
num ticks was 9.46/1,000 ticks at site 1 and 7.60/1,000 
ticks at site 2 (Table 2).

Conclusions
One year after 2 cases in humans were detected, 
HRTV was detected in A. americanum ticks collected 
from the suspected exposure locations in Illinois. 
Because of abundant suitable habitat and estab-
lished A. americanum tick populations (10), it is no-
table but predictable that this pathogen emerged in 
southern Illinois. The density of and HRTV detec-
tion in A. americanum ticks at the northern edge of 
their distribution range in Kankakee County was un-
expected. Our findings suggest that A. americanum  
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Table 1. Collection methods and number of ticks of each species and life stage collected in 2 counties, Illinois, USA, 2019 
Site, method, tick species  Stage Sex No. collected Density/1,000 m2 
Site 1*   659  
 Dragging      
  Amblyomma americanum Adult F 93 26 

Adult M 90 25 
Nymph Not applicable 338 93 

  Dermacentor variabilis Adult F 15 4 
Adult M 10 3 

Carbon-dioxide trap  
    

  A. americanum Adult F 18 Not applicable 
Adult M 17 Not applicable 

Nymph Not applicable 75 Not applicable 
  D. variabilis Adult F 1 Not applicable 

Adult M 1 Not applicable 
  Ixodes scapularis Nymph Not applicable 1 Not applicable 
Site 2†   498  
 Dragging      
  A. americanum Adult F 32 15 

Adult M 44 21 
Nymph Not applicable 159 76 

  D. variabilis Adult F 1 0.5 
Adult M 2 1 

 Carbon-dioxide trap  
    

  A. americanum Adult F 118 Not applicable 
Adult M 88 Not applicable 

Nymph Not applicable 48 Not applicable 
  D. variabilis Adult F 3 Not applicable 

Adult M 3 Not applicable 
Site 3‡   9  
 Carbon-dioxide trap      
  A. americanum Adult F 4 Not applicable 

Nymph Not applicable 4 Not applicable 
  D. variabilis Adult F 1 Not applicable 
*Site 1, Kankakee County, visited June 21 and 25, 2019; dragging, n = 24 × 150 m transects; carbon dioxide traps, n = 3. 
†Site 2, Williamson County, visited July 11–12, 2019; dragging, n = 14 × 150 m transects; carbon dioxide traps, n = 9. 
‡Site 3, Williamson County, visited July 11–12, 2019; no dragging performed because of site size; carbon dioxide trap, n = 2. 

 



Heartland Virus in Humans and Ticks, Illinois, USA

ticks are established along their northern distribu-
tion range at high densities. Consequently, diseas-
es associated with A. americanum ticks must be on 
the radar of physicians and public health officials 
throughout Illinois.

Detection of HRTV in adult A. americanum ticks 
suggests that infected ticks may have overwintered 
in the area and maintained HRTV infection transsta-
dially. The presence of HRTV in adult male, but not 
female or nymph, ticks was also reported in a study 
in Kansas, where the infection rate varied from 3.29 
to 8.62/1,000 ticks (15), similar to our findings. Ad-
ditional tick collection efforts and wildlife serosur-
veys will help assess whether transmission cycles are 
active in Illinois and enhance our knowledge of the 
transmission ecology of this rare pathogen.
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The 2013–2016 Ebola virus disease (EVD) outbreak
in western Africa was unprecedented in magni-

tude, leading to the largest cohort of EVD survivors 
in history (1). Thousands of survivors were at risk for 
ophthalmic, mental health, and other EVD-associated 
health conditions, as well as for Ebola virus (EBOV) 
persistence in immune-privileged organs, including 
the eyes, central nervous system, and reproductive 
organs (1–6). Three outbreaks have also occurred in 
the Democratic Republic of Congo from 2016 through 
2020 (7,8), underscoring the potential public health 
impact of medical care for EVD survivors. 

Elsewhere we reported the finding of EBOV 
persistence in the aqueous humor, associated with 
sight-threatening panuveitis in a healthcare worker 
who is an EVD survivor (2). Subsequent follow-up 
visits showed multiple recurrences of anterior and 
intermediate uveitis, which required treatment with 
topical corticosteroids (9). The patient subsequently 
developed a visually significant cataract. Because of 

uncertainty about whether EBOV could persist in the 
eye, doctors had to consider this when developing an 
approach to treatment. The resulting treatment plan 
included revised workflow for phacoemulsification, 
including laboratory specimen analysis. 

Studies
The patient, a 46-year-old healthcare worker from the 
United States with a history of acute, severe panuve-
itis associated with iris heterochromia (Figure, panel 
A), hypotony, and persistence of ocular EBOV, had 
been treated with oral corticosteroids, favipiravir, 
periocular triamcinolone acetonide (40 mg/mL), and 
intensive topical difluprednate for 2 years prior to 
seeking treatment for the cataract (2,9). During 2015–
2016, the patient experienced 2 episodes of recurrent 
anterior uveitis. During these episodes, we used re-
verse transcription PCR (RT-PCR) to test for EBOV 
RNA in the aqueous humor; results were negative. 

Over the following 3 months, the patient experi-
enced progressive vision loss without pain. On fol-
low-up examination, the iris heterochromia had re-
solved. Visual acuities were 20/20 in the right eye and 
20/125 in the left eye. Slit lamp examination results 
were unremarkable for the right eye but showed a 4+ 
posterior subcapsular cataract in the left eye. While 
the patient awaited surgical treatment, recurrent an-
terior uveitis prompted doctors to prescribe a taper-
ing course of topical corticosteroids. Results from RT-
PCR for EBOV RNA of an aqueous humor aspirate 
were negative. We documented 3 months of disease 
inactivity prior to cataract surgery. During this time, 
his visual acuity in the left eye declined to the hand 
motions level, and he developed an intumescent uve-
itic cataract (Figure, panels B and C). 

After evaluating the risk of exposure during the 
operation, the surgical team chose to use personal 
protective equipment (PPE) including a surgical hat, 
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A 46-year-old patient with previously documented Ebola 
virus persistence in his ocular fluid, associated with se-
vere panuveitis, developed a visually significant cataract. 
A multidisciplinary approach was taken to prevent and 
control infection. Ebola virus persistence was assessed 
before and during the operation to provide safe, vision-
restorative phacoemulsification surgery. 
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mask, and fluid-impervious scrub booties. Additional 
PPE was not used because they considered the amount 
of fluid in the surgical field too small to present a sig-
nificant splash risk (Appendix, https://wwwnc.cdc.
gov/EID/article/26/7/19-1559-App1.pdf). The sur-
gery was scheduled as the final procedure in the day, 
recognizing the possibility of the ocular fluids testing 
positive for EBOV RNA. In this way, the room could 
be terminally cleaned after surgery without disrupting 
subsequent patient care. 

The surgical plan was modified to include taking 
specimens of aqueous humor and tissue at multiple 
points during surgery to be analyzed in the laboratory. 
These specimens included aqueous humor taken prior 
to entry through the lens capsule, liquefied lens cortex 
aspirate taken from the cataractous lens in situ, and 
aqueous humor taken after the cataract was removed 
but before wound closure. In addition, the anterior 
capsule was removed in its entirety for in situ hybrid-
ization with probe pairs targeting EBOV nucleopro-
tein genomes. After the cataract was extracted and the 
intraocular lens implanted, a 10-0 nylon suture was 
placed as a precautionary measure (Appendix; Vid-
eo, https://wwwnc.cdc.gov/EID/article/26/7/19-
1559-V1.htm). A conjunctival swab specimen taken 
after the procedure was sent for EBOV RNA testing in 
the Emory Serious Communicable Disease Program 

laboratory onsite using a BioFire FilmArray BioThreat 
E test (BioFire Defense, https://www.biofiredefense.
com). Before machine and tubing breakdown and 
waste management, RT-PCR was performed on 
the collected specimens; all results were negative  
for EBOV. 

The extracted lens capsule was formalin-fixed 
and paraffin-embedded for histopathology. We 
performed in situ hybridization, with probe pairs 
targeting genomic EBOV nucleoprotein genes. An-
terior capsular thickening was observed, but EBOV 
RNA was not detected in the anterior capsule tis-
sue (Figure, panels D–F). Transmission electron mi-
croscopy of the lens cortex showed vacuolations and 
examination of thick sections stained with toluidine 
blue showed fragments of lens cortex; no EBOV par-
ticles were observed. Mass spectrometry showed 
215 peptides of human origin, with the greatest 
numbers of peptide spectrum matches observed 
for beta-crystallin, alpha-crystallin, phakinin, and 
gamma-crystallin proteins. We observed no EBOV-
specific peptide sequences. 

By 1 month after cataract surgery, visual acuity in 
the patient’s left eye had improved to 20/20, which 
was maintained at 24-month follow-up. Postopera-
tive retinal examination showed multifocal chorio-
retinal scars and mild vitreous opacity in the left eye. 
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Figure. Cataract surgery in an Ebola virus disease survivor with prior ocular viral persistence. A) Slit lamp image shows green iris hue 
when patient developed panuveitis with heterochromia. B) The greenish coloration resolved but a dense intumescent cataract developed 
as shown in the second slit lamp image. C) Ultrasound biomicroscopic examination demonstrates the bulging of the anterior lens 
capsule (yellow arrow) and shallowing of the anterior chamber (*), which presents an increased risk for anterior and posterior capsular 
tears during surgery. D) Hematoxylin and eosin staining shows thickening of the removed anterior capsule. E) Results were negative for 
Ebola virus RNA by in situ hybridization. F) Positive control tissue.



Cataract in an Ebola Virus Disease Survivor

Conclusions
We report an approach to safe, vision-restoring phaco-
emulsification surgery for a visually significant cata-
ract in an EVD survivor with previously documented 
ocular EBOV persistence. This stepwise approach 
could be used as a model for treatment of EVD survi-
vors from affected areas after an outbreak. Negative 
results from RT-PCR testing of aqueous humor and 
liquefied lens cortex specimens provided assurance 
that no EBOV exposure had occurred during surgery. 

Tropism of ocular tissue and cells of EBOV re-
mains ill-defined in humans. In nonhuman primate 
survivors of EVD, EBOV RNA has been detected in 
macrophage reservoirs within the vitreous cavity 
(10). Smith et al. demonstrated, in vitro, that retinal 
pigment epithelial cells are a potential reservoir for 
EBOV infection and support viral replication with the 
release of virus in high titer (11); however, they ex-
press immunomodulatory molecules linked to ocular 
immune privilege. 

Because of concerns about viral persistence raised 
in these studies, our practice had been to ensure that 
EBOV RNA was not detected before proceeding with 
ocular surgery. RT-PCR testing conducted 3 months 
before surgery did not detect EBOV RNA in the pa-
tient’s aqueous humor. The Ebola Virus Persistence in 
Ocular Tissues and Fluids Study in Sierra Leone like-
wise used a stepwise approach to cataract surgery, 
requiring a negative result from an aqueous humor 
aspirate test for EBOV RNA prior to manual small-
incision cataract surgery (12). This surgery has now 
been performed successfully for >50 EVD survivors 
in Sierra Leone and Liberia (13), but this approach, in 
which multiple laboratories were needed for analy-
ses, would not be feasible in many areas affected by 
EBOV outbreaks. 

Questions remain about the optimal length of 
time to wait after EBOV infection before performing 
cataract surgery and about the safety of other types 
of ophthalmic surgery. Whereas phacoemulsification 
was performed safely and effectively in this case, it 
was not done until approximately 27 months after 
EBOV RNA had been identified in the patient’s aque-
ous humor. In 2 phases of a previous study, we docu-
mented that the aqueous humor tested negative for 
EBOV RNA at a median of 19 months in one phase 
and 34 months in the other (12). Whether cataract 
surgery may be performed safely prior to these time 
points requires better understanding of the kinetics of 
EBOV entry and clearance from the eye. 

Our team used ultrastructural, genomic, and pro-
teomic assessment on tissues and fluids in a multi-
disciplinary, multilaboratory approach to mitigate 

surgical risk. Given the thousands of global EVD sur-
vivors with a potential need for eye surgery, a com-
prehensive understanding of safety precautions for 
both EVD survivors and their health care providers, 
as well as of surgical and laboratory approaches for 
effective eye surgery, will be needed. 
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Highly pathogenic avian influenza (HPAI) H5 vi-
ruses belonging to clade 2.3.4.4 of the Goose/

Guangdong/96 (GS/Gd) lineage continue to pose a 
threat to poultry and wild birds worldwide (1–6). Re-
assortment events between HPAI H5 and low patho-
genicity avian influenza (LPAI) viruses of wild-bird 
origin have led to generation of novel variants that 
might be periodically spread by wild birds across 
continents (6).

After detection of the unofficially defined clade 
2.3.4.4b (7) in May 2016 in Lake Uvs-Nur, Russia 
(8), and Qinghai Lake, China (9), the virus spread 
to Europe and Africa, causing one of the largest 
epizootics reported (1). This virus reached several 
countries in northern, western, eastern, central, and 
southern areas of Africa (10). Nigeria, Namibia, 
South Africa (11), and Egypt reported H5N8 cases 
throughout 2019, suggesting ongoing circulation of 
the virus in Africa.

No HPAI H5N8 viruses were detected in Eu-
rope during June–November 2019 (12). We report  
detection of a reassortant HPAI A(H5N8) clade 
2.3.4.4b virus in Europe during December 2019.

The Study
In July 2019, in the framework of active surveillance 
measures implemented in live bird markets in 18 of 
the 36 states in Nigeria, the National Veterinary Re-
search Institute in Vom, Nigeria, identified a HPAI 
H5N8 virus in a guinea fowl in the southwestern state 
of Ogun. Months later, at the end of December 2019, 
a suspicion of an HPAI virus was raised in a holding 
of 14-week-old meat turkeys in Poland, located near 
water bodies (fish ponds and lakes of the Łęczna-
Włodawa Lakeland). A sudden increase in deaths 
was observed, accompanied by neurologic signs such 
as trembling, inability to walk, paralysis of the wings, 
and pedaling movements of the legs. A total of 3,000–
5,000 birds died during the first 3 days after the on-
set of clinical signs. Organ samples submitted to the 
National Reference Laboratory for Avian influenza at 
the National Veterinary Research Institute, Pulawy, 
Poland, were positive for avian influenza virus and 
were characterized as HPAI H5N8.

We conducted antigenic characterization of the 
virus isolate by using the hemagglutination inhibi-
tion (HI) assay, which showed that the H5N8 virus 
in Poland had higher antigenic reactivity with Eu-
ropean Union Reference Laboratory reference HPAI 
H5N8 A/turkey/Italy/7898/2014 (IT-7898) chicken 
antiserum (clade 2.3.4.4, GS/Gd lineage) compared 
with reactivity determined for European Union Ref-
erence Laboratory HPAI H5N1 A/chicken/Scot-
land/1/59 (SCOT-59) and LPAI H5N3 A/teal/Eng-
land/7394–2805/06 (ENG-7394) antiserum.

A comparison of HI titers obtained with the IT-7898, 
SCOT-59 and ENG-7394 homologous antigens and 
those recorded against the strain from Poland showed 
differences of 2 log2, 4 log2, and 5 log2, respectively. 
The H5N1 and H5N3 strains belong to the H5 Eurasian 
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Figure 1. Maximum-likelihood phylogenetic trees of avian influenza A (H5N8) viruses identified in Poland and Nigeria, 2019. A) 
Polymerase basic protein 2, C) polymerase basic protein 1, C) polymerase acidic protein, D) hemagglutinin, E) nucleoprotein, F) 
neuraminidase, G) matrix protein, H) nonstructural protein. H5N8 viruses detected in Poland and Nigeria in 2019 are indicated in 
bold,  A/turkey/Poland/23/2019(H5N8) is indicated by a black star, and A/guinea_fowl/Nigeria/OG-GF11T_19VIR8424–7/2019(H5N8) 
is indicated by a black circle. Blue box indicates the South Africa 2017 H5N8 cluster, yellow boxes indicate the West-Central Africa 
2016–2017 cluster, and purple box indicates Eurasian LPAI viruses. Numbers next to each node represent ultrafast bootstrap supports 
(>80). Scale bars indicate nucleotide substitutions per site. LPAI, low pathogenicity avian influenza virus.
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lineage and are unrelated to the GS/Gd lineage, which 
supports the marked difference in reactivity. Pathotyp-
ing of the virus from Poland by using the intravenous 
pathogenicity index recorded a value of 3.0, confirming 
the highly pathogenic phenotype in chickens.

As of January 31, 2020, a total of 20 outbreaks in 
poultry (commercial and backyard holdings) and 1 
case in a wild bird (a dead goshawk found near the 
index farm) had been detected in different regions 
from eastern to western Poland. Since the reassortant 
virus was detected in Poland, the World Organisation 
for Animal Health has been notified about similar 
outbreaks in Slovakia, Hungary, Romania, Germa-
ny, and the Czech Republic. A greater white-fronted 
goose (Anser albifrons) in Germany, near the border 
with Poland, was also found to be infected (13).

The genomes of HPAI H5N8 strains from index 
cases from Nigeria (A/guinea fowl/Nigeria/OG-
GF11T_19VIR8424–7/2019) and Poland (A/turkey/
Poland/23/2019) have been sequenced (Appendix, 
https://wwwnc.cdc.gov/EID/article/26/7/20-
0165-App1.pdf) and submitted to the GISAID EpiFlu 
database (https://www.gisaid.org) under isolate nos. 
EPI_ISL_405278 and EPI_ISL_402134, respectively. 
Phylogenetic analysis (Appendix) of the hemaggluti-
nin (HA) gene showed that both viruses belonged to 
clade 2.3.4.4b (Figure 1).

Topology of the polymerase basic protein 2, poly-
merase acidic protein, HA, neuraminidase, matrix, 
and nonstructural protein gene phylogenies showed 
that the viruses from Poland and Nigeria clustered  

together (nucleotide identity 98.9%–99.5%) (Table) and 
also with two 2018 H5N8 viruses from South Africa 
(3), which have been demonstrated to be a novel geno-
type that originated from reassortment events between 
clade 2.3.4.4b H5N8 viruses from South Africa and 
West-Central Africa (Figure 1). In contrast, the 2 strains 
clustered separately for the polymerase basic protein 1 
and nucleoprotein gene phylogenies (Figure 1).

For the polymerase basic protein 1 and nucleo-
protein genes, the virus from Nigeria grouped with 
the 2018 viruses from South Africa as for the other 
gene segments, whereas the virus from Poland clus-
tered with LPAI viruses identified in recent years in 
the Chany and Kurgan regions of Russia. This finding 
indicates that the strain from Poland is a reassortant 
virus derived from LPAI viruses identified in wild 
birds in those areas of Asia (Figure 2), which repre-
sent staging areas for wild birds migrating to Europe. 
However, where this reassortment event occurred 
cannot be assessed from the available data. Analy-
sis of molecular markers associated with zoonotic 
potential demonstrated the absence in the HA and 
polymerase basic protein 2 genes of major signatures 
associated with increased replication in humans.

Conclusions
Our data describe a novel HPAI H5N8 genotype of 
clade 2.3.4.4b in Europe, in which 6 gene segments 
originated from sub-Saharan Africa HPAI H5N8 clade 
2.3.4.4b viruses and 2 gene segments from Eurasia LPAI 
viruses. It has been shown that Africa might serve as a 
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Table. Nucleotide identity of A/turkey/Poland/23/2019(H5N8) and A/guinea_fowl/Nigeria/OG-GF11T_19VIR8424–7/2019 influenza 
virus gene segments with the most similar sequences available in GenBank and EpiFlu* 
Gene segment Virus 1 Virus 2 Nucleotide identity, % 
PB2 H5N8 Poland 2019† H5N8 Nigeria 2019‡ 98.9 
 H5N8 Nigeria 2019 H5N8 South Africa 2018§ 98.7 
PB1 H5N8 Poland 2019 H3N8 Kurgan 2018¶ 99.1 
 H5N8 Poland 2019 H5N8 Nigeria 2019 94.7 
 H5N8 Nigeria 2019 H5N8 South Africa 2018 99.2 
PA H5N8 Poland 2019 H5N8 Nigeria 2019 98.9 
 H5N8 Nigeria 2019 H5N8 South Africa 2018 99.2 
HA H5N8 Poland 2019 H5N8 Nigeria 2019 99.1 
 H5N8 Nigeria 2019 H5N8 South Africa 2018 98.7 
NP H5N8 Poland 2019 H3N8 Chany 2018# 98.5 
 H5N8 Poland 2019 H5N8 Nigeria 2019 92.8 
 H5N8 Nigeria 2019 H5N8 South Africa 2018 98.9 
NA H5N8 Poland 2019 H5N8 Nigeria 2019 98.8 
 H5N8 Nigeria 2019 H5N8 South Africa 2018 98.9 
M H5N8 Poland 2019 H5N8 Nigeria 2019 99.5 
 H5N8 Nigeria 2019 H5N8 South Africa 2018 99.4 
NS H5N8 Poland 2019 H5N8 Nigeria 2019 99.0 
 H5N8 Nigeria 2019 H5N8 South Africa 2018 99.2 
*HA, hemagglutinin; M, matrix protein; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural protein; PA, polymerase acidic protein; PB1, polymerase 
basic protein 1; PB2, polymerase basic protein 2. 
†A/turkey/Poland/23/2019(H5N8).  
‡A/guinea_fowl/Nigeria/OG-GF11T_19VIR8424–7/2019(H5N8).  
§A/chicken/South Africa/499723/2018(H5N8).  
¶A/green sandpiper/Kurgan/1043/2018(H3N8).  
#A/gadwall/Chany/893/2018(H3N8). 
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strong epidemiologic area of circulation for Gs/GD H5 
(10). However, despite extensive circulation in poul-
try in several countries in Africa, virus spread by wild 
birds from Africa to Europe has not been documented.

Possible introduction of an influenza A virus 
from Africa into Eurasia might be caused by wide-
spread virus circulation in previously unaffected 
areas, high prevalence of the virus in wild birds in 
Africa, or alterations of the migratory bird exposure 
risks after changes in migratory routes caused by 
unusual weather patterns. Identification of highly 
related virus strains 1 year apart in 2 countries in Af-
rica >5,000 km apart confirms the high mobility of the 
HPAI H5N8 virus and suggests a gap in surveillance 
efforts in these areas. The lack of such surveillance 
data makes it impossible to determine where this  

virus originated and whether it spread from South 
Africa to Nigeria or to both countries from unsam-
pled locations, and to assess its prevalence in Africa.

Our results suggest that H5N8 virus might have 
been spread from Africa to Asia or Europe by wild bird 
migratory movements, likely in 2019, although other 
routes of virus spread cannot be ruled out. Until its 
detection in Poland in December 2019, the virus might 
have circulated in an unknown region of Europe or Asia 
where it reassorted with local LPAI strains of the Eur-
asian lineage, although we cannot completely exclude 
that this reassortment event might have occurred in Af-
rica. Late detection in Europe (end of December 2019), 
compared with the epidemic wave during 2016–17 
(October 2016), might be explained by unusually mild 
temperatures in molting areas in Russia during Novem-
ber and December 2019 (14,15) and the late westward 
movement of infected wintering wild birds.

Subclinical infections or insufficient active sur-
veillance efforts in clinically healthy wild population 
might be the cause of the few detections of the H5N8 
virus in wild birds in Eurasia and along the Africa–
Eurasia flyways. A better understanding of factors 
regulating wild bird migrations, as well as increas-
ing wild and domestic bird surveillance in Africa and 
Eurasia, is needed to improve our ability to early de-
tect and monitor virus spread.
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The work of art shown here depicts the inter-
relationship of human, animal, and environmental 
health.

Stained-glass windows have been appreciated 
for their utility and splendor for more than 1,000 
years, and this engaging work of art by stained glass 
artist Jenny Hammond reminds us that influenza 
A viruses—which can be easily spread between  
animals and humans, use various host species, 
and exist in many different environments—remain 
an enduring and global health concern.
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Argentine hemorrhagic fever (AHF) is a severe 
hemorrhagic fever caused by a New World are-

navirus, Junin virus (JUNV), which was discovered in 
1958 (1). The virus reservoir consists of rodents found 
in humid pampas in South America. The endemic 
area covers 150,000 km2 distributed over 4 provinces 
in Argentina; ≈5.6 million persons are at risk (2).

Until 1992, the year when a prophylactic vaccine 
was introduced, annual outbreaks affected mainly 

male agricultural workers (2). The number of con-
firmed cases reported annually has decreased from 
400–500 before 1992 to 13 cases in 2018 (3).

In January 2020, AHF was diagnosed in a woman 
in Brussels, Belgium, who had traveled from Argenti-
na to Europe. We report clinical manifestations, man-
agement, and public health response for this case.

The Study
In early January 2020, a 41-year old woman was ad-
mitted to the hospital in Brussels because of lethar-
gy, confusion, and fever. She had been in Argentina 
and arrived in Amsterdam, the Netherlands, by a  
connecting flight from Madrid. After 4 days in Am-
sterdam, she traveled by bus to Brussels.

At admission, her travel partner reported that 
she had an influenza-like illness (including headache, 
myalgia, anorexia, and sore throat) since 1 week be-
fore admission. The patient had consulted a physician 
before departure from Argentina. The physician per-
formed a blood sample analysis that showed the fol-
lowing results: hemoglobin 16 g/dL, leukocyte count 
3,200 cells/mm3, and platelet count 144,000 cells/
mm3. Episodes of vomiting at home were reported 
during her stay in Amsterdam.

In the emergency department, the patient had a 
seizure. Physical examination showed no petechia or 
purpura, but vaginal bleeding was observed. Emer-
gency department laboratory results indicated throm-
bocytopenia, leukopenia, and severe rhabdomyolysis 
(Table 1). Results of whole-body computed tomogra-
phy scan were unremarkable. A lumbar puncture was 
performed, and results of cerebrospinal fluid analysis 
were within reference ranges. The patient was admit-
ted to the intensive care unit (ICU), and empirical an-
timicrobial drug therapy with ceftriaxone was started.

Clinical Management of Argentine 
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We report a case of Argentine hemorrhagic fever diag-
nosed in a woman in Belgium who traveled from a dis-
ease-endemic area. Patient management included sup-
portive care and combination therapy with ribavirin and 
favipiravir. Of 137 potential contacts, including friends, 
relatives, and healthcare and laboratory workers, none 
showed development of clinical symptoms of this disease.



Clinical Management of Argentine Hemorrhagic Fever

We obtained blood culture, and results became 
positive the next day for Escherichia coli. Bone marrow 
aspiration examination was compatible with hemo-
phagocytic lymphohisticytosis. The early stage of the 
patient’s hospital course was marked by fluctuating 
fever, ginigival bleeding, and bleeding at the site of 
the central venous catheter. We managed the seizure 
by using levetiracetam. At this stage, a diagnosis of 
AHF was being considered as a possible explanation 
for the patient’s illness.

On day 3 of hospitalization, we identified the city 
of origin for the patient as Perez, Argentina, which is 
located in Santa Fe Province. After consultation with 
experts from Argentina (C.P. and M.A.M.), AHF was 
considered as highly possible. Consequently, a con-
firmatory blood sample was sent to the World Health 
Organization Collaborating Center for Arbovirus 
and Hemorrhagic Fever Reference and Research at 
the Bernhard Nocht Institute for Tropical Medicine 
in Hamburg, Germany. Treatment with oral ribavi-
rin was initiated because the intravenous form of this 
drug was not available.

On day 5 of hospitalization, the patient was 
confirmed to be positive for JUNV by real-time 
PCR and conventional reverse transcription PCR 
(RT-PCR) (4). The cycle threshold in the real-time 
RT-PCR was 18, indicating a high viral load. JUNV 
infection was confirmed by Sanger sequencing of 
the amplicons. Intravenous ribavirin was not avail-
able immediately but was available the next day. 
This drug was given orally and then intravenously 
the next day. The patient had to be intubated be-
cause of airway obstruction secondary to tongue 
hematoma and epistaxis.

The next day, because of its antiviral activity in 
JUNV infection animal models (5,6) and previous 
experience with Lassa fever (7), oral favipiravir was 
given through a nasogastric tube (2,000 mg loading 
dose, followed by 1,200 mg 2×/d) (Figure, panel A). 
Hemolytic anemia secondary to ribavirin therapy 
resulted in its discontinuation on day 9. Because of 
persistently high viral load, the dose of favipiravir 
was progressively increased (to 1,800 mg 2×/d) and 
finally stopped after 14 days.
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Table 1. Laboratory findings for a patient with Argentine hemorrhagic fever, Belgium, 2020* 
Parameter Reference ranges/values Day 1 (ED) Day 2 (ICU) Day 9 Day 21 Day 43 
Hemoglobin, g/dL 12.0–16.0 15.1 12.3 6.1 7.2 9.3 
Erythrocytes, x 106/L 3.80–5.00 5.2 4.3 2.12 2.6 3.2 
Hematocrit, % 35.0–47.0 43.1 35.2 NA 22.8 30.8 
Platelets, x 103/L  150–440 66 48 76 268 350 
Leukocytes, x 103/L 3.50–11.00 1.48 0,81 4 0.9 5.8 
Neutrophils, % 40.0–75.0 72.5 61,7 80.5 NA 40.4 
Lymphocytes, % 2.0–10.0 12.4 NA 11 NA 41.9 
CRP, mg/L <5.0 3.1 2,4 60.9 137 5 
Schistocytes/1,000 RBC <10 3 4 NA NA NA 
Haptoglobin, mg/dL 30–200 NA <10 NA NA NA 
Serum iron, g/dL 50–170 NA 163 NA NA NA 
Serum ferritin, g/L 30–200 NA 36,209 NA NA NA 
aPTT, s 18.7–32.1 38.8 38,3 NA NA NA 
INR, s 0.95–1.31 1.19 1.34 NA NA NA 
Fibrinogen, mg/dL 150–400 138 100 NA NA NA 
D-dimer, ng/mL 0–500 NA >4,500 NA NA NA 
AST, U/L <32 1416 1,502 518 72 NA 
ALT, U/L <33 238 245 94 48 NA 
ALP, U/L 35–104 165 187 NA NA NA 
-GT, U/L 6–42 115 193 NA NA NA 
LDH, U/L 135–214 NA 2,359 NA NA NA 
Total bilirubin, mg/dL <1.2 NA 0,6 3.9 2.4 1.1 
Creatinine kinase, U/L 26–192 NA 7,341 2,363 15 28 
Triglycerides, mg/dL <150 NA 135 NA NA NA 
C3, g/L 0.80–1.64 NA 0.3 NA NA NA 
C4, g/L 0.10–0.40 NA 0.24 NA NA NA 
HIV NA NA Negative NA NA NA 
Yellow fever IgG/IgM NA NA Negative NA NA NA 
Dengue virus IgG/IgM NA NA Negative NA NA NA 
Leptospira sp. NA NA Negative NA NA NA 
Chikungunya IgG/IgM NA NA Negative NA NA NA 
Hantavirus IgG/IgM NA NA Negative NA NA NA 
Malaria NA Negative Negative NA NA NA 
*ALP, alkaline phosphatase; ALT, alanine aminotransferase; aPTT, activated partial thromboplastin time; AST, aspartate aminotransferase; 
CRP, C-reactive protein; ED, emergency department; -GT, -glutamyltransferase; ICU, intensive care unit; INR, international normalized ratio; LDH, 
lactate dehydrogenase; NA, not available; RBC, red blood cells. 
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Throughout her time in the ICU, the patient re-
ceived broad-spectrum antimicrobial drugs for ven-
tilator-associated pneumonia, voriconazole for prob-
able invasive pulmonary aspergillosis, and filgrastim 
for persistent neutropenia (Figure, panel B). The pa-
tient was successfully extubated on day 23 of hospi-
talization and discharged from the hospital after 50 
days without sequelae.

All residual samples for the patient stored in 
the laboratory were traced and destroyed. Starting 
from when the patient first came to our hospital, all 
healthcare workers who came in contact with the 
patient used gloves, gowns, and filtering facepiece 
2 respiratory masks. Needlestick or sharp injuries 
were not reported. Starting from day 7 because of 
signs of bleeding, enhanced personal protective 
equipment was used in the ICU, including full-body  

suits and powered air-purifying respirators. Don-
ning and doffing procedures were followed and 
included observation by another staff member. 
Body fluids from the patient were gelified and in-
activated with peracetic acid. Standard biosecurity 
measures were applied for laboratory workers un-
til day 4. Afterward, all laboratory investigations 
were conducted in a Biosafety Level 3 laboratory 
with enhanced personal protective equipment.

We conducted contact tracing for all healthcare 
workers who had come in contact with the patient 
or her samples before the diagnosis of AHF. Public 
health authorities from the 3 countries in Europe in-
volved conducted contract tracing activities among 
all potential contacts, including family and friends. 
In Amsterdam, 2 low-risk contacts were identified 
among those who had cleaned the apartment in 
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Figure. Biologic and virologic 
evolution in relation to 
treatment and supportive care 
for a patient with Argentine 
hemorrhagic fever, Belgium, 
2020. A) Evolution of maximum 
daily temperature and blood 
and urine viral load during 
hospitalization. Antiviral and 
antimicrobial drug treatment 
scheme are shown. Dosages of 
FVP are indicated in grams. B) 
Evolution of hemoglobin, total 
leukocytes, and platelets during 
hospitalization. Solid arrows 
indicate administration of red 
blood cell units, and dashed 
arrows indicate administration of 
G-CSF. Ct  values <40 indicate 
undetectable viral load. CRO, 
ceftriaxone; Ct, cycle threshold; 
CXM, cefuroxime; FVP, 
favipiravir; G-CSF, granulocyte 
colony-stimulating factor; MEM, 
meropenem; Neg., negative; 
RBV, ribavirin; TZP, piperacillin/
tazobactam; VRC, voriconazole; 
WBC, white blood cells.
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which the patient stayed. According to the European 
Centre for Disease Prevention and Control Risk As-
sessment Guidelines for Infectious Diseases Trans-
mitted on Aircraft for viral hemorrhagic fever (7), 
fellow airline and bus passengers were not consid-
ered to be at risk because the patient had not begun 
to show symptoms of bleeding, vomiting, diarrhea, 
or urine loss at that time.

We classified contacts as high risk (n = 77) or low 
risk (n = 60) according to the extent of exposure to 
body fluids of the patient (Table 2). All contacts were 
notified by telephone or mail and asked to monitor 
themselves for fever for 21 days from the day of most 
recent exposure (upper limit of incubation period). 
During the surveillance period, 1 high-risk contact 
became symptomatic (fever) but was ultimately given 
a diagnosis of infection with influenza A virus. Test-
ing for AHF was not performed. We identified no 
clinically apparent secondary cases of AHF among 
the 137 contacts.

Conclusions
This case illustrates the possibility of imported New 
World arenavirus hemorrhagic fever outside South 
America. Interruption of vaccine production has  
been reported in Argentina and if persistent, this  

interruption could increase the number of persons at 
risk for contracting the disease (3). This patient was 
not vaccinated and did not engage in any agricultural 
activities. The only identifiable at-risk activity was jog-
ging on a dirt road next to her house.

Immune plasma obtained from convalescent-
phase patients and containing neutralizing anti-
body has been shown to decrease the mortality 
rate from 30% to 1% if initiated within the first 8 
days of disease (8). The delay between initial symp-
tomatology and AHF diagnosis (13 days) was con-
sidered too long to administer immune plasma 
to the patient. The National Institute of Human  
Viral Diseases of Argentina provided us with im-
mune plasma matched to blood groups of 3 high-
risk contacts identified among the relatives of the 
patient. Because none of them showed develop-
ment of illness, immune plasma was ultimately  
not administered.

Nosocomial transmission of New World arena-
virus causing hemorrhagic fever has been reported 
(9). For this patient, we identified no secondary case 
among healthcare workers and laboratory personnel, 
confirming the low infectious risk for infection with 
JUNV when appropriate biosafety and personal pro-
tection measures are taken.
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Table 2. Contact with Junin virus for laboratory personnel, healthcare workers, and relatives for a patient with Argentine hemorrhagic 
fever, Belgium, 2020* 
Contact, generic description High risk Low risk  No risk  
Laboratory    
 Present in laboratory where patient's blood was processed 

  
X 

 Touching, moving closed blood tube 
  

X 
 Opening blood tube without touching sample 

 
X 

 

 Pipetting or other sample handling in biosafety cabinet with gloves 
 

X 
 

 Pipetting or other sample handling without gloves or not in biosafety cabinet X 
  

 Microscopy of wet sample or preparing thick smear outside biosafety cabinet X 
  

 Microscopy of dried or fixated sample outside biosafety cabinet 
 

X 
 

 Preparing smears, including thick smear in biosafety cabinet, with gloves 
 

X 
 

 Serologic test outside biosafety cabinet X 
  

 Discarding samples in waste bucket on floor X 
  

 Rinsing cell counting chambers and other reused materials X 
  

Care giver 
   

 Brief presence in patient room, without touching anything 
  

X 
 Examining the patient and using gloves, mask, or glasses 

 
X 

 

 Examining the patient and not using gloves, mask, or glasses X 
  

 Drawing blood or handling other body fluids with gloves, mask, glasses 
 

X 
 

 Drawing blood or handling other body fluids without gloves, mask, or glasses X 
  

 Resuscitating patient and using gloves, mask, glasses 
 

X 
 

 Invasive procedure (catheter placement, puncture, lumbar puncture) with gloves, mask, 
 glasses 

 
X 

 

General 
   

 Sexual contact X 
  

 Household contact with patient's body fluids X 
(Brussels, 
Belgium) 

X 
(Amsterdam, 

the 
Netherlands) 

 

 Having been near patient without contact with body fluids 
  

X 
*High risk indicates unprotected contact (skin, mucosa) with body fluids or aerosols, not wearing intact PPE; low risk indicates protected contact with 
patient or body fluids, wearing intact and correct PPE; no risk indicates no contact with patient of body fluid. X indicates to which group the contact in the 
first column belongs. PPE, personal protective equipment. 
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A novel coronavirus, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), associated 

with severe respiratory illness emerged in Wuhan, 
China, in late 2019 (1). Epidemiologic data indicate 
that the virus can cause a wide spectrum of clinical 
disease (mild-to-severe illness), including death (2–4), 
and spreads through direct contact and droplets.

Estimates are 5–6 days (range 2–14 days) for the 
incubation period and 2.2–3.6 for the reproduction 
rate; this rate is higher than those for seasonal and 
pandemic influenza (5,6). Extensive control efforts 
are now in place as part of a global containment strat-
egy to minimize exportation from China and rapidly 
identify and stop international spread.

In the World Health Organization European Re-
gion, Rome, Paris, London, Istanbul, and Moscow 
have direct flights to Wuhan, China, and the risk for 
importation was considered high (7). SARS-CoV-2 

was reported to have been introduced into Europe 
by a person from France who had traveled to Wu-
han, China, for work, became ill on January 16, and 
returned ill to France on January 22 (8). We report 
a cluster of illness in a tour group from Wuhan that 
predates this case detection and led to subsequent 
transmission in Europe.

The Study
A 55-year-old woman (Taiwanese tour guide) who 
resided in Wuhan came to airport health authorities 
in Taipei on January 25, 2020, complaining of a cough 
since January 22. She was transported to a designated 
hospital and showed a PCR-positive result for SARS-
CoV-2 on January 26. She indicated that she had led a 
group of tourists from Wuhan to Europe on January 
16–24. Further interviews with her and discussions 
with the rest of the group through social media yield-
ed detailed information.

A group of 30 persons departed Wuhan on Janu-
ary 16, 2020, for a 9-day tour in Italy, Switzerland, and 
France (Table; Figure). During the flight on January 
16 from Wuhan to Rome, 1 tour member was mildly 
ill and coughing. Her daughter became ill during the 
tour on January 21.

On January 23, while in Paris, the mother and 
daughter decided to seek medical care. They called the 
Chinese embassy, who told them to call the emergency 
hotline (at SAMU Centre 15 Hospital, Paris, France) 
dedicated to evaluation of suspected 2019 novel coro-
navirus disease (COVID-19) cases in France (8). The 
emergency hotline routed the call to the 24-hour am-
bulatory service, but no information about suspicion of 
COVID-19 was given. A physician came to their hotel 
room and gave them a diagnosis of the common cold. 
The interaction lasted »20 min, including a 15-minute 
face-to-face examination, without protective masks for 
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Early infections with severe acute respiratory syndrome 
coronavirus 2 in Europe were detected in travelers from 
Wuhan, China, in January 2020. In 1 tour group, 5 of 30 
members were ill; 3 cases were laboratory confirmed. In 
addition, a healthcare worker was infected. This event 
documents early importation and subsequent spread of 
the virus in Europe.
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the patients or any personal protective equipment for 
the physician. Also present was another member of the 
group who translated. While in Paris, the 3 ill persons 
bought surgical face masks and began wearing them 
on January 21 (mother and daughter) and on January 
22 (tour guide).

The tour group departed on January 24 from 
Paris to Guangzhou, China (arrival on January 25), 
because Wuhan ceased air traffic on January 23. The 
tour guide subsequently continued from Guangzhou 
to Taipei on January 25, where she arrived on January 
25 and was hospitalized. After returning to China, 2 
additional tour members, including the tour leader, 
reported illness and were hospitalized in Hubei and 
Jiangsu Provinces, where they showed positive test 
results for SARS-CoV-2. Five (17%) of the 30 tour 
members were ill; 3 had laboratory-confirmed infec-
tion, and 2 were never tested. Because of prolonged 
and overlapping exposure of the group, it is impos-
sible to determine the exact source of all infections. 
The source for the physician could have been the ill 
suspected case-patients, whose infections were never 
confirmed, or the then-presymptomatic person who 
translated (contact was 2 days before illness onset).

The tour group was a fairly contained group that 
did not have much prolonged contact with others. 
Other than the 3 ill persons, the group members did 
not wear masks during the tour. 

As part of the investigation, the countries the 
tour visited identified low-risk (<15 min, >1–2 m) and 

high-risk (>15 min, <1–2 m) contacts (8). Most trans-
port was made by using 1 bus, except for 1 section of 
travel by train in Switzerland. The bus driver, from 
Slovakia, was a high-risk contact; he returned to Slo-
vakia after the tour and denied having any symptoms 
in the 14 days after last contact with the tour group. 

In Italy, because seat numbers on the flight from 
Wuhan to Rome, during which 1 tour group member 
had a cough, were not reported in the passengers list, 
authorities contacted and informed all passengers (n = 
176) and crew members (n = 17). The information pro-
vided was to watch for development of symptoms and 
call if any developed. No other high-risk contacts of the 
symptomatic group member in Italy were identified.

In Switzerland, health authorities identified 0 
high-risk and 3 low-risk contacts, (1 restaurant own-
er and 2 shop clerks). These 3 persons were told to 
watch for development of symptoms and call if any 
developed. None were reported.

In France, the group visited several tourist at-
tractions and used public transportation; contacts in 
the shops and hotel were interviewed and defined as 
low-risk contacts. Only 1 high-risk contact was identi-
fied. This person was the physician.

The physician was not wearing a mask during 
the consultation because he had not been informed 
of the risk of COVID-19. He became ill on January 28 
and stopped seeing patients. He went to a designated 
referral hospital on January 29 and showed a positive 
PCR result for SARS-CoV-2 for 12 days; he has since 
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Table. Characteristics of 6 persons with suspected or confirmed cases of infection with severe acute respiratory syndrome coronavirus 
2 associated with transmission in a tour group from Wuhan, China, to Europe, January–February, 2020* 

Person 
Age, 
y/sex 

Onset of 
symptoms Symptoms 

Date of test result 
(specimen type) 

Days between 
onset and test 

Date of 
test result 

Hospitalization 
date 

Mother 53/F Before Jan 16 Cough, no fever, 
odynophagia (cough  
still noted on return  

flight to China) 

Not tested NA NA None 

Daughter 29/F Jan 21 Cough, no fever, 
odynophagia (cough  
still noted on return  

flight to China) 

Not tested NA NA None 

Tour guide 55/F Jan 22 Dry cough, fever (Jan 26–
Feb 2, Feb 10) 

Jan 25  
(throat  

and sputum) 

3 Jan 26 Jan 25 

Tour member 31/F Jan 24 Diarrhea (Jan 24),  
cough (Jan 25),  

fever (Jan 31–Feb 3), 
facial palsy (Feb 3) 

Jan 31  
(throat swab) 

7 Feb 1 Jan 31 

Tour leader 27/F Jan 25 Febrile sensation (low-
grade fever of 37.4°C) 

Feb 1  
(throat swab) 

7 Feb 3 Feb 5 

Physician 53/M Jan 28 Fever, headache,  
general weakness 

Jan 29, first 
positive; Feb 2–4, 
daily positive; Feb 
5–9, daily positive 
(low); Feb 11–14, 

daily negative 

1 Jan 29 Jan 29 

*NA, not applicable. 
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recovered. A total of 58 contacts (20 low risk and 38 
high risk) of the physician were identified, includ-
ing patients and their family members he saw during 
home visits the day before onset of symptoms. All in-
volved persons have been investigated and followed-
up for 14 days; none showed development of illness. 

Authorities in China were notified of symptom-
atic persons on the flight from Paris to Guangzhou. 
However, we were unable to confirm whether any 
contact tracing was performed.

As of February 10, the tour guide remained hos-
pitalized, but had a normal chest radiograph and 
was clinically well. She remains in isolation because 
of a virus-positive sputum test result 19 days after 
illness onset. The other 3 tour members who were 
ill reportedly experienced mild illness, and all are 
now well. Because the first 2 symptomatic persons 
were never tested, we cannot conclude that they 
were the source of infection. However, given that 
the virus was not circulating in France, the source 
was most likely in the tour group. It is also possible 
that additional transmission resulting in mild ill-
ness occurred, particularly in the tour group, but 
was not identified.

Conclusions
This event represents early introduction of SARS-
CoV-2 into Europe, before implementation of exten-
sive travel restrictions in Wuhan on January 23, and 
could explain additional chains of transmission in 
France, where the disease has now spread widely. 
The event was characterized by clinically mild illness 

in 6 persons; 2 showed documented prolonged virus 
shedding. Excluding members of the tour group, 1 of 
40 high-risk and 0 of 216 low-risk contacts became ill. 
The 1 high-risk exposure event was short but entailed 
close contact during a clinical examination. Assuming 
this was the sole exposure, the incubation time was 5 
days, which is consistent with reported data.

This event represented a coordinated internation-
al effort and highlights the effectiveness of working 
through the established mechanisms of the European 
Union Early Warning and Response System and the 
International Health Regulations. This effort will be 
key to the effective implementation of the current 
global containment strategy.
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Figure. Timeline showing illness onsets and exposures for 6 persons with suspected or confirmed cases of infection with severe 
acute respiratory syndrome coronavirus 2 associated with transmission in a tour group flying from Wuhan, China, to Europe, 
January–February, 2020. A) Flight from Wuhan to Rome; B) 2 case-patients visited by healthcare worker; C) return flight from Paris to 
Guangdong; D) tour guide flight to Taipei.
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http://wwwnc.cdc.gov/eid/page/world-hepatitis-day

World Hepatitis Day, July 28

®

Viral hepatitis – a group of infectious diseases known as hepa-
titis A, B, C, D, and E – affects millions of people worldwide, 
causing acute and chronic liver disease and killing close to 1.4 
million people every year. Hepatitis remains largely ignored or 
unknown. Transmission of this virus can be prevented through 
better awareness and services that improve vaccinations, pro-
mote blood and injection safety, and reduce harm. On World 
Hepatitis Day, July 28, CDC, along with WHO and partners 
focus on the prevention of viral hepatitis to raise awareness 
among the general public and infected patients, but also to 
urgently promote improved access to hepatitis services, par-
ticularly prevention interventions, by policymakers.



Middle East respiratory syndrome coronavirus 
(MERS-CoV) can cause severe respiratory ill-

ness and has a reported case-fatality rate of ≈35% 
(1). Transmission typically occurs through close con-
tact with MERS-CoV–infected patients, particularly 
in healthcare settings (2,3), or through contact with 
dromedaries (4). Most cases worldwide have been re-
ported by Saudi Arabia (1).

By using the Health Electronic Surveillance Net-
work (HESN), a national electronic surveillance plat-
form, the Saudi Arabia Ministry of Health (MoH) 
monitors MERS-CoV testing and cases throughout the 
country. Since 2015, clinicians and health authorities 
have been mandated to report all suspected MERS-CoV 
cases to HESN. In April 2018, the MoH revised the case 
definition for suspected MERS-CoV (5). This change 
provided an opportunity to assess testing practices un-
der 2 different case definitions. We describe trends in 
MERS-CoV surveillance and laboratory testing in Sau-
di Arabia during March 1, 2016–March 20, 2019.

The Study
In Saudi Arabia, persons meeting the MoH case defi-
nition for suspected MERS-CoV infection are tested 

for the virus (Table 1, https://wwwnc.cdc.gov/EID/
article/267/20-0437-T1.htm) (5,6). Persons may also 
be tested if recommended by an infectious disease 
consultant or if they had exposure to a MERS-CoV 
patient (5,6). In April 2018, the MoH published a 
4-category revision to the 2015 case definition, with 
the goal of making the definition more specific (Table 
1) (5,6). This revision was implemented in HESN in 
July 2018.

Information on suspected and confirmed cases is 
submitted electronically to HESN. For each suspected 
MERS-CoV case, the treating hospital creates an elec-
tronic record in HESN and submits a clinical sample 
to a designated laboratory for confirmatory testing. 
After testing is complete, the laboratory updates the 
electronic record in HESN with the results. Upon re-
port of a confirmed case, additional clinical and epi-
demiologic data are entered into the HESN system by 
the hospital, local health authorities, or both.

We analyzed demographic and laboratory data 
for suspected and confirmed MERS-CoV cases report-
ed to HESN during March 1, 2016–March 20, 2019 by 
using Microsoft Excel (https://www.microsoft.com) 
and SAS 9.4 (https://www.sas.com). For this analy-
sis, we defined a suspected case as suspected MERS-
CoV infection in a person with compatible symptoms 
during the study period, with >14 days separating 
illness episodes for persons in whom MERS-CoV in-
fection is suspected more than once. We defined a 
confirmed case as laboratory confirmation of MERS-
CoV infection in a person during the study period. 
By using MoH population estimates (7), we calcu-
lated rates of testing and positivity for the country, 
by local Health Affairs Directorate (HAD), and for 
Hajj pilgrims.

During the study period, 200,936 suspected 
MERS-CoV case-patients were tested and their cases  
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During March 2016–March 2019, a total of 200,936 sus-
pected cases of Middle East respiratory syndrome coro-
navirus infection were identified in Saudi Arabia; infections 
were confirmed in 698 cases (0.3% [0.7/100,000 population 
per year]). Continued surveillance is necessary for early 
case detection and timely infection control response.
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reported to HESN; MERS-CoV was confirmed in 
698 case-patients (0.3%) (Table 2). Overall, 54.3% 
of suspected case-patients were male, 72.8% were 
Saudi nationals, and the median age was 47 years 
(interquartile range 28–67 years). Among suspected 
case-patients for whom healthcare personnel status 
was available, 5.6% (n = 9,222) were healthcare per-
sonnel. Among confirmed case-patients, 517 (74.1%) 
were male, 501 (71.8%) were Saudi nationals, and the 
median age was 54 years (interquartile range 40–65 
years). The age group with the highest proportion of 
confirmed case-patients was 50–65 years (0.6%), and 

the group with the lowest proportion was 0–14 years 
(0.02%). Healthcare personnel status was reported for 
598 (85.7%) confirmed case-patients; among these, 
11.2% (n = 67) were healthcare personnel. Outcome 
information was available for 84.0% (n = 586) of the 
confirmed case-patients, 164 (28.0%) of whom died.

Each surveillance year, an average of 66,979 (range 
60,659–77,886) suspected case-patients were tested 
for MERS-CoV. On average, 5,431 (range 2,836–9,154) 
suspected case-patients were tested monthly during 
the study period (Figure). The average monthly num-
ber of suspected case-patients tested did not change 

1572 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020

 
 
Table 2. Demographic characteristics of persons with suspected and confirmed MERS-CoV infection, Health Electronic Surveillance 
Network, Saudi Arabia, March 1, 2016–March 20, 2019* 
Characteristic Total Confirmed Not confirmed % Positive (confirmed) 
Overall 200,936 698 (0.3) 200,238 (99.7) 0.3 
Age, y, median (IQR) 47 (28–67) 54 (40–65) 47 (28–67) 

 

Age group, y 
 0–14 17,455 (8.7) 3 (0.4) 17,452 (8.8) 0.02 
 15–34 54,483 (27.3) 121 (18.0) 54,362 (27.3) 0.2 
 35–49 33,993 (17.0) 164 (24.3) 33,829 (17.0) 0.5 
 50–65 41,283 (20.7) 228 (33.8) 41,055 (20.6) 0.6 
 >65 52,400 (26.3) 158 (23.4) 52,242 (26.3) 0.3 
 Total 199,614 674 198,940 

 

 Missing 1,322 (0.7) 24 (3.4) 1,298 (0.6) 
 

Sex 
 M 108,940 (54.3) 517 (74.1) 108,423 (54.2) 0.5 
 F 91,822 (45.7) 181 (25.9) 91,641 (45.8) 0.2 
 Total 200,762 698 200,064 

 

 Missing 174 (0.09) 0 174 (0.09) 
 

Nationality 
 Saudi 146,254 (72.8) 501 (71.8) 145,753 (72.8) 0.3 
 Non-Saudi 54,682 (27.2) 197 (28.2) 54,485 (27.2) 0.4 
 Total 200,936 698 200,238 

 

 Missing 0 0 0 
 

Healthcare personnel 
 Yes 9,289 (5.6) 67 (11.2) 9,222 (5.6) 0.7 
 No 155,825 (94.4) 531 (88.8) 155,294 (94.4) 0.3 
 Total 165,114 598 164,516 

 

 Missing 35,822 (17.8) 100 (14.3) 35,722 (17.8) 
 

*Values are no. (%) unless indicated. IQR, interquartile range; MERS-CoV, Middle East respiratory syndrome coronavirus. 

 

Figure. Number of suspected cases and percentage of confirmed positive cases of Middle East respiratory syndrome, Health Electronic 
Surveillance Network, Saudi Arabia, March 1, 2016–March 20, 2019. HAD, Health Affairs Directorate.
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significantly from before (5,654 tests during March 
2016–June 2018) to after (4,914 tests during August 
2018–February 2019) the case definition change (p = 
0.31). Overall, and both before and after the definition 
change, the average monthly percentage of suspected 
case-patients testing positive was 0.3%. Peaks in posi-
tivity occurred in June 2016 (1.1%), June 2017 (0.9%), 
and February 2019 (0.9%).

Annually, 203.0 suspected case-patients/100,000 
population were tested for MERS-CoV, and 0.7/ 
100,000 population were positive (Table 3). Testing 
and positivity rates did not vary substantially from 
year to year (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/26/7/20-0437-App1.xlsx). Riyadh 
HAD had the highest annual testing rate (328.0 sus-
pected cases/100,000 per year). The highest positivity 
rate per population was in Jouf HAD (2.5 confirmed 
cases/100,000 population per year) and was largely 
attributable to an August 2017 outbreak. The study 
period encompassed 3 Hajj pilgrimage seasons; dur-
ing these periods, 2,738 pilgrims were tested for 
MERS-CoV, none of whom tested positive.

For 82.2% of persons with suspected MERS-CoV 
infection, a reason for testing was reported (Appen-
dix Table 2). Most were tested because they had signs 
of pneumonia or acute respiratory distress syndrome 
(69.9%). Testing because of an epidemiologic link 
accounted for the highest proportion of positive re-
sults overall (0.8%). A higher proportion were tested 

because of an epidemiologic link after the definition 
change (19.5%) than before (7.5%).

Conclusions
Saudi Arabia continues to perform extensive surveil-
lance and testing for MERS-CoV. During the 3-year 
study period, the MoH tested >65,000 suspected 
MERS-CoV case-patients per year on average. Of 
these, 0.3% were positive for MERS-CoV, representing 
0.7 confirmed cases/100,000 population per year. As 
a robust, national surveillance system, HESN enables 
the geographic and temporal monitoring of trends 
in testing and surveillance. Compared with HESN 
MERS-CoV surveillance data from 2015–2016, the 
percentage of suspected case-patients testing positive 
(0.7%) and the rate of confirmed cases (1.2/100,000 
population) decreased (8). Peaks in percentage posi-
tivity corresponded to documented MERS-CoV out-
breaks (9–11). The few large recent outbreaks and the 
reduction in cases might be indicative of robust test-
ing and contact-tracing efforts and early intervention 
for healthcare infection control.

During the study period, the case definition for 
suspected cases was revised with the goal of main-
taining the sensitivity of the case definition while 
increasing specificity. Based on limited data (7 com-
plete months of data postrevision), the average num-
ber of monthly tests remained constant before and 
after this change. The change in the case definition  
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Table 3. Suspected and confirmed cases of MERS-CoV infection, by local Health Affairs Directorate and among Hajj pilgrims, Health 
Electronic Surveillance Network, Saudi Arabia, March 1, 2016-March 20, 2019 

Local Health Affairs 
Directorate Population* 

No. confirmed 
cases/no. 

suspected cases 
% Confirmed 

positive 

No. suspected 
cases/100,000 

population per year 

No. confirmed 
cases/100,000 

population per year 
Riyadh 8,216,284 340/80,852 0.4 328.0 1.4 
Jeddah 4,626,109 37/18,929 0.2 136.4 0.3 
Eastern 3,228,261 16/15,856 0.1 163.7 0.2 
Makkah 2,319,426 8/13,843 0.06 198.9 0.1 
Madinah 2,132,679 25/13,334 0.2 208.4 0.4 
Aseer 1,822,189 24/5,560 0.4 101.7 0.4 
Jazan 1,567,547 0/1,082 0.0 23.0 0.0 
Qaseem 1,423,935 85/9,873 0.9 231.1 2.0 
Taif 1,301,778 25/6,342 0.4 162.4 0.6 
Ahsa 1,224,600 32/13,009 0.2 354.1 0.9 
Tabouk 910,030 9/2,848 0.3 104.3 0.3 
Hail 699,774 11/4,946 0.2 235.6 0.5 
Najran 582,243 32/2,951 1.1 168.9 1.8 
Bahah 476,172 4/2,163 0.2 151.4 0.3 
Hafr Al-Baten 447,464 8/681 1.2 50.7 0.6 
Bishah 389,686 5/1,131 0.4 112.1 0.4 
Nothern 365,231 8/855 0.9 78.0 0.7 
Jouf 339,198 25/2,885 0.9 283.5 2.5 
Qunfudah 310,453 1/412 0.2 44.2 0.1 
Quarayyat 169,277 3/466 0.6 91.8 0.6 
Total 32,552,336 698/198,198 0.4 203.0 0.7 
Hajj pilgrims 2,352,122 0/2,738 0.0 38.8 0.0 
*Health Affairs Directorate and Hajj pilgrim population estimates are from 2017 Saudi Arabia Ministry of Health Annual Statistics Book (7). MERS-CoV, 
Middle East respiratory syndrome coronavirus. 
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is reflected in the reasons for testing persons with 
suspected MERS-CoV infection. A comparison of 
the reasons for testing before and after the change 
found that most persons were tested because they 
had signs of pneumonia or acute respiratory dis-
tress syndrome. Unsurprisingly, in both periods, 
the highest percentage positive was among those 
with an epidemiologic link to a MERS-CoV patient 
or exposure to dromedaries.

Comparing data from before and after the case 
definition change, however, was limited by the rela-
tively short period examined after the definition 
change and a high percentage of missing data, par-
ticularly during implementation of the revised case 
definition. Although the case definition change took 
effect in April 2018, HESN was not updated to re-
flect the change until July 2018. This lag might have 
affected reporting, and actual implementation of 
the case definition change likely varied by site. In 
addition, completeness of the data varied and was 
likely influenced by differential reporting practices, 
which affected the availability of data for analysis. 
Targeted efforts continue to improve the accuracy 
and completeness of reporting. Additional analy-
sis using more complete data over a longer period 
would be informative to determine whether the re-
vised case definition might result in changes in test-
ing practices.

Surveillance for MERS-CoV in Saudi Arabia cap-
tures and provides important information on sus-
pected and confirmed cases and trends in testing. 
Continued robust MERS-CoV surveillance is pivotal 
for the early ascertainment of cases and the effective 
implementation of control measures.
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Hong Kong was relatively successful in mitigating 
transmission early in the outbreak of coronavi-

rus disease (COVID-19). Confirmed cases were first 
reported in the city of Wuhan, China, in December 
2019 (1). Situated at the southern tip of China, Hong 
Kong was at risk for importing COVID-19, given its 
shared border and high infrastructural and social 
connectivity with China. In 2019, >236 million pas-
sengers crossed the border between China and Hong 
Kong by land (2). Hong Kong is also vulnerable to vi-
rus transmission owing to its high population density 
and heavy reliance on public transportation. Despite 
these risks, as of March 20, 2020, transmission control 
efforts in Hong Kong, as reflected in the numbers of 
confirmed cases and deaths (256 cases, 4 deaths) (3), 
had been relatively successful compared with near-
by countries and regions, including mainland China 
(80,967 cases, 3,248 deaths), South Korea (8,652 cases, 
94 deaths), and Japan (950 cases, 33 deaths, in addi-
tion to the 712 cases from a cruise ship) (4).

Health officials in Hong Kong have enacted mul-
tipronged interventions to slow disease spread (5). 
Adopted strategies include border screening (mea-
suring body temperature, imposing a health decla-
ration form system, imposing a 14-day mandatory 
quarantine period on persons entering Hong Kong 
from mainland China; parts of Korea, Japan, France, 
Germany, and Spain; and all of Italy and Iran), so-
cial distancing (shutting down the border, reducing 
cross-border commuting services, delaying the re-
sumption of classes in schools, arranging telework for 
civil servants, and suspending of public services), and 
extending the Enhanced Laboratory Surveillance Pro-
gram to adult patients with fever and mild respira-
tory symptoms at emergency departments or general 
outpatient clinics in the public sector.

The behaviors of the public are important for 
outbreak management, particularly during the early 
phase when no treatment or vaccination is available 
and nonpharmaceutical interventions are the only 
options. The efficacy of nonpharmaceutical interven-
tions depends on persons’ degree of engagement and 
compliance in precautionary behaviors, such as face-
mask wearing, hand hygiene, and self-isolation. Will-
ingness to engage in precautionary behaviors volun-
tarily depends on risk perception toward the current 
health threat. In fact, risk perception is a main theme 
in common health behavior theories (6,7). In addi-
tion, with advanced information technology in recent 
years comes the uncertainty of how risk perception is 
shaped by various information sources. Hong Kong’s 
experience with outbreaks of novel pathogens (e.g., 
2003 severe acute respiratory syndrome [SARS] and 
2009 pandemic influenza) also provides a reference 
point to evaluate the risk perceptions of COVID-19. 
In comparison, Hong Kong was more affected by 
SARS than COVID-19 thus far. In 2003, a total of 1,755 
persons in Hong Kong contracted SARS, resulting in 
299 deaths (8).

Community Responses during  
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During the early phase of the coronavirus disease epi-
demic in Hong Kong, 1,715 survey respondents reported 
high levels of perceived risk, mild anxiety, and adoption of 
personal-hygiene, travel-avoidance, and social-distanc-
ing measures. Widely adopted individual precautionary 
measures, coupled with early government actions, might 
slow transmission early in the outbreak.
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In light of the importance of persons’ behavior 
in mitigating transmission and the goal of inform-
ing policy formation in a timely manner, we exam-
ined risk perceptions and behavioral responses of 
the general community during the early phase of the 
COVID-19 epidemic in Hong Kong. Considering the 
rapid development of the epidemic during the sur-
vey period and the potential variability in the adop-
tion of preventive measures among persons, we also 
examined the temporal changes in anxiety levels, the 
factors associated with adoption of preventive mea-
sures, and sources of information about the epidemic.

The Study
District councilors distributed an online survey in-
cluding measures of preventive behaviors, general 
anxiety, risk perceptions, and information exposure 
to the residents of Hong Kong within 36 hours after 
detection of the first confirmed case of COVID-19 in 
Hong Kong (Appendix, https://wwwnc.cdc.gov/

EID/article/26/7/20-0500-App1.pdf). The survey 
was conducted for 3 weeks. We compiled a chronol-
ogy of major events related to COVID-19 both inside 
and outside Hong Kong and the number of confirmed 
cases in Hong Kong before and during the period 
covered by the survey (Figure 1). 

Analysis of 1,715 respondents’ data indicated 
high levels of perceived susceptibility to (89%) and 
severity of (97%) COVID-19 (Table 1). However, the 
general anxiety level, measured by the Hospital Anxi-
ety and Depression Scale (9), was mild (9.01 out of 
21). Most respondents (>98%) had their daily routines 
disrupted and were alert to COVID-19. The most 
trusted information sources were doctors (84%) and 
radio broadcasts (57%), but they were not the sources 
by which respondents typically received their infor-
mation (doctors 5%, broadcast 34%). 

Among preventive measures and their perceived 
efficacy, enhanced personal hygiene (from 78% of re-
spondents disinfecting their homes to 99% wearing 
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Figure 1. Chronology of major events during the early phase of the coronavirus disease epidemic and laboratory-confirmed cases in 
Hong Kong, December 30, 2019–February 14, 2020. A, unexplained pneumonia reported in Wuhan, China; B, HK begins temperature 
screenings at border checkpoints for travelers from Wuhan; C, HK launches preparedness and response plan for novel infectious 
disease of public health significance, serious response level; D, first death reported in Wuhan; E, World Health Organization (WHO) 
names disease 2019-nCoV acute respiratory disease and the virus 2019-nCoV (refer to Y for subsequent renaming); F, China confirms 
human-to-human transmission; G, HK introduces health declaration form system on inbound travelers by air from Wuhan; H, WHO 
declines to declare COVID-19 a public health emergency of international concern; I, first first confirmed COVID-19 case in HK, halt of 
sale of high-speed rail tickets to and from Wuhan; J, HK activates emergency response level; K, HK closes public leisure and cultural 
facilities until further notice; L, WHO declares COVID-19 a public health emergency of international concern; M, United States declares 
COVID-19 a public health emergency, imposes entry restriction; N, HK imposes 4-week school suspension, 1-week extension for 
home-office arrangement for civil servants; O, first COVID-19 death outside China in the Philippines; P, HK medical workers strike to 
call for border shutdown; Q, first COVID-19 death in HK, closure of 4 more border control points; R, 46 foreign airlines cancelled flights 
to mainland China; S, HK implements further port hygiene measures; T, HK offers home-office arrangement for civil servants until 
February 16; U, first death of a doctor in China (Wuhan); V, HK begins mandatory 14-day quarantine on persons entering from China; 
W, HK reports COVID-19 cluster involving 9 people in a gathering on January 26; X, HK reports COVID-19 cluster involving 5 residents 
(2 families) in the same building; Y, WHO and ICTV rename disease COVID-19 and virus SARS-CoV-2; Z, HK extends home-office 
arrangement for civil servants until February 23, school suspension until March 16. HK, Hong Kong.
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facemasks) and travel avoidance (from 90% avoiding 
Hubei Province, China, to 92% avoiding mainland 
China altogether) were frequently adopted and were 
considered effective (>90%) (Figure 2). The adoption 
of social-distancing measures was moderate to high 
(from 39% respondents avoiding public transporta-
tion to 93% avoiding contact with persons with respi-
ratory disease symptoms). Higher levels of adoption 
of social-distancing measures were associated with 
being female, living in the New Territories (1 of the 
3 geographic regions in Hong Kong that shares the 
border with mainland China), perceiving oneself as 
having a good understanding of COVID-19, and be-
ing more anxious (Table 2). 

Conclusions
The relative success in transmission control in Hong 
Kong could be attributed to the widely adopted pre-
cautionary behaviors of the public, together with 
early government interventions (e.g., border control 

and compulsory quarantine for those from affected 
regions). Unlike in many other countries, visitors 
from mainland China have never been fully banned 
from entering Hong Kong. The citizens of Hong Kong 
assumed responsibility for infection control on their 
own and became very attentive to personal preven-
tive measures. Our findings showed that nearly all re-
spondents adopted enhanced personal hygiene (e.g., 
wearing facemasks) and travel avoidance. The experi-
ence in outbreak management during the 2003 SARS 
epidemic might also have contributed to these swift 
and strong psychological and behavioral responses. 
Metaphorically, these responses resembled a second-
ary immune response, which is fast and strong dur-
ing re-exposure to the same pathogen.

The case of Hong Kong demonstrates the ex-
tent to which voluntary preventive measures by 
persons might be required for slowing transmission 
(e.g., >78% adoption of enhanced personal-hygiene 
measures, >90% adoption of travel-avoidance, and 
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Table 1. Risk perception of the community toward COVID-19 during the early phase of the COVID-19 epidemic in Hong Kong* 

Characteristic 
No. (%) respondents 

Level 1 Level 2 Level 3 Level 4 Level 5 
Perceived susceptibility (assuming no preventive measure) 

     

 How likely you will be infected† 776 (45) 751 (44) 160 (9) 23 (1) 5 (0) 
 How likely your families will be infected† 924 (54) 660 (38) 113 (7) 14 (1) 4 (0) 
Perceived severity 

     

 Seriousness of symptoms caused by SARS-CoV-2‡ 1102 (64) 569 (33) 33 (2) 7 (0) 4 (0) 
 Chance of having COVID-19 cured§ 190 (11) 552 (32) 708 (41) 239 (14) 26 (2) 
 Chance of survival if infected with COVID-19§ 136 (8) 476 (28) 788 (46) 290 (17) 25 (1) 
*COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Level 1, very likely; level 2, likely; level 3, neutral; level 4, unlikely; level 5, very unlikely. 
‡Level 1, very serious; level 2, serious; level 3, neutral; level 4, not serious; level 5, not serious at all. 
§Level 1, very low; level 2, low; level 3, neutral; level 4, high; level 5, very high. 

 

Figure 2. Perceived efficacy and actual adoption of precautionary measures to prevent transmission of severe acute respiratory 
syndrome coronavirus 2 and avoid contracting coronavirus disease, Hong Kong.
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39%–93% adoption of social-distancing). Being in 
agreement with the findings of Anderson et al. (10), 
we hope that these behavioral standards are useful 
in promoting person-level preventive measures for 
countries in the early phase of the COVID-19 out-
break, especially when border-control measures are 
not viable. This high level of civil engagement toward 
disease control also enables most businesses to con-
tinue as usual, which reduces the economic toll from 
strict quarantine measures.

In addition, we consider the increased anxiety 
levels reported as a double-edged sword. On one 
hand, anxiety can motivate precautionary mea-
sures. On the other hand, it might adversely af-
fect school, work, or family life. Besides providing 
accurate information about the epidemic, public 
health institutions (e.g., Hong Kong Department 
of Health) also should promote a healthy lifestyle 
and psychological well-being. Further discus-
sion of the interpretation of some specific find-
ings, including assessing the sustainability of the 
preventive measures, the general anxiety level 
of the public in different outbreaks, the effective  

communication channels for COVID-19 informa-
tion, and the drivers of social-distancing behaviors 
are provided (Appendix).

In conclusion, we identified high levels of risk 
perception regarding COVID-19 in the community 
in Hong Kong. Most respondents were alert to the 
disease progression of COVID-19 and adopted self-
protective measures. Our findings contribute to the 
body of research examining the psychobehavioral 
responses of the public, in addition to the already 
widely studied biological and mechanistic aspects 
of COVID-19, during the early phase of the current 
COVID-19 epidemic. The timely psychological and 
behavioral assessment of the community can inform 
subsequent intervention and risk-communication 
strategies as the epidemic progresses.
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Table 2. Factors associated with greater adoption of social-
distancing interventions during the early phase of the COVID-19 
epidemic in Hong Kong* 
Characteristic aOR (95% CI) p value† 
Sex 

  

 M Referent 
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Left Hong Kong in the previous month 

 

 No Referent 
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 No Referent 
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Perceived understanding about COVID-19 
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During January 2020, persons in Thailand were 
tested for the presence of severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion if they had a combination of fever or respira-
tory illness and a history of travel to Wuhan, China. 
Persons determined to be close contacts of a labo-
ratory-confirmed coronavirus disease (COVID-19) 
case-patient also were tested during enrollment into 
contact tracing. Clinicians were able to request test-
ing if they had a concern regarding persons who 
were exposed to travelers. During January 8–31, 
2020, Bamrasnaradura Infectious Diseases Insti-
tute, the national infectious disease referral hospital 
in Bangkok, admitted 11 patients with laboratory-
confirmed COVID-19. We describe clinical features, 
clinical management, and results of serial reverse 
transcription PCR (RT-PCR) testing for SARS-CoV-2 
RNA for these patients.

The Study
The 11 hospitalized patients had daily nasopharyngeal 
and oropharyngeal sampling for SARS-CoV-2 RNA 
testing. Specimens were collected by using synthetic 
fiber swabs, which were combined and placed into a 
single sterile tube containing »3 mL of viral transport 
medium. RNA was extracted and tested with conven-
tional RT-PCR and real-time RT-PCR (rRT-PCR). We 
developed SARS-CoV-2–specific primers and probes 
by using a protocol from the World Health Organiza-
tion (1) and validated results by using clinical speci-
mens. Nasopharyngeal  and oropharyngeal swabs 
and sputum specimens also were tested for 33 respi-
ratory pathogens by using the Fast-Track Diagnostic 
rRT-PCR Respiratory Panel (Fast Track Diagnostics, 
http://www.fast-trackdiagnostics.com), according to 
the manufacturer’s instructions. During the study peri-
od, Thailand’s discharge criteria for hospitalized COV-
ID-19 patients required resolution of clinical signs and 
symptoms and 2 respiratory specimens without de-
tectable SARS-CoV-2 RNA collected >24 hours apart.

The median age of the patients was 61 years 
(range 28–74 years; Table 1). Cough, malaise, and sore 
throat were the most common signs and symptoms 
among the 11 patients (Figure 1). In patients with fe-
ver (temperature >38°C; 10/11), defervescence took 
a median of 6 days (4–11.5 days). Some patients had 
signs and symptoms that lasted >10 days (Figure 1; 
Table 2). Most patients received supportive care; 
none required mechanical or noninvasive ventilation 
during their hospitalization.

Patient 4 remained asymptomatic throughout 
hospitalization despite daily monitoring. However, 
her chest radiograph at admission revealed unilateral 
pneumonia (Appendix Figure, http://wwwnc.cdc.
gov/EID/article/26/7/20-0598-App1.pdf). Patient 
4’s nasopharyngeal and oropharyngeal specimens 
had detectable SARS-CoV-2 RNA on 4 consecutive 
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Among 11 patients in Thailand infected with severe acute 
respiratory syndrome coronavirus 2, we detected viral 
RNA in upper respiratory specimens a median of 14 days 
after illness onset and 9 days after fever resolution. We 
identified viral co-infections and an asymptomatic person 
with detectable virus RNA in serial tests. We describe im-
plications for surveillance. 



Clinical Characteristics of Patients with COVID-19

days. She finally had 2 negative specimens separat-
ed by >24 hours and was discharged on day 7 after 
symptom onset (Figure 2). 

Patient 10, a taxi driver with no history of air 
travel, had the most severe clinical presentation 
among these cases (2). He reported close contact 
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Table 1. Demographics, baseline characteristics, illness histories, laboratory values and treatment therapies of confirmed COVID-19 
patients in Bamrasnaradura Infectious Diseases Institute, Bangkok, Thailand, 2020* 

Demographics 
Patient no. 

Total, % 1 2 3 4 5 6 7 8 9 10† 11 
Age, y/sex 61/F 74/F 68/M 66/F 57/F 34/M 61/M 63/M 28/F 51/M 49/M 55 M/45 F 
Ethnicity CH CH CH CH CH CH CH CH CH TH TH 82 CH/18 TH 
Occupation Ret Ret Ret Ret Ret EE Ret Ret Tour 

guide 
Taxi 

driver 
Officer 54 Ret/46 other 

Detected through airport screening Y Y Y N N N N N N N N 27 Y/73 N 
Detected through contact tracing N N N Y N N N N N N N 9 Y/91 N 
Detected after patient voluntarily 
sought medical care 

N N N N Y Y Y Y Y Y Y 64 Y/36 N 

Visited Hunan Seafood Market N N N N N N N N N N N 0 
Underlying conditions 

            

 Diabetes N N N N N Y N N N Y N 18 Y/82 N 
 Hypertension Y Y N Y N N N N N Y N 36 Y/64 N 
 COPD N N N N N N N N N N N 0 
 Asthma N N N N N N N N N N N 0 
 Cancer N N N N N N N N N N N 0 
 Cardiovascular disease N Y N Y N N N Y N N N 27 Y/73 N 
 Cerebrovascular disease N N N N N N N Y N N N 9 Y/91 N 
 Chronic liver disease N N N N N N N N N N Y 9 Y/91 N 
 Any chronic condition Y Y N Y N Y N Y N Y Y 64 Y/36 N 
Current smoker N N N N N N N N N N N 0 
Pregnant NA NA NA NA NA NA NA NA N NA NA 0 
Laboratory values at time of admission (reference range)         
 Leukocytes ×109/L (4.5–8) 1.9 3.3 4 3.6 3.9 3.4 5.8 4.1 4.9 5.8 2.5   
 Neutrophils, % (36–70) 48 64 66 63 56 80 63 83 73 58 54   
 Lymphocytes, % (23–57) 40 19 25 25 33 1 30 16 23 31 30   
 Platelets ×106 /L (140–400) 127 16.4 12.6 177 167 169 168 18.4 153 368 167   
 Hemoglobin, g/dL (11–14) 13.3 12.8 11.5 13.1 13.2 13.3 15.3 13.8 11.4 14 14.8   
 Hematocrit, % (35–41) 38 38 33 37 37.9 38 45 39 34 41 43   
 ALT, U/L (0–31) 18 27 18 83 23 16 22 22 24 24 26   
 AST, U/L (0–31) 14 12 15 47 16 19 20 14 25 16 22   
Other diagnostics              
 Oxygen saturation on room air at 
 admission 

98 97 95 98 99 99 98 99 96 91 97   

 Results from Biofire-33 multiplex PCR‡            
 Haemophilus influenzae + + – – + + – – – – –   
 Adenovirus – + – – – – – – – – –   
 Influenza A – – – – – – + – – – –   
 Klebsiella pneumoniae – – – – – – – – – – +   
Treatments              
 Antimicrobial drugs, dose              
  Ceftriaxone, 2 g 4×/d IV 1 0 7 0 0 0 7 0 0 7  0   
  Ceftriaxone, 2 g/d orally  0 7 0 0 0 0 0 0 0 0 0   
  AMOX/CLAV, 2 g 4×/d orally 6 0 0 0 0 0 0 0 0 0 7   
  Oseltamivir, 150 mg 4×/d orally 5 0 0 0 0 0 5 0 0 0 5   
 Nasal cannula, 5 L, no. days 0 0 0 0 0 0 0 0 0 3 0   
Duration of signs and symptoms 
reported at admission, d  

           
Median (IQR)/ 

mean (SD) 
 Cough 1 1 1 0 2 1 4 2 3 8 5 2 (1–4)/2.5 (2.3) 
 Malaise or fatigue 4 2 4 0 2 4 13 2 3 5 5 4 (2–5)/4.0 (3.3) 
 Fever 2 2 4 0 3 4 4 2 2 8 5 3 (2–4)/3.3 (2.1) 
 Sore throat 4 0 3 0 3 2 4 2 3 7 5 3 (2–4)/3.0 (2.0) 
 Rhinorrhea 2 2 4 0 2 1 3 2 2 2 4 2 (2–3)/2.2 (1.2) 
 Headache 1 0 2 0 0 0 0 2 1 5 3 1 (0–2)/1.3 (1.6) 
 Vomiting 0 1 1 0 0 0 0 1 0 0 0 0 (0–1)/0.3 (0.5) 
 Diarrhea 0 0 1 0 0 0 0 1 0 0 0 0/0.2 (0.4) 
*ALT, alanine  aminotransferase; AMOX/CLAV, amoxicillin/clavulanate; AST, aspartate aminotransferase; COVID-19, coronavirus disease; CH, Chinese; 
EE, electrical engineer; IV, intravenous; NA, not applicable; Ret, retired; TH, Thai;  low; , high; +, positive; –, negative.  
†(2)  
‡BioFire Diagnostics (https://www.biofiredx.com) 
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while transporting symptomatic travelers from Chi-
na, a mechanism of exposure that has been described 
elsewhere (3–5). Patient 10 did not seek care for 10 
days after his reported onset of fever. In Thailand, 

workers in the tourist industry, including those who 
transport tourists, are among the risk groups moni-
tored for occupational exposures under updated 
clinical practice guidelines (6).
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Figure 1. Number of patients with signs and symptoms by days following admission based on 11 patients with confirmed coronavirus 
disease, Bamrasnaradura Infectious Diseases Institute, Bangkok, Thailand, January 8–31, 2020

 
Table 2. Clinical illness history and calculated intervals of confirmed COVID-19 patients in Bamrasnaradura Infectious Diseases 
Institute, Bangkok, Thailand, 2020* 

Duration of signs and symptoms, d  

 Median no. 
days since 
symptom 

onset (IQR) 

Mean no. 
days since 
symptom 

onset (SD) 

T-test 
comparison 

between 
means 

           
Patient no. 

1 2 3 4† 5 6 7 8 9 10 11 
Onset of symptoms 0 0 0 NA 0 0 0 0 0 0 0 NA NA NA 
Onset of fever 2 0 0 NA 0 0 9 0 1 0 0 0 (0–1.25) 1.2 (2.8) – 
First medical visit 4 2 4 0 3 4 13 2 3 3 2 3 (2–4) 3.6 (3.3) – 
Admitted to BIDI  4 2 4 0 3 4 13 2 3 8 5 4 (2–5) 4.4 (3.5) – 
SARS-CoV-2 RNA detected 4 2 4 0 3 4 13 2 3 8 5 4 (2–5) 4.4 (3.5) – 
Fever resolution 4 3 6 NA 6 4 13 4 6 13 11 6 (4–11.5) 7.0 (3.9) – 
Clinical resolution 13 10 11 NA 9 9 17 15 9 13 13 12 (9–13.5) 11.9 (2.8) – 
SARS-CoV-2 RNA undetectable 14 10 13 4 9 26 24 29 9 14 30 14 (9–26) 16.5 (9.1) – 
Discharge 15 11 14 6 15 29 26 32 11 16 33 15 (11–29) 18.9 (9.4) – 
Calculated intervals               
 Admission to discharge 11 9 10 6 12 25 13 30 8 8 28 11 (8–25) 14.5 (8.7) – 
 Fever resolution to SARS-COV-2 
 RNA undetectable 

10 7 7 NA 3 22 11 25 3 1 19 9 (3–19.75) 10.8 (8.4) – 

 Admission to fever resolution  0 1 2 NA 3 0 0 2 3 5 6 2 (0–3.5) 2.2 (2.1) – 
 Fever resolution to clinical 
 resolution 

9 7 5 NA 3 5 4 11 3 0 2 5 (3–7.5) 4.9 (3.3) – 

 Admission to clinical resolution 9 8 7 NA 6 5 4 13 6 5 8 7 (5–8.25) 7.1 (2.6) – 
 Fever onset to fever resolution 2 3 6 NA 6 4 4 4 5 13 11 5 (4–7.25) 5.8 (3.5) – 
 Admission to SARS-COV-2 RNA 
 undetectable 

10 8 9 4 6 22 11 27 6 6 25 10 (6–
22.75) 

12.2 (8.3) – 

 Fever resolution to discharge 11 8 8 NA 9 25 13 28 5 3 22 10 (7–
22.75) 

13.2 (8.7) – 

Fever duration by stratified condition             
 Patients detected through airport 
 screening 

2 3 6 – – – – – – – – 3 (2–6) 3.7 (2.1) 0.14 

 Patients seeking medical care – – – – 6 4 4 4 5 13 11 5 (4–11) 6.7 (3.7) – 
Detectable SARS-COV-2 RNA duration by stratified condition        
 Patients detected through airport 
 screening 

10 9 8 – – – – – – – – 9 (8–10) 9.0 (1.0) 0.17 

 Patients seeking medical care – – – – 6 22 11 27 6 6 25 11 (6–25) 14.7 (9.6) – 
*COVID-19, coronavirus disease; NA, not applicable 
†Patient 4 was asymptomatic throughout hospitalization and PCR results reflects days with detectable SARS-CoV-2 RNA following admission.  
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We detected viral co-infections in 2 patients dur-
ing their hospitalization. Patient 2 had an adenovi-
rus co-infection, and patient 7 had an influenza A vi-
rus co-infection (Table 1). Patient 7 was hospitalized 
for 13 days and influenza might have contributed to 
his clinical course. In Thailand, influenza A infec-
tion occurs most frequently during the rainy season, 
July–November (7). 

Conclusions
We describe the clinical characteristics, clinical man-
agement, and laboratory findings from 11 COVID-19 
patients hospitalized at Bamrasnaradura Infectious 
Diseases Institute. Most were febrile, but the onset 
of fever occurred early in the course of illness and 
fever resolution occurred 5 days before full clinical 
recovery and 10 days before discharge. Although no 
patient required mechanical ventilation or intuba-
tion, all had radiographic evidence of pneumonia, 
even those without respiratory symptoms. Together, 
these findings suggest that whereas fever and lower 
respiratory illness are commonly observed, case defi-
nitions requiring both fever and lower respiratory ill-
ness as signs and symptoms might not have detected 
several of these cases, especially later in the clinical 
course of illness.

Clinical resolution occurred a median of 12 (9–
13.5) days after illness onset, and these patients had 
detectable SARS-CoV-2 RNA in upper respiratory 
tract specimens for a median of 14 (9–26) days after 
illness onset (Table 2). However, patients became 
afebrile 6 days after illness onset, with a median 
of 9 (3–19.75) additional days of detectable SARS-
CoV-2 RNA in respiratory specimens after resolu-
tion of fever (Table 2). The required duration of 
hospitalization and observed period of viral RNA 
positivity for these patients underscore the poten-
tial burden of COVID-19 patients on hospital, diag-
nostic, treatment, and isolation capacities. Despite 
mild-to-moderate illness, the protracted period 
of SARS-CoV-2 RNA positivity in these patients’ 
specimens might indicate a lengthy period of infec-
tiousness and highlights risks to providers caring 
for COVID-19 patients.

Among persons of Chinese ethnicity in our 
study, only 3/9 who traveled from China were de-
tected through airport screening. During the study 
period, <7% of all persons under investigation for 
COVID-19 in Thailand were detected through air-
port screening (8). Given the proportion of cases 
identified through community surveillance, coun-
tries should not focus exclusively on point of entry 
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Figure 2. Clinical course for 11 patients with laboratory-confirmed COVID-19 by days since onset of their first symptom, 
Bamrasnaradura Infectious Diseases Institute, Bangkok, Thailand, January 2020. Blue solid bars indicate number of days each patient 
had detectable severe acute respiratory syndrome coronavirus 2 RNA. Red dashed bars indicate the number of days each patient had 
a fever >38°C. Asterisk denotes that patient 4 remained asymptomatic during hospitalization with detectable viral RNA for 4 consecutive 
days. COVID-19, coronavirus disease.
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screening or travel histories to detect cases of COV-
ID-19, and maintaining healthcare providers’ aware-
ness remains critical.

Patient 4 had detectable SARS-CoV-2 RNA for 
4 consecutive days, but we were only able to fol-
low her for 7 days before she returned to China. 
Her case is an example of a person without reported 
symptoms but radiologic evidence of disease and 
detectable virus over several days. Other studies 
have described asymptomatic patients with upper 
respiratory specimens positive for SARS-CoV-2 (9), 
and evidence suggests such cases pose a risk for  
transmission (10–12).

Our case series has some limitations. Patients 
could have recall bias regarding symptom onset be-
fore hospitalization. We were unable to complete a 
14-day observation for some patients because they re-
turned to China after discharge, including patient 4, 
who had no reported respiratory symptoms. 

The relatively long duration of hospitalizations 
in our study highlights the effects that current sur-
veillance and isolation procedures can have on clini-
cal care surge capacity. Duration of hospitalization 
was extended by Ministry of Public Health require-
ments for patients to remain in the hospital until 
symptom resolution and clearing of SARS-CoV-2 
RNA in clinical samples. We observed that it took 
a median of 9 days to clear SARS-CoV-2 after fever 
resolution. In addition, we noted serial detection of 
SARS-CoV-2 RNA in respiratory specimens of an as-
ymptomatic patient. 

Our observations of possible viral co-infections 
in COVID-19 patients and the resolution of fever 
relatively early during clinical course also have im-
plications for surveillance strategies. Specifically, 
case definitions requiring fever could miss COV-
ID-19 cases, especially later in the clinical course, 
and surveillance strategies that test only for SARS-
CoV-2 could miss co-infections. Clinicians should 
consider the possibility of co-infection because the 
presence of other respiratory pathogens does not 
exclude the possibility of SARS-CoV-2 virus infec-
tion. Clinicians also need to better understand the 
relationship of RT-PCR detection of SARS-Cov-2 
via multiple shedding routes (13) compared with 
the presence of culturable virus, especially in pa-
tients with few or no symptoms, because this might 
affect screening and isolation criteria. Whereas 
the current outbreak will undoubtedly change 
in character and magnitude, the information in 
this report could be combined with additional 
data sources to refine public health response and  
clinical management.

Data collection and analyses were approved by the  
institutional review board at Bamrasnaradura Infectious 
Diseases Institute, Bangkok, Thailand (IRB no. S004h/ 
63_ExPD). The findings and conclusions in this report  
are those of the authors and do not necessarily represent 
the official position of the Centers for Disease Control  
and Prevention.

About the Author
Dr. Pongpirul is a nephrologist at Bamrasnaradura  
Infectious Diseases Institute, Bangkok, Thailand. She 
has led the management of the patients with COVID-19 
admitted to the primary public COVID-19 referral center 
in Bangkok, Thailand. Her primary research interests, 
beyond COVID-19, include chronic kidney disease and 
histoplasmosis in patients infected with HIV, biomarkers 
of kidney diseases, and studies of kidney transplantation.

References
  1. Department of Medical Sciences, Ministry of Public  

Health, Thailand. Diagnostic detection of novel coronavirus 
2019 by real time RT-PCR. Version 0. 23 January 2020. [cited 
2020 Feb 16] https://www.who.int/docs/default-source/
coronaviruse/conventional-rt-pcr-followed-by-sequencing-
for-detection-of-ncov-rirl-nat-inst-health- 
t.pdf?sfvrsn=42271c6d_4

  2. Pongpirul WA, Pongpirul K, Ratnarathon AC,  
Prasithsirikul W. Journey of a Thai taxi driver and novel 
coronavirus. N Engl J Med. 2020;382:1067–8. https://doi.org/ 
10.1056/NEJMc2001621

  3. Phan LT, Nguyen TV, Luong QC, Nguyen TV, Nguyen HT,  
Le HQ, et al. Importation and human-to-human  
transmission of a novel coronavirus in Vietnam. N Engl J 
Med. 2020;382:872–4. 10.1056/NEJMc2001272  
https://doi.org/10.1056/NEJMc2001272

  4. Chan JF, Yuan S, Kok KH, To KK, Chu H, Yang J, et al. A 
familial cluster of pneumonia associated with the 2019 novel 
coronavirus indicating person-to-person transmission: a 
study of a family cluster. Lancet. 2020;395:514–23.  
https://doi.org/10.1016/S0140-6736(20)30154-9

  5. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al.  
Clinical characteristics of 138 hospitalized patients with 2019 
novel coronavirus-infected pneumonia in Wuhan, China. 
JAMA. 2020;323:1061. PubMed https://doi.org/10.1001/
jama.2020.1585

  6. Department of Disease Control, Thailand. Guidelines for 
medical practice, diagnosis, treatment and prevention of 
healthcare-associated infection in response to patients with 
COVID-19 infection, revised version dated 16 February 2020 
[cited 2020 Feb 21]. https://ddc.moph.go.th/viralpneumonia/
eng/file/guidelines/G_CPG_en.pdf

  7. Prachayangprecha S, Vichaiwattana P, Korkong S,  
Felber JA, Poovorawan Y. Influenza activity in Thailand and 
occurrence in different climates. Springerplus. 2015;4:356. 
https://doi.org/10.1186/s40064-015-1149-6

  8. Department of Disease Control, Ministry of Public Health, 
Thailand. Novel coronavirus 2019 pneumonia situation: 
Thailand situation update on 15 February 2020 [cited 2020 
Feb 16] https://ddc.moph.go.th/viralpneumonia/eng/file/
situation/situation-no43-150263.pdf

1584 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020



Clinical Characteristics of Patients with COVID-19

  9. Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. 
SARS-Cov-2 viral load in upper respiratory specimens of 
infected patients. N Eng J Med. 2020;389:1177–9.  
https://doi.org/10.1056/NEJMc2001737

10. Bai Y, Yao L, Wei T, Tian F, Jin DY, Chen L, et al. Presumed 
asymptomatic carrier transmission of COVID-19. JAMA. 
2020 Feb 20 [Epub ahead of print]. https://doi.org/10.1001/
jama.2020.2565

11. Zhang W, Du R, Li B, Zheng X-S, Yang X-L, Hu B, et al.  
Molecular and serological investigation of 2019-nCoV 
infected patients: implication of multiple shedding routes. 
Emerg Microbes Infect. 2020;9:386–9. https://doi.org/ 
10.1080/22221751.2020.1729071

12. Yu P, Zhu J, Zhang Z, Han Y, Huang L. A familial cluster of 
infection associated with the 2019 novel coronavirus  

indicating potential person-to-person transmission  
during the incubation period. J Infect Dis. 2020 Feb 18  
[Epub ahead of print] https://doi.org/10.1093/infdis/
jiaa077

13. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. 
Epidemiological and clinical characteristics of 99 cases of 
2019 novel coronavirus pneumonia in Wuhan, China: a 
descriptive study. Lancet. 2020;395:507–13. https://doi.org/ 
10.1016/S0140-6736(20)30211-7

Address for correspondence: Joseph Woodring, US Centers for 
Disease Control and Prevention–Thailand Ministry of Public 
Health Collaboration, DDC7 Building, Soi 4 Ministry of Public 
Health, Bangkok 10300, Thailand; email: wjd9@cdc.gov

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1585

•  Zika Virus Testing and Outcomes during Pregnancy, Florida, 
USA, 2016 

•  Sensitivity and Specificity of Suspected Case Definition Used 
during West Africa Ebola Epidemic 

•  Nipah Virus Contamination of Hospital Surfaces during 
Outbreaks, Bangladesh, 2013–2014 

•  Detection and Circulation of a Novel Rabbit Hemorrhagic 
Disease Virus, Australia 

•  Drug-Resistant Polymorphisms and Copy Numbers in 
Plasmodium falciparum, Mozambique, 2015 

•  Increased Severity and Spread of Mycobacterium ulcerans, 
Southeastern Australia 

•  Emergence of Vaccine-Derived Polioviruses during Ebola 
Virus Disease Outbreak, Guinea, 2014–2015 

•  Characterization of a Feline Influenza A(H7N2) Virus 

•  Japanese Encephalitis Virus Transmitted Via Blood 
Transfusion, Hong Kong, China 

•  Changing Geographic Patterns and Risk Factors for Avian 
Influenza A(H7N9) Infections in Humans, China 

•  Pneumonic Plague in Johannesburg, South Africa, 1904 

•  Dangers of Noncritical Use of Historical Plague Databases 

•  Recognition of Azole-Resistant Aspergillosis by Physicians 
Specializing in Infectious Diseases, United States

•  Melioidosis, Singapore, 2003–2014 

•  Serologic Evidence of Fruit Bat Exposure to Filoviruses, 
Singapore, 2011–2016 

•  Expected Duration of Adverse Pregnancy Outcomes after 
Zika Epidemic 

•  Seroprevalence of Jamestown Canyon Virus among Deer 
and Humans, Nova Scotia, Canada 

•  Postmortem Findings for a Patient with Guillain-Barré 
Syndrome and Zika Virus Infection 

•  Rodent Abundance and Hantavirus Infection in Protected 
Area, East-Central Argentina 

•  Two-Center Evaluation of Disinfectant Efficacy against Ebola 
Virus in Clinical and Laboratory Matrices 

•  Phylogeny and Immunoreactivity of Human Norovirus  
GII.P16-GII.2, Japan, Winter 2016–17 

•  Mammalian Pathogenesis and Transmission of Avian 
Influenza A(H7N9) Viruses, Tennessee, USA, 2017 

•  Whole Genome Analysis of Recurrent Staphylococcus aureus 
t571/ST398 Infection in Farmer, Iowa, USA 

®

       January 2018

To revisit the January 2018 issue, go to:

https://wwwnc.cdc.gov/eid/articles/issue/24/1/table-of-contents

High-Consequence
Pathogens



As of March 30, 2020, approximately 750,000 cases 
of coronavirus disease (COVID-19) had been re-

ported globally since December 2019 (1), severely bur-
dening the healthcare system (2). The extremely fast 
transmission capability of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) has aroused 
concern about its various transmission routes.

The main transmission routes for SARS-CoV-2 
are respiratory droplets and close contact (3). Know-
ing the extent of environmental contamination of 
SARS-CoV-2 in COVID-19 wards is critical for im-
proving safety practices for medical staff and an-
swering questions about SARS-CoV-2 transmission 
among the public. However, whether SARS-CoV-2 
can be transmitted by aerosols remains controversial, 
and the exposure risk for close contacts has not been 
systematically evaluated. Researchers have detected 

SARS-CoV-2 on surfaces of objects in a symptom-
atic patient’s room and toilet area (4). However, that 
study was performed in a small sample from regions 
with few confirmed cases, which might not reflect 
real conditions in outbreak regions where hospitals 
are operating at full capacity. In this study, we tested 
surface and air samples from an intensive care unit 
(ICU) and a general COVID-19 ward (GW) at Huosh-
enshan Hospital in Wuhan, China (Figure 1).

The Study
From February 19 through March 2, 2020, we col-
lected swab samples from potentially contaminated 
objects in the ICU and GW as described previously 
(5). The ICU housed 15 patients with severe disease 
and the GW housed 24 patients with milder disease. 
We also sampled indoor air and the air outlets to 
detect aerosol exposure. Air samples were collected 
by using a SASS 2300 Wetted Wall Cyclone Sampler 
(Research International, Inc., https://www.res-
rchintl.com) at 300 L/min for of 30 min. We used 
sterile premoistened swabs to sample the floors, 
computer mice, trash cans, sickbed handrails, pa-
tient masks, personal protective equipment, and air 
outlets. We tested air and surface samples for the 
open reading frame (ORF) 1ab and nucleoprotein 
(N) genes of SARS-CoV-2 by quantitative real-time 
PCR. (Appendix, https://wwwnc.cdc.gov/EID/
article/26/7/20-0885-App1.pdf).

Almost all positive results were concentrated 
in the contaminated areas (ICU 54/57, 94.7%; GW 
9/9, 100%); the rate of positivity was much high-
er for the ICU (54/124, 43.5%) than for the GW 
(9/114, 7.9%) (Tables 1, 2). The rate of positivity was  
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To determine distribution of severe acute respiratory syn-
drome coronavirus 2 in hospital wards in Wuhan, China, 
we tested air and surface samples. Contamination was 
greater in intensive care units than general wards. Virus 
was widely distributed on floors, computer mice, trash 
cans, and sickbed handrails and was detected in air ≈4 
m from patients.



Distribution of SARS-CoV-2 in Hospital Wards

relatively high for floor swab samples (ICU 7/10, 
70%; GW 2/13, 15.4%), perhaps because of gravity 
and air flow causing most virus droplets to float to 
the ground. In addition, as medical staff walk around 
the ward, the virus can be tracked all over the floor, 
as indicated by the 100% rate of positivity from the 
floor in the pharmacy, where there were no patients. 
Furthermore, half of the samples from the soles of 
the ICU medical staff shoes tested positive. There-
fore, the soles of medical staff shoes might function 
as carriers. The 3 weak positive results from the floor 
of dressing room 4 might also arise from these car-
riers. We highly recommend that persons disinfect 
shoe soles before walking out of wards containing 
COVID-19 patients.

The rate of positivity was also relatively high for 
the surface of the objects that were frequently touched 
by medical staff or patients (Tables 1, 2). The high-
est rates were for computer mice (ICU 6/8, 75%; GW 
1/5, 20%), followed by trash cans (ICU 3/5, 60%; GW 
0/8), sickbed handrails (ICU 6/14, 42.9%; GW 0/12), 
and doorknobs (GW 1/12, 8.3%). Sporadic positive 
results were obtained from sleeve cuffs and gloves of 
medical staff. These results suggest that medical staff 
should perform hand hygiene practices immediately 
after patient contact.

Because patient masks contained exhaled drop-
lets and oral secretions, the rate of positivity for those 
masks was also high (Tables 1, 2). We recommend ad-
equately disinfecting masks before discarding them.
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Figure 1. Layout of the intensive care unit (ICU) (A) and general ward (B) at Huoshenshan Hospital, Wuhan, China. For the ICU, the order 
of dressing is dressing room 1, dressing room 2, and dressing room 3; the order of undressing is dressing room 4, dressing room 5, and 
dressing room 6. The isolation ward of ICU is a large floor space with 15 cubicles (each with a patient bed) along the 2 opposite perimeters. 
Each cubicle is open to the central open area without any partition. For the general ward, the order of dressing is dressing room 1, dressing 
room 2, and dressing room 3; the order of undressing is dressing room 4, dressing room 5, and buffer room 1. The contaminated area of 
the general ward contains a patient corridor, and the 1-sided cubicles are all enclosed with door access to the corridor.



DISPATCHES

We further assessed the risk for aerosol trans-
mission of SARS-CoV-2. First, we collected air in 
the isolation ward of the ICU (12 air supplies and 
16 air discharges per hour) and GW (8 air supplies 
and 12 air discharges per hour) and obtained posi-
tive test results for 35% (14 samples positive/40 
samples tested) of ICU samples and 12.5% (2/16) of 
GW samples. Air outlet swab samples also yielded 
positive test results, with positive rates of 66.7% 
(8/12) for ICUs and 8.3% (1/12) for GWs. These 

results confirm that SARS-CoV-2 aerosol exposure 
poses risks.

Furthermore, we found that rates of positivity 
differed by air sampling site, which reflects the dis-
tribution of virus-laden aerosols in the wards (Figure 
2, panel A). Sampling sites were located near the air 
outlets (site 1), in patients’ rooms (site 2), and (site 3). 
SARS-CoV-2 aerosol was detected at all 3 sampling 
sites; rates of positivity were 35.7% (5/14) near air 
outlets, 44.4% (8/18) in patients’ rooms, and 12.5% 
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Table 1. Results of testing for SARS-CoV-2 in intensive care unit, Huoshenshan Hospital, Wuhan, China, 2020* 

Area, sample 
Intense positive/weak 

positive/negative† 
Rate of 

positivity, % 
Average virus 
concentration‡ 

Contaminated area    
 Isolation wards    
  Floor 6/1/3 70 6.6 × 104 
  Computer mouse 4/2/2 75 2.8 × 104 
  Trash can 0/3/2 60 3.4 × 104 
  Sickbed handrail 2/4/8 42.9 4.3 × 104 
  Patient mask 1/1/3 40 3.3 × 103 
  Air outlet filter 4/4/4 66.7 1.5 × 105 
  Indoor air near the air outlet (sampling site 1 in Figure 2, panel A) 2/3/9 35.7 3.8 
  Indoor air near the patients (sampling site 2 in Figure 2, panel A) 2/6/10 44.4 1.4 
  Indoor air near the doctors’ office area (sampling site 3 in Figure 2, 
panel A) 

0/1/7 12.5 0.52 

 Pharmacy    
  Floor 3/0/0 100 7.45 × 104 
  Indoor air 0/0/5 0 ND 

PPE    
  Face shield of medical staff 0/0/6 0 ND 
  Sleeve cuff of medical staff 0/1/5 16.7 7.1 × 103 
  Glove of medical staff 0/1/3 25 2.9 × 103 
  Shoe sole of medical staff 3/0/3 50 3.2 × 104 
Subtotal 27/27/70 43.5 NA 
Semicontaminated area    
 Buffer room 1    
 Floor 0/0/5 0 ND 
 Air outlet filter 0/0/3 0 ND 
 Indoor air 0/0/5 0 ND 
 Doorknob 0/0/3 0 ND 
Dressing room 4    
 Floor 0/3/5 37.5 3.8 × 103 
 Air outlet filter 0/0/3 0 ND 
 Indoor air 0/0/5 0 ND 
 Doorknob 0/0/4 0 ND 
Subtotal 0/3/33 8.3 NA 
Clean area    
 Dressing rooms 1, 2, and 3    
  Doorknob 0/0/10 0 ND 
  Floor 0/0/12 0 ND 
  Indoor air 0/0/8 0 ND 
 Nurse station    
  Doorknob 0/0/5 0 ND 
  Floor 0/0/5 0 ND 
  Indoor air 0/0/5 0 ND 
 Dressing rooms 5 and 6, buffer rooms 2 and 3    
  Doorknob 0/0/12 0 ND 
  Floor 0/0/12 0 ND 
  Indoor air 0/0/12 0 ND 
Subtotal    
Total 27/30/184 23.7 NA 
*NA, not applicable; ND, not determined; PPE, personal protective equipment; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Intense positive indicates a positive result for both open reading frame 1ab gene and nucleoprotein gene of SARS-CoV-2; weak positive indicates a 
positive result for only 1 of the genes. 
‡The average virus concentration of indoor air expressed as copies/L and of swab samples, as copies/sample. 
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(1/8) in the doctors’ office area. These findings indi-
cate that virus-laden aerosols were mainly concen-
trated near and downstream from the patients. How-
ever, exposure risk was also present in the upstream 
area; on the basis of the positive detection result from 
site 3, the maximum transmission distance of SARS-
CoV-2 aerosol might be 4 m. According to the aero-
sol monitoring results, we divided ICU workplaces 
into high-risk and low-risk areas (Figure 2, panel B). 
The high-risk area was the patient care and treatment 
area, where rate of positivity was 40.6% (13/32). The 
low-risk area was the doctors’ office area, where rate 
of positivity was 12.5% (1/8).

In the GW, site 1 was located near the patients 
(Figure 2, panel C). Site 2 was located ≈2.5 m up-

stream of the air flow relative to the heads of pa-
tients. We also sampled the indoor air of the patient 
corridor. Only air samples from site 1 tested posi-
tive (18.2%, 2/11). The workplaces in the GW were 
also divided into 2 areas: a high-risk area inside the 
patient wards (rate of positivity 12.5, 2/16) and a 
low-risk area outside the wards (rate of positivity 0) 
(Figure 2, panel D).

Conclusions
This study led to 3 conclusions. First, SARS-CoV-2 
was widely distributed in the air and on object 
surfaces in both the ICU and GW, implying a po-
tentially high infection risk for medical staff and 
other close contacts. Second, the environmental 
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Table 2. Results of testing for SARS-CoV-2 in general ward, Huoshenshan Hospital, Wuhan, China, 2020* 

Area, sample 
Intense positive/weak 

positive/negative† 
Rate of 

positivity, % 
Average virus 
concentration‡ 

Contaminated area    
 Isolation ward    
  Floor 1/1/11 15.4 1.6 × 104 
  Doorknob 0/1/11 8.3 6.5 × 102 
  Air outlet 0/1/11 8.3 3.4 × 103 
  Sickbed handrail 0/0/12 0 ND 
  Patient mask 1/1/8 20 9.2 × 103 
  Indoor air (sampling site 1 in Figure 2, panel C) 0/2/9 18.2 0.68 
  Indoor air (sampling site 2 in Figure 2, panel C) 0/0/5 0 ND 
 Patient corridor    
  Floor 0/0/10 0 ND 
  Computer mouse or keyboard 0/1/4 20 3.9 × 103 
  Trash can 0/0/8 0 ND 
  Indoor air 0/0/4 0 ND 
 PPE    
  Face shield of medical staff 0/0/3 0 ND 
  Sleeve cuff of medical staff 0/0/3 0 ND 
  Glove of medical staff 0/0/3 0 ND 
  Shoe sole of medical staff 0/0/3 0 ND 
Subtotal 2/7/105 7.9 NA 
Semicontaminated area    
 Dressing Room 4    
  Floor 0/0/5 0 ND 
  Indoor air 0/0/5 0 ND 
  Doorknob 0/0/3 0 ND 
 Buffer Room 3    
  Floor 0/0/5 0 ND 
  Indoor air 0/0/3 0 ND 
  Doorknob 0/0/3 0 ND 
Subtotal 0/0/24 0 NA 
Clean area    
 Dressing Rooms 1, 2, 3, and 5    
  Doorknob 0/0/12 0 ND 
  Floor 0/0/12 0 ND 
  Indoor air 0/0/6 0 ND 
 Buffer rooms 1 and 2    
  Doorknob 0/0/6 0 ND 
  Floor 0/0/6 0 ND 
  Indoor air 0/0/4 0 ND 
Subtotal 0/0/46 0 NA 
Total 2/7/175 4.9 NA 
*NA, not applicable; ND, not determined; PPE, personal protective equipment; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
†Intense positive indicates a positive result for both open reading frame 1ab gene and nucleoprotein gene of SARS-CoV-2; weak positive indicates a 
positive result for only 1 of the genes. 
‡The average virus concentration of indoor air expressed as copies/L and of swab samples, as copies/sample. 
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contamination was greater in the ICU than in the 
GW; thus, stricter protective measures should be 
taken by medical staff working in the ICU. Third, 
the SARS-CoV-2 aerosol distribution characteristics 
in the ICU indicate that the transmission distance 
of SARS-CoV-2 might be 4 m.

As of March 30, no staff members at Huoshen-
shan Hospital had been infected with SARS-CoV-2, 
indicating that appropriate precautions could effec-
tively prevent infection. In addition, our findings 
suggest that home isolation of persons with suspect-
ed COVID-19 might not be a good control strategy.  

Family members usually do not have personal 
protective equipment and lack professional train-
ing, which easily leads to familial cluster infections 
(6). During the outbreak, the government of China 
strove to the fullest extent possible to isolate all pa-
tients with suspected COVID-19 by actions such as 
constructing mobile cabin hospitals in Wuhan (7), 
which ensured that all patients with suspected dis-
ease were cared for by professional medical staff and 
that virus transmission was effectively cut off. As of 
the end of March, the SARS-COV-2 epidemic in Chi-
na had been well controlled.
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Figure 2. Spatial distribution of severe acute respiratory syndrome coronavirus 2 aerosols in isolation wards of the intensive care unit 
(ICU) and the general ward at Huoshenshan Hospital, Wuhan, China. A) The air sampling sites in the ICU were distributed in different 
regions: near the air outlet (site 1), near the patients (site 2), and around the doctors’ office area (site 3). Orange circles represent 
sampling sites; blue arrows represent direction of the fresh air flow; and the graded orange arrow and scale bar indicate the horizontal 
distance from the patient’s head. B) In terms of viral aerosol distribution, the space in the ICU was divided into 2 parts: a high-risk area 
with a 40.6% rate of virus positivity and a low-risk area with a 12.5% rate of virus positivity. C) The air sampling sites in the general ward 
were distributed in different regions around the patient (site 1), under the air inlet (site 2), and in the patient corridor. D) In terms of the 
viral aerosol distribution, the space in the general ward was divided into 2 parts: a high-risk area with a 12.5% rate of virus positivity and 
a low-risk area with a 0% rate of virus positivity.
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Our study has 2 limitations. First, the results of 
the nucleic acid test do not indicate the amount of vi-
able virus. Second, for the unknown minimal infec-
tious dose, the aerosol transmission distance cannot 
be strictly determined.

Overall, we found that the air and object surfaces 
in COVID-19 wards were widely contaminated by 
SARS-CoV-2. These findings can be used to improve 
safety practices.

This work was financially supported by the National 
Major Research & Development Program of China 
(2020YFC0840800).
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Infection with Baylisascaris procyonis roundworms 
is rare but often fatal and typically affects children. 

Baylisascaris procyonis, the common intestinal 
roundworm of raccoons, has increasingly been rec-
ognized as a source of severe, often fatal, neurologic 
disease in humans, particularly children. Although 
this devastating disease is rare, lack of effective treat-
ment and the widespread distribution of raccoons 
in close association with humans make baylisasca-
riasis a disease that seriously affects public health. 
Raccoons infected with B. procyonis roundworms can 
shed millions of eggs in their feces daily. Given the 
habit of raccoons to defecate in and around houses, 
information about optimal methods to inactivate B. 
procyonis eggs are critical for the control of this dis-
ease. However, little information is available about 
survival of eggs and effective disinfection techniques. 
Additional data provides infomation on thermal death 
point and determining the impact of desiccation and 
freezing on the viability of B. procyonis eggs to pro-
vide additional information for risk assessments of 
contamination and guide attempts at environmental 
decontamination.

EID Podcast:
Deadly Parasite in 

Raccoon Eggs  

Visit our website to listen:
https://www2c.cdc.gov/podcasts/ 

player.asp?f=8620675



Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is the third highly pathogenic hu-

man coronavirus to cross the species barrier into the 
human population during the past 20 years (1–3). 
SARS-CoV-2 infection is associated with coronavi-
rus disease (COVID-19), which is characterized by 
severe respiratory distress, fever, and cough and 
high rates of mortality, especially in older persons 
and those with underlying health conditions (3). 
The World Health Organization (WHO) declared 
SARS-CoV-2 a pandemic on March 11, 2020 (4), and 
by April 8, a total of 1,447,466 confirmed cases and 

83,471 deaths from SARS-CoV-2 had been reported 
worldwide (5). 

Human-to-human transmission of SARS-CoV-2 
is efficient, and infected persons can transmit the 
virus even when they have no, or only mild, symp-
toms (3). Because no antiviral drugs or vaccines are 
available, virus containment and prevention of infec-
tion are the current highest priorities. To limit virus 
spread, effective hand hygiene is crucial. Therefore, 
easily available but efficient disinfectants are needed. 
WHO’s guidelines for hand hygiene in healthcare 
suggest 2 alcohol-based formulations for hand sani-
tization to reduce the infectivity and spread of patho-
gens (6). WHO’s recommendations are based on fast-
acting, broad-spectrum microbicidal activity, along 
with accessibility and safety. The original WHO for-
mulations failed to meet the efficacy requirements 
of European Norm 1500 in previous tests (7). How-
ever, Suchomel et al. (8) suggested modified versions 
with increased concentrations of ethanol: 80% (wt/
wt) (85.5% [vol/vol]; formulation I), or isopropanol, 
75% (wt/wt) (81.3% [vol/vol]; formulations II). Later, 
they complemented these by reducing the glycerol 
concentrations (9). 

We previously showed that these modified 
WHO formulations were able to inactivate severe 
acute respiratory syndrome coronavirus (SARS-CoV) 
and Middle East respiratory syndrome coronavirus 
(MERS-CoV; 10), which are related to SARS-CoV-2. 
Current recommendations to inactivate SARS-CoV-2 
were translated from findings of other coronaviruses 
(11). To evaluate whether these alcohol-based disin-
fectants also effectively inactivate SARS-CoV-2, we 
tested different concentrations of the original and 
modified WHO formulations I and II (6,9), ethanol, 
and 2-propanol for virucidal activity.

Inactivation of Severe Acute  
Respiratory Syndrome Coronavirus 

2 by WHO-Recommended Hand  
Rub Formulations and Alcohols
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Infection control instructions call for use of alcohol-based 
hand rub solutions to inactivate severe acute respiratory 
syndrome coronavirus 2. We determined the virucidal 
activity of World Health Organization–recommended 
hand rub formulations, at full strength and multiple dilu-
tions, and of the active ingredients. All disinfectants dem-
onstrated efficient virus inactivation. 



Inactivation of SARS-CoV-2 by Hand Rub Formulations

The Study
We propagated SARS-CoV-2 (SARS-CoV-2/München- 
1.1/2020/929) on VeroE6 cells (kindly provided by M. 
Müller and C. Drosten; Charité, Berlin, Germany). We 
cultured VeroE6 cells in Dulbecco’s modified minimal 
essential medium supplemented with 10% heat inacti-
vated fetal bovine serum, 1% nonessential amino acids, 
100 µg/mL of streptomycin and 100 IU/mL of peni-
cillin, and 15 mMol of HEPES (Gibco; ThermoFisher, 
https://www.thermofisher.com).

Original WHO formulation I consists of 80% 
(vol/vol) ethanol, 1.45% (vol/vol) glycerol, and 
0.125% (vol/vol) hydrogen peroxide. Original 
WHO formulation II consists of 75% (vol/vol) 
2-propanol, 1.45% (vol/vol) glycerol, and 0.125% 
(vol/vol) hydrogen peroxide. The modified WHO 
formulation I used in our study consists of 80% 
(wt/wt) ethanol, 0.725% (vol/vol) glycerol, and 
0.125% (vol/vol) hydrogen peroxide. The modi-
fied isopropyl-based WHO formulation II con-
tains 75% (wt/wt) 2-propanol, 0.725% (vol/vol) 
glycerol, and 0.125% (vol/vol) hydrogen peroxide 
(9). We also prepared ethanol (CAS 64–17–5) and  

2-propanol (CAS 67–63–0) in vol/vol dilutions for 
investigation.

We performed virucidal activity studies by us-
ing a quantitative suspension test with 30 s exposure 
time (6). In brief, we mixed 1 part virus suspension 
with 1 part organic load (0.3% bovine serum albu-
min as an interfering substance) and 8 parts disin-
fectant solution of different concentrations. After 
a 30 s exposure, we serially diluted samples and 
determined the 50% tissue culture infectious dose 
(TCID50) per milliliter by using crystal violet staining 
and subsequently scoring the number of wells dis-
playing cytopathic effects. We calculated TCID50 by 
the Spearman-Kärber algorithm, as described (12). 
We monitored the cytotoxic effects of disinfectants 
by using crystal violet staining and optical analysis 
for altered density and morphology of the cellular 
monolayer in the absence of virus. We quantified 
cytotoxic effects analogous to the TCID50/mL of the 
virus infectivity.

We determined dose-response curves as per-
cent normalized virus inactivation versus per-
cent log disinfectant concentration by nonlinear  
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Figure 1. Virucidal activity 
of original and modified 
World Health Organization 
(WHO)–recommended 
hand rub formulations I and 
II for inactivating severe 
acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2). 
The means of 3 independent 
experiments with SDs (error 
bars) and percentage of 
inactivation at different 
concentrations are shown. A) 
WHO original formulation I; B) 
WHO original formulation II; C) 
WHO modified formulation I; D) 
WHO modified formulation II. 
Insets in panels C and D show 
regression analyses of the 
inactivation of coronaviruses. 
Dark gray bar shows cytotoxic 
effects, calculated analogous 
to virus infectivity. Reduction 
factors are included above 
the bar.  Dilutions of the WHO 
formulations ranged from 0–80% 
with an exposure time of 30 
s. Viral titers are displayed 
as TCID50/mL values. BCoV, 
bovine coronavirus; LLOQ, lower 
limit of quantification; MERS-
CoV, Middle East respiratory 
syndrome coronavirus; SARS-
CoV, severe acute respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TCID50/mL, 
50% tissue culture infectious dose.
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regression using the robust fitting method on the nor-
malized TCID50 data implemented in Prism version 
8.0.3 (GraphPad, https://www.graphpad.com). 
We plotted reference curves for SARS-CoV, MERS-
CoV, and bovine CoV (BCoV) by using previously 
published data (9). BCoV is often used as surrogate 
for highly pathogenic human CoVs. We assessed the 
mean TCID50 and standard deviations of means from 
3 individual experiments. We identified outliers  
by using Grubb’s test in Prism. We calculated re-
duction factors (RFs) for each treatment condition 
as follows: 

Our results showed that SARS-CoV-2 was highly 
susceptible to the original and the modified WHO for-
mulations (Figure 1). The original and modified ver-
sions of formulation I efficiently inactivated the virus. 
The original formulation I of 80% (vol/vol) ethanol 
had an RF of >3.8 (Figure 1, panel A) and the modi-
fied formulation I of 80% (wt/wt) ethanol had an RF of  
>5.9 (Figure 1, panel C). Dilutions >40% were still effec-
tive (Figure 1, panels A and C). Subsequent regression 
analysis of modified formulation I revealed similar in-
activation profiles compared with SARS-CoV, MERS-
CoV, and BCoV. (Figure 1, panel C). The original and 
modified versions of formulation II also were effective. 
The original formulation II of 75% (vol/vol) 2-propa-
nol had a log10-reduction of >3.8 (Figure 1, panel B) and 
the modified formulation II of 75% (wt/wt) 2-propanol 
had a log10-reduction of >5.9. Dilution >30% (vol/vol) 
also resulted in complete viral inactivation (Figure 1, 
panel D). Regression analysis of modified WHO for-
mulation II showed the inactivation profile of SARS-
CoV-2 was comparable to those of SARS-CoV, BCoV, 
and MERS-CoV (Figure 1, panel D).

We also investigated the susceptibility of SARS-
CoV-2 against the active components of the WHO-
recommended formulations, which are also the active 
ingredients of commercially available hand disin-
fectants. Ethanol (Figure 2, panel A) and 2-propanol 
(Figure 2, panel B) were able to reduce viral titers to 
background levels in 30 s with RFs of between 4.8 and 
≥5.9. Furthermore, we noted that a concentration of 
>30% (vol/vol) ethanol or 2-propanol is sufficient for 
complete viral inactivation (Figure 2).

Conclusions
We found that SARS-CoV-2 was efficiently inactivat-
ed by WHO-recommended formulations, supporting 
their use in healthcare systems and viral outbreaks. 
Of note, both the original and modified formulations 
were able to reduce viral titers to background level 
within 30 s. In addition, ethanol and 2-propanol were 
efficient in inactivating the virus in 30 s at a concen-
tration of >30% (vol/vol). Alcohol constitutes the ba-
sis for many hand rubs routinely used in healthcare 
settings. One caveat of this study is the defined inac-
tivation time of exactly 30 s, which is the time recom-
mended but not routinely performed in practice. Our 
findings are crucial to minimize viral transmission 
and maximize virus inactivation in the current SARS-
CoV-2 outbreak.

This article was preprinted at https://www.biorxiv.org/
content/10.1101/2020.03.10.986711v1.
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Figure 2. Effect of 
commercially available 
alcohols in inactivating 
SARS-CoV-2. The 
means of 3 independent 
experiments with SDs 
(error bars) are shown.  
A) Results for ethanol.  
B) Results for 2-propanol. 
Dark gray bar indicates 
cytotoxic effects, 
calculated analogous to 
virus infectivity. Reduction 
factors are included above 
the bar. The biocide 
concentrations ranged 
from 0–80% with an 
exposure time of 30 s. Viral titers are displayed as TCID50/mL values. LLOQ, lower limit of quantification; SARS-CoV-2, severe 
acute respiratory syndrome coronavirus 2; TCID50/mL, 50% tissue culture infectious dose.  
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With the emergence of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) in Wu-

han, China, several countries, including Japan, repa-
triated their nationals (1–3). During January 29–31, 
2020, a total of 566 Japanese nationals were repatri-
ated via 3 chartered flights from Wuhan (206, 210, 
and 150 passengers). After passengers disembarked 
in Tokyo, Japan, quarantine officials assessed them 
for signs/symptoms (e.g., fever, respiratory illness) 
of coronavirus disease (COVID-19) (4). A total of 

28 symptomatic passengers were transferred to se-
lect hospitals for isolation. The remaining 538 were 
transported to a designated hospital, where another 
35 were found to be symptomatic and were hospital-
ized there or transferred to other hospitals, leaving 
503 asymptomatic persons for observation in quar-
antine (Figure).

The Study
We conducted day 1 entry screening by testing oro-
pharyngeal swab samples collected from all 566 
returnees at the hospitals to which they were ini-
tially transported for SARS-CoV-2 (4); all tests were 
based on the real-time reverse transcription PCR 
developed by the National Institute of Infectious 
Diseases (5). Hospitalized patients in isolation and 
asymptomatic returnees in quarantine were moni-
tored daily for 14 days. If any signs/symptoms de-
veloped in a quarantined person, that person was 
transported to a designated hospital and oropha-
ryngeal swab samples were collected for testing. 
We conducted exit screening for quarantined per-
sons who remained illness-free by collecting oro-
pharyngeal swab samples on day 14. The National 
Institute of Infectious Diseases Ethics Committee 
approved the study (registration no. 1096), and all 
566 returnees who provided specimens gave writ-
ten informed consent.

Among the 63 passengers who were symptom-
atic at entry screening, 2 (3.2%) were positive by PCR 
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In early 2020, Japan repatriated 566 nationals from Chi-
na. Universal laboratory testing and 14-day monitoring 
of returnees detected 12 cases of severe acute respira-
tory syndrome coronavirus 2 infection; initial screening 
results were negative for 5. Common outcomes were 
remaining asymptomatic (n = 4) and pneumonia (n = 6). 
Overall, screening performed poorly. 
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(Figure); test results were subsequently positive for 2 
more. For 1 of these patients, pneumonia was diag-
nosed on day 1 and a sputum sample was positive 
on day 3; the other patient had fever and cough on 
day 1, pneumonia diagnosed on day 2, and a posi-
tive oropharyngeal swab sample on day 6. Excluding 
1 patient who remained hospitalized for stroke, the 
remaining 58 patients were transferred to designated 
quarantine facilities after confirmation of good health 
and negative PCR results; all 58 remained asymptom-
atic after discharge, and PCR results were negative at 
exit screening.

For the 503 asymptomatic/subclinical passen-
gers, entry-screening PCR results were positive for 5 
(1.0%) (Figure); 3 remained asymptomatic, but mild 
signs/symptoms (fever, headache, sore throat) de-
veloped for 2 persons (1 on day 2, 1 on day 4). Of the 
remaining 498 persons with negative PCR results, 
484 were quarantined at designated facilities and 
14 at home. During quarantine, fever developed 

in 1 facility-quarantined and 1 home-quarantined 
person on day 10; both were confirmed positive 
by PCR, and pneumonia subsequently developed 
in both. The facility-quarantined case-patient was 
in a single room; no other person from this facility 
acquired COVID-19 or had a positive test result at 
exit screening. One person who remained asymp-
tomatic had a positive test result at exit screening. 
Exit-screening results are pending for the patient 
hospitalized for stroke and the remaining 13 home-
quarantined persons.

Among the 566 returnees, 12 cases of SARS-CoV-2 
infection were detected; 540/541 facility-quarantined 
persons were confirmed negative by PCR performed 
on days 1 and 14 (197/197, 199/199, and 144/145 for 
the 3 flights). Entry screening detected 7 infections, 
for an infection point prevalence of 1.2%; infection 
period prevalence was 2.2% (12/552 returnees with 
complete follow-up). Despite universal testing, entry 
screening captured only 7/12 cases (58.3% sensitivity).  
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Figure. Results of testing 566 Japanese returnees from Wuhan, China, for severe acute respiratory syndrome coronavirus 2 by real-time 
reverse transcription PCR, January–February 2020. *Two persons were sampled on day 3, when they provided informed consent.
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Although screening symptomatic passengers (3.2%) 
was more efficient than screening all passengers 
(1.2%), screening only symptomatic passengers 
missed 5/7 prevalent infections at entry. Among 
symptomatic passengers, with 2 initially negative 
persons subsequently testing positive, entry-screen-
ing sensitivity was 2/4 (50%). Among asymptomatic 
passengers, with 3 initially negative persons subse-
quently testing positive, entry-screening sensitivity 
was 5/8 (62.5%).

Conclusions
Testing all returnees—with follow-up for disease 
onset and course—enabled us to evaluate the spec-
trum of severity for SARS-CoV-2 infections (Table). 
From least to most severe, 4 patients experienced 
asymptomatic infection, 2 mild illness, and 6 pneu-
monia. Prospective monitoring proved essential be-
cause of the 7 prevalent infections at entry, 5 were 
asymptomatic, 1 mild, and 1 pneumonia. Even with 
potential underascertainment of asymptomatic cas-
es because of a lack of serologic assessment (6,7) (i.e., 
interval-censoring during screening tests), it is note-
worthy that 4/12 persons with infections were as-
ymptomatic. Although numbers are small, severity 
seemed to be age dependent (Table). No infections 
were detected among the 100 persons <30 years of 
age; of the 2 infections detected among the 138 per-
sons 30–39 years of age, both persons were asymp-
tomatic. Although no person in this study died, only 
1 was >69 years of age. Regarding sex, excluding 
1 returnee for whom sex was unknown and 14 for 
whom exit-screening results are pending, of the re-
maining 551 returnees, 9 (1.8%) of the 506 male pas-
sengers (2 asymptomatic, 2 mild, 5 pneumonia) and 
3 (6.7%) of the 45 female passengers (2 asymptom-
atic, 1 pneumonia) were infected.

Our findings have public health implications. As 
recently reported (1), we found that symptom-based 
screening performed poorly, missing asymptom-

atic and presymptomatic cases. Even with universal 
screening, nearly half of cases were missed. Because 
an asymptomatic case was detected at exit screening, 
limiting testing of quarantined persons to those with 
signs/symptoms would have missed such a case; 
with exit-screening results pending for 14 returnees, 
sensitivity could be lower. The poor sensitivity of sin-
gle-point testing highlights the challenges of detect-
ing SARS-CoV-2 infections.

The potentially long incubation period of CO-
VID-19 was consistent with that recently reported 
(8,9) and contributed to the large proportion of 
missed cases. Active daily monitoring ensured that 
specific illness-onset times were captured, protected 
from the limitations associated with patient recall of 
symptom onset (10). Although exposure to SARS-
CoV-2 occurred at some time before quarantine (i.e., 
left-censore  d), our setting enabled us to estimate 
the minimum incubation period for each incident 
symptomatic case by taking the return date as the 
exposure time. Determining the specific exposure 
time can be difficult and is conditional according to 
the definition of contact. Given such qualifications, a 
conservative minimum incubation period of 10 days 
obtained prospectively in a clean quarantine setting, 
without recall or assumptions regarding transmis-
sion modes, is noteworthy.

Testing and follow-up of all returnees provided 
valuable information about the spectrum of SARS-
CoV-2 infection. Most reported data have been 
from medically attended patients, skewed toward 
symptomatic patients and more severe cases, limit-
ing our knowledge of the clinical spectrum of in-
fection (6,11). In our setting, we could remove the 
influence of patients’ health-seeking behaviors and 
clinicians’ diagnostic practices and found that 4/12 
case-patients were asymptomatic. At the same time, 
of the 8 case-patients who experienced symptoms, 
pneumonia developed in 6. Our findings were also 
consistent with the reported age-dependent nature 
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Table. Distribution of severe acute respiratory syndrome coronoavirus 2 infections and clinical outcomes, by age group, among 566 
Japanese returnees from Wuhan, China, January–February 2020 

Age group, y No. returnees* No. (%) infected† 

Outcome 

No. asymptomatic 
No. with 

mild illness 
No. with 

pneumonia No. deaths 
<10 6 0 0 0 0 0 
10–19 4 0  0 0 0 0 
20–29 90 0  0 0 0 0 
30–39 138 2 (1.4) 2 0 0 0 
40–49 168 4 (2.4) 0 1 3 0 
50–59 119 5 (4.2) 1 1 3 0 
60–69 26 1 (3.8) 1 0 0 0 
70–79 1 0  0 0 0 0 
*Day-14 exit-screening test results pending for 14 persons.  
†Testing by reverse transcription PCR. 

 



 SARS-CoV-2 Among Returnees from Wuhan, China

of COVID-19 (2,12–14); infection and clinical attack 
rates were lower among younger persons. Shed-
ding light on the severity pyramid among those 
infected—not only among those who sought care—
provides an evidence base for risk communication, 
healthcare planning, and public health response. 
Combined with reports suggesting transmissibil-
ity of SARS-CoV-2 from asymptomatic/subclinical 
case-patients (1,10,15,16), our findings suggest that 
controlling COVID-19 through the usual tools of 
syndrome-based surveillance and contact tracing 
alone may be difficult.

When confronted with an emerging pathogen, 
researchers can generate critical epidemiologic in-
formation by studying quarantined populations. As 
with the First Few X study (7), our design is protected 
from the usual biases of passively reported surveil-
lance data. Aggregating high-quality data from these 
types of investigations can build a larger severity 
pyramid, enabling reliable estimation of various se-
verity measures (e.g., symptomatic proportion of in-
fected case-patients, case severity proportion among 
those who are symptomatic). We recommend using  
similar assessments to help elucidate the epidemiolo-
gy of SARS-CoV-2 and inform public health response.
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Why did the quiet descend?
Does this plague not know
that apocalypses come with fanfare,
wails of lamentation,
howls of wayward dogs,
explosive blasts?
Or, maybe, silence.
Just shop-window glass crunching underfoot
puncturing the eerie nothing.
Not quiet.
Never quiet.

Why does the sun still shine?
Can it not see what transpires
from its lofty throne
above the Earth?
Read the room, sun.
Now’s the time for greyscale filter.
Or, maybe, an eclipse.
One last blinding ray of blazing flare
to scorch the land,
to boil the sea,
to serve up des hommes brûlés
to whichever vengeful deity
dines with us tonight.
Not sunshine.
Never sunshine.

Why can I smell the tulips?
I thought the virus
wiped olfaction from our
paltry list of powers?
Or, maybe, smoke.
You know, from voracious flames
feasting on our foliage and flesh,
the smog of industry,
of mushroom clouds.
Why does that not sting my nostrils?
Not flowers.
Never flowers.

A Critique of Coronavirus
Elana R. Osen

ANOTHER DIMENSION
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Why does life go on inexorably?
Is Ragnarök not supposed to happen
around now?
Where are the horsemen?
Where are the double gates of Paradise?
What a lame apocalypse:
we’ve been sold a lemon.
Or, maybe, pop culture eschatology
isn’t all it is cracked up to be.
I thought the zombies would be roaming
all my haunts
by now.
Not life.
Never life.
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Acute Zika virus (ZIKV) infection has not been confirmed 
in Kenya. In 2018, we used specimens collected in a 
2013 dengue serosurvey study in Mombasa to test for 
ZIKV IgM. We confirmed specific ZIKV IgM positivity in 
5 persons. These results suggest recent ZIKV transmis-
sion in the coastal region of Kenya.

Zika Virus Detection  
with 2013 Serosurvey,  
Mombasa, Kenya
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Zika virus (ZIKV), an arbovirus belonging to the 
family Flaviviridae, was initially isolated in 1947 

from the serum of a pyrexic sentinel rhesus macaque 
in the canopy of the Zika Forest in Uganda (1). In 
1970, ZIKV antibodies were reported in humans in 
Kenya, using immunoassays with limited sensitiv-
ity and specificity (2); since then, only past infections 
have been reported (3,4).

In 2015, the emergence of ZIKV in the Americas 
(5) raised the possibility that ZIKV infections were 
also occurring in Kenya but were undetected due to 
mild or asymptomatic infections and rudimentary 
birth defect surveillance. In 2016, Cape Verde and, 
in 2017, Angola reported ZIKV outbreaks associated 
with microcephaly. Genome sequencing from Angola 
identified the similarity of the Asian lineage of ZIKV 
to the American strain (6); this evidence implies that 
the African lineage may be less likely to cause micro-
cephaly, thus explaining the few reported number of 
ZIKV-associated microcephaly cases in Africa (7).

To understand prior transmission of ZIKV in Ke-
nya, in 2018, we used specimens collected in 2013 for 
a dengue serosurvey from Mombasa amidst a dengue 
outbreak. During May 3–11, 2013, serum specimens 
were collected from 1,500 consenting household 
members in 986 randomly selected households (8). 
Specimens were tested for dengue virus (DENV) by 

real-time reverse transcription PCR (rRT-PCR) and 
DENV IgM ELISA (InBios International, Inc., https://
inbios.com). Concurrent with this serosurvey, hospi-
tal surveillance of suspected dengue patients was es-
tablished (8). 

For our study, we used only the DENV-negative 
serum specimens and tested them for ZIKV by Cen-
ters for Disease Control and Prevention rRT-PCR and 
ZIKV IgM antibody capture ELISA (MAC ELISA). A 
ZIKV MAC ELISA specimen with a positive-to-nega-
tive ratio >3.00 was positive and a ratio of 2–2.99 was 
equivocal. We confirmed all positive specimens with 
90% plaque reduction neutralization test (PRNT90) 
against ZIKV strain MR766 (African lineage) and 
DENV (ChimeraVax; Sanofi Pasteur, https://www.
sanofi.com) (9). We defined recent ZIKV infection 
by a positive result in the ZIKV MAC ELISA and a 
PRNT90 titer of ZIKV that was 4-fold higher than the 
titer of DENV. The institutional review board at US 
Centers for Disease Control and Prevention and Ke-
nya Medical Research Institute Scientific Ethics Re-
view Unit approved the study.

We identified a total of 745 DENV-negative per-
sons from the dengue serosurvey (n = 704) and hos-
pital surveillance (n = 41); median age was 28 (range 
0–94) years. None were positive by ZIKV rRT-PCR. 
Thirty-four (4.6%) were positive by ZIKV MAC 
ELISA, 7 captured in hospital surveillance; 24 (3.2%) 
were equivocal and 687 (92.2%) negative. Of the 34 
ZIKV MAC ELISA positives, the ZIKV PRNT90 assay 
confirmed 5 (15.1%, 4 from serosurvey and 1 hospital) 
as ZIKV, 7 (21.2%) as DENV, 3 (9.1%) as cross-reactive 
to both viruses, and 18 (54.5%) as negative for ZIKV 
and DENV; 1 (2.9%) could not be confirmed due to 
insufficient sample (Table).  Of the 5 ZIKV MAC ELI-
SA–positive patients confirmed by ZIKV PRNT90, me-
dian age was 57 (range 50–70) years.

We identified 5 persons sampled in 2013 who were 
positive for ZIKV IgM and confirmed by PRNT90. Of 
note, the positive participants (median age 57 years) 
were older than the sample group tested (median age 
29 years). The level of transmission of ZIKV in Kenya 
is unknown, although Kenya has the competent vec-
tor (Aedes aegypti mosquitoes), and parts of Kenya are 
ecologically similar to the Zika forest (1). ZIKV has 
not been detected in Kenya despite recent intensive 
follow-up of pregnant women in coastal Kenya (10). 
Our study suggests that ZIKV may circulate in Mom-
basa and cause asymptomatic disease not captured in 
hospital surveillance systems. In addition, severely ill 
ZIKV patients might not have been identified from 
the original dengue study because it only captured 
clinical endpoints related to severe dengue.

RESEARCH LETTERS
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We found 1 participant positive by ZIKV MAC 
ELISA but negative by ZIKV and DENV PRNT90, 
suggesting the presence of another co-circulating 
cross-reactive flavivirus in this region of Kenya (e.g., 
West Nile virus). This finding merits further inves-
tigation to determine all circulating flaviviruses 
in Mombasa. ZIKV transmission season in Kenya 
most likely coincides with other arboviruses that 
share the same vector. Of interest, titers of neutral-
izing antibodies against ZIKV were low for 3 of the 
5 positive participants (1:20 PRNT90 titer), typically 
observed in acute infections (<10 days after onset of 
illness). Two participants had high neutralization ti-
ters (>1:320), suggesting recent infection (within the 
previous 90 days).

Our study had some limitations. It was con-
ducted in 2018, so specimens had been archived 
for 5 years. We also had incomplete demographic 
and clinical data and could not discount concurrent 
DENV infections. Finally, we might have underesti-
mated ZIKV positives because of weak neutraliza-
tion by IgM.

In conclusion, ZIKV may have circulated at low 
levels in Kenya in 2013. More research is needed to 
evaluate current ZIKV circulation and characterize 
other co-circulating flaviviruses. Enhanced surveil-
lance systems, including for microcephaly and other 
birth defects, could capture ZIKV patients and deter-
mine the epidemiology of ZIKV African lineage in 
this country.
This research was made possible through support  
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Table. Test results for 16 participants in a 2013 serosurvey in Kenya whose samples were positive for ZIKV by testing conducted in 
2018* 
Participant 
no. Age, y 

CDC ZIKV MAC 
ELISA P/N ratio (IgM) ZIKV PRNT90 titer DENV PRNT90 titer Participant type 

Final interpretation 
of case 

2 63 3.56 1:20 <1:20 Serosurvey ZIKV 
3 50 10.00 >1:320 <1:20 Serosurvey ZIKV 
5 70 3.17 1:20 <1:20 Serosurvey ZIKV 
10 NA 3.51 1:20 <1:20 Hospital ZIKV 
31 51 5.50 >1:320 1:20 Serosurvey ZIKV 
4 45 3.26 <1:20 1:20 Serosurvey DENV 
7 36 8.65 1:20 1:320 Serosurvey DENV 
20 58 13.18 1:20 1:320 Serosurvey DENV 
25 45 3.70 1:20 >1:320 Serosurvey DENV 
26 27 5.00 1:80 >1:320 Serosurvey DENV 
27 42 3.20 1:80 1:320 Serosurvey DENV 
33 30 10.70 1:20 1:80 Serosurvey DENV 
1 32 4.49 1:20 1:20 Serosurvey Cross-reactive 
9 27 3.82 1:20 1:20 Serosurvey Cross-reactive 
30 58 3.20 >1:320 >1:320 Serosurvey Cross-reactive 
6 41 16.35 1:20 ND Serosurvey Inconclusive 
*CDC, Centers for Disease Control and Prevention; DENV, dengue virus; MAC, IgM antibody capture; NA, not available; ND, not done due to insufficient 
specimen; PRNT90, plaque reduction neutralization test 90%; ZIKV, Zika virus. 
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Mycobacterium bovis is historically responsible for 
zoonotic, deadly tuberculosis and has seem-

ingly reemerged in countries where it had previ-
ously vanished following eradication programs in 
cattle and the pasteurization of dairy products (1–3). 
In most cases, M. bovis tuberculosis results from con-
suming unpasteurized milk; extrapulmonary disease 

is thus the most frequent clinical manifestation (4–6). 
Also, M. bovis could be an airborne zoonotic patho-
gen causing pulmonary tuberculosis (7). In western 
Europe countries, most of M. bovis human tuberculo-
sis cases are seen in migrants and are associated with 
travel to the country of origin (4,5,8,9). M. bovis tuber-
culosis is traced to animal sources, yet reporting of 
clinical signs and symptoms is often delayed (3). The 
observation of a woman affected by M. bovis tubercu-
losis who participated in a precisely dated religious 
practice involving sheep slaughtering provided an 
opportunity to shed light on these medical aspects.

A 43-year-old unemployed woman born in Tuni-
sia emigrated to France in 2000, married, and had 2 
children. The patient had no underlying chronic con-
dition, no medical history, no treatment, no history 
of smoking, and no toxic habits. She had received the 
bacillus Calmette-Guérin vaccine during childhood. 
Her last trip to Tunis and surrounding areas was dur-
ing July 10–August 28, 2018. The patient denied any 
contacts with ill persons during her stay. She partici-
pated in the Aid-el-Kebir (the Great Festival) Muslim 
festivities on August 22–23, 2018. After the ritual, her 
husband slaughtered a veterinary-uncontrolled sheep 
outside the house by cutting through its neck in an 
open place and then insufflating air beneath the skin 
of the dead animal using bellows before butchering 
the viscera, including lungs, heart, liver, and kidneys, 
which were put into a container while the digestive 
tract was put separately into another container. His 
wife then washed the lungs and the other viscera for 
≈2 hours in a confined kitchen, cooked them, and con-
sumed them with her family; she did not experience 
any injury while butchering the animal. 

After her return to France, the patient was apy-
retic with productive cough, fatigue, and anorexia, 
which started exactly 22 days after the Aid-el-Kebir 
festivities ended. The patient attributed symptoms to 
allergy and did not consult with a healthcare profes-
sional. In December 2018, her respiratory tract symp-
toms persisted; she also developed fatigue, fever, and 
night sweats and consulted a general practitioner. 
In January 2019, a computerized tomodensitometry 
scan confirmed an abscess in the inferior lobe of the 
patient’s left lung with thick walls and an infiltrate in 
the lower lobe of the right lung. The patient reported 
fever, cough, expectoration, and anorexia, and lost 5 
kg within 1 month (body mass index 15); we found 
crackles in both the left inferior and right superior 
lobes. She did not report hemoptysis, and her physi-
cal examination was otherwise unremarkable. Blood 
examination showed an iron deficiency in microcytic 
anemia, and her leukocyte count was normal.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1605

RESEARCH LETTERS

A woman in France was diagnosed with pulmonary tu-
berculosis caused by Mycobacterium bovis after a ritual 
sheep sacrifice in her home country of Tunisia. This in-
vestigation sheds light on ritual sacrifice of sheep as a 
circumstance in which religious tradition and practices 
can expose millions of Muslims worldwide to this disease.
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We performed a GenExpert assay (Cepheid, 
https://www.cepheid.com) and detected M. tuber-
culosis complex DNA in 1 sputum sample; we cul-
tured the M. tuberculosis complex CSURQ0209 strain. 
None of the patient’s other family members had any 
pulmonary symptoms at any time, and their chest 
radiographs results were normal. Before the precise 
M. bovis identification was known, we administered 
to the patient a daily oral regimen of rifampin (480 
mg), isoniazid (200 mg), pyrazinamide (1,200 mg), 
and ethambutol (1,000 mg) for 2 months, followed 
by rifampin (600 mg/d) and isoniazid (300 mg/d) for 
4 additional months, with favorable clinical and ra-
diological outcomes and excellent tolerance. Whole-
genome sequence analysis of strain CSURQ0209 
(GenBank accession no. PRJEB39431) showed that it 
grouped more proximately with 1 M. bovis strain iso-
lated from a patient from Algeria (Figure).

In this case, slaughtering a sheep during the annu-
al ritual Aid-el-Kebir festivities was a probable source 
of infection, although no animal remains were avail-
able to confirm this hypothesis. Genome sequence 
analysis confirmed the identification of M. bovis, clus-
tering with isolates from Algeria, in the absence of any 
other sequence from Tunisia. These results reinforced 
that this patient had been infected in her native coun-
try. During previous years, the festivities took place 
at the time the family was in France, and no animal 
sacrifice was performed on these occasions. 

Transmission of M. bovis may occur during 
slaughtering through the inhalation of aerosols ex-
haled by infected animals (9). In this case, the pa-
tient was most likely infected by aerosols after pro-
longed manipulation of the crude viscera. This case 
potentially concerns millions of Muslim persons 
worldwide. Our findings indicate that, in countries 
where ritual animal sacrifices take place, health au-
thorities may want to work with religious authori-
ties to advocate veterinary inspection of slaugh-
tered animals to discard viscera from animals with 
suspected tuberculosis, in phase with the current 
World Health Organization roadmap against zoo-
notic tuberculosis (10).
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We report the case of a 34-year-old male patient 
from Siraha District, Nepal, in the outer Terai 

Region bordering India. The patient was referred to 
us in October 2019 by his regional hospital because 
of a diagnosed microhematuria and reported inter-
mittently observed episodes of macrohematuria. The 
patient reported no relevant medical history and had 
never traveled abroad other than to visit neighboring 
districts in Nepal and across the border to India. He 
earned his living as a fisherman.

Results of the physical examination were unre-
markable. Laboratory test results showed a white cell 
count within reference ranges with mild eosinophilia 
(14%; 728 cells/µL) and unremarkable results for re-
nal and liver function tests. Urine analysis confirmed 
microhematuria, and microscopic examination of the 
urine sediment showed very few but typical trema-
tode eggs, resembling those of Schistosoma haematobi-
um, the causative agent of urogenital schistosomiasis 
(1) (Figure, panel A). An abdominal ultrasound ex-
amination revealed diffuse bladder wall thickening, 
which was confirmed by computed tomography (Fig-
ure, panel B).

After praziquantel treatment (40 mg/kg for 3 d), 
hematuria resolved, and no more eggs were detect-
able at follow-up 2 weeks later.

Although several zoonotic schistosome species 
have been reported from the Indian subcontinent, 
human-pathogenic schistosome species are con-
sidered absent from the region (2) because none of 
the known intermediate host snails involved in the 
lifecycle of human-pathogenic schistosome species 
are present. Nevertheless, some reports of parasito-
logic confirmed autochthonously acquired infections  
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We report a case of urogenital schistosomiasis in a 
34-year-old male patient in Nepal and summarize ad-
ditional case reports. These cases provide putative evi-
dence for the potential existence of human-pathogenic 
(most likely zoonotic) schistosome species on the In-
dian subcontinent.
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question the assumption that human schistosomiasis 
is nonexistent on the subcontinent.

In 1952, Gadgil and Shah (3) reported the detec-
tion of terminal-spined trematode eggs resembling 
those of S. haematobium in human urine samples from 
Gimvi, a village 250 km south of Bombay in India. In 
Gimvi village, terminal-spined trematode eggs were 
detected in 250 of 1,200 villagers; hematuria was the 

most common clinical manifestation. At the time of 
this discovery, available information suggested that 
the infectious focus area had existed for at least 60 
years (3). Malacologic investigations in the river run-
ning through the village and infection experiments 
identified the Ferrissia tenuis snail as a competent in-
termediate host that, to date, has been reported no-
where else as intermediate host of S. haematobium (4). 

Figure. Investigation of urogenital 
schistosomiasis in a 34-year-
old male patient in Nepal. A) 
Trematode egg, resembling the 
typical Schistosoma haematobium 
morphology, detected upon 
microscopic investigation of 
patient’s urine sediment. Original 
magnification ×40. B) Computed 
tomography image showing 
bladder wall thickening (white 
arrows). C) Geographic location of 
patient’s place of residence and of 
cases of human schistosomiasis 
reported previously in India  
and Nepal.



After the river was treated with copper sulfate and the  
patients with antimontartrate, a follow-up survey  
in 1957 showed that 11.1% of the male and 8.7% of 
the female villagers were still infected; the highest 
infection rate (36.8%) was observed in boys 10–15 
years of age (5). After the introduction of praziqu-
antel in the 1980s, the Gimvi focus was successfully 
eliminated (6).

The parasite identified at Gimvi village was 
named and reported as S. haematobium on the basis 
of its egg morphology and the clinical manifesta-
tion in infected patients. However, the lifecycle of 
the Gimvi schistosome does not include the classical 
snail intermediate host genus Bulinus, raising ques-
tions about on its identification as S. haematobium 
in the 1950s. Unfortunately, parasitologic samples 
from that time are no longer available for in-depth 
molecular testing.

In 1969, seventeen years after the first description 
of the Gimvi cases, Shrivastava and Arora (7) report-
ed the finding of Schistosoma typical egg granuloma 
in the bladder biopsy of a 26-year-old woman from 
Lahager village, situated in Raipur District of Mad-
hya Pradesh, India. A village survey revealed a high 
prevalence of hematuria among the villagers. Upon 
urine microscopy, eggs “highly suspicious of S. hae-
matobium” were found in some of the samples and 
“in one deposit features of S. haematobium eggs were 
seen.” No further cases were reported from this re-
gion thereafter.

In 1997, Sherchand and Ohara reported the find-
ing of lateral-spined trematode eggs, resembling 
those of S. mansoni, in a fecal sample from an inhab-
itant of Dhanusha District in the Terai Region, Ne-
pal, during a coprologic survey conducted in 1995 
(8). In 1997, similarly shaped eggs were detected in 
fecal samples of another 2 inhabitants in Dhanusha 
District (9). No clinical data are available for these 3 
cases. In 1999, a serologic survey conducted among 
508 inhabitants of the same district, reported an 
overall seroprevalence of 18.1% (range 1%–42.7%, 
depending on the surveyed village) (9). Of interest, 
Dhanusha is the neighboring district to that of the 
patient we report.

In summary, it appears that Schistosoma species 
capable of infecting humans are present on the In-
dian subcontinent. However, although the reported 
morphology of microscopically detected eggs in fe-
cal samples resemble those of human-pathogenic 
species, the local absence of any classical interme-
diate host snails and the apparently low number 
of cases questions the assumption that endemic 

foci may simply have been overlooked in the past. 
We suspect that our case, as well as the previously 
reported cases, most likely depicts zoonotic infec-
tions. Unfortunately, we were unable to continue 
follow-up on the patient we describe, and no di-
agnostic samples were stored that would allow us 
to clarify the species by molecular-genetic investi-
gations. We hope this shortfall can be rectified in 
future cases.
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The coronavirus family consists of single-stranded, 
positive-sense RNA viruses that cause respirato-

ry, gastrointestinal, hepatic, and neurologic diseases 
of different host species. On the basis of genetic char-
acterization, coronaviruses have been classified into 
4 genera:  Alphacoronavirus, Betacoronavirus, Gamma-
coronavirus, and Deltacoronavirus. Cetacean coronavi-
rus is a recently proposed new species in the genus 
Gammacoronavirus, in addition to a common species 
(Avian coronavirus) (1). Cetacean coronavirus species 
contains bottlenose dolphin coronavirus (BdCoV) 
HKU22, identified in 2014, and beluga whale corona-
virus (BWCoV) SW1, identified in 2008 (1,2). We re-
port detection and genetic characterization of BdCoV 
in bottlenose dolphins in the United States; all dol-
phins had clinical signs consistent with gastrointesti-
nal discomfort.

Four Atlantic bottlenose dolphins cared for by 
the US Navy Marine Mammal Program (San Di-
ego, CA) showed development of an acute onset 
of clinical illness with clinical signs consisting of 
inappetence (n = 4), diarrhea (n = 3), and lethargy 
(n = 2) during April and May 2019. We collected 
fecal samples as part of the minimum workup for 
acute illness. Among all viruses we tested by using  

conventional PCRs, only coronavirus showed a posi-
tive result for all 4 dolphins.

We further evaluated samples by using next-gen-
eration sequencing as described (3). De novo assem-
bly analysis of raw FASTQ data showed that 4 near 
complete genomes of BdCoV were assembled. Gaps 
were closed by Sanger sequencing at ACGT, Inc. 
(https://www.acgtinc.com). The genomes of all 4 US 
BdCoVs (37112–1, -2, -3, and -4) comprised 31,728 nt 
(GenBank accession nos. MN690608–11), which were 
shorter than those of 3 Hong Kong BdCoVs (HK-
BdCoVs) (31,750–31,758 nt).

Further analysis of all individual genes showed that 
the 4 US BdCoV strains showed similar identities to both 
HK-BdCoVs and BWCoV in open reading frame (ORF) 
1a, ORF1b, nonstructural (NS) 7, NS8, NS9, and NS10. 
However, US BdCoV strains showed higher identities 
to HK-BdCoVs than to BWCoV only in spike (S),  enve-
lope (E), membrane (M), and NS5a instead of all remain-
ing genes (Appendix Table, Figure 1, https://wwwnc.
cdc.gov/EID/article/26/7/20-0093-App1.pdf).

The 4 US BdCoV strains showed relatively higher 
identities to BWCoV than to HK-BdCoVs in NS5b 
(95.9% vs. 93.8%–94.0%), NS5c (98.4% vs. 97.7%–
97.9%), NS6 (94.9% vs. 88.6%–88.9%), and nucleocap-
sid protein (97.9% vs. 96.1%–96.5%) genes. Analysis 
of amino acid identities of different ORFs also showed 
similar patterns (Appendix Table).

Phylogenetic analysis of complete genomes 
showed that the 4 US BdCoVs were clustered with 3 
HK-BdCoVs strains and distantly related to BdCoV 
SW1 but were distinct from avian coronaviruses (Fig-
ure). Phylogenetic trees for individual genes showed 
that US BdCoV strains have a greater correlation with 
HK-BdCoVs than BWCoV in the S, E, M, NS5a, and 
NS7 genes and to BWCoV than HK-BdCoVs in re-
maining genes (Figure; Appendix Figures 2, 3).

Compared with the Hong Kong CF090331 strain, 
all US BdCoV strains have a 42-nt deletion in the S1 
region at positions 21366–21407 encoding an S protein 
that is 14-aa shorter (Appendix Figure 4). Compared 
with 3 HK-BdCoVs strains, a 3-nt insertion (ACA) at 
positions 25417–25419 was found in the M gene of the 
4 US BdCoVs, leading to a frameshift mutation in the 
M protein that was 1 amino acid longer (Appendix 
Figure 5).

In addition, a 4-nt insertion (TATA) was found in 
the 5′ untranslated region (UTR) of US BdCoV strains, 
and a 1-nt insertion (T) was found in the 3′ UTR of US 
BdCoV strains (Appendix Figure 6). Similar to find-
ings of a previous report (1), because of 1 nt mutation 
(G→T at position 28268) of the US BdCoV strains, a 
premature stop codon in the NS7 gene resulted in 

We characterized novel coronaviruses detected in US 
bottlenose dolphins (BdCoVs) with diarrhea. These viruses 
are closely related to the other 2 known cetacean corona-
viruses, Hong Kong BdCoV and beluga whale CoV. A dele-
tion in the spike gene and insertions in the membrane gene 
and untranslated regions were found in US BdCoVs (unre-
lated to severe acture respiratory syndrome coronavirus 2).



an NS7a (42 aa) and an NS7b (117 aa). The position 
of the premature stop codon in the US BdCoVs was 
different from that for 2 HK-BdCoVs (CF090325 and 
CF090331), which encode different sizes of NS7a (63 
aa) and NS7b (34 aa) proteins.

S deletion variants are commonly observed in 
coronaviruses. Porcine respiratory coronavirus is an S 
gene deletion mutant of transmissible gastroenteritis 
virus and causes a respiratory disease instead of gas-
troenteritis in pigs because of a large deletion (>600 
nt) in the N terminal of the S gene (4). In addition, a 
large deletion (591 nt) in S1 resulted in a change in 
virulence of porcine epidemic diarrhea virus (5). In 
our study, we observed that 4 US BdCoVs had a 42-nt 
deletion in the S1 gene. It is unclear whether this de-
letion region is related to the viral tropism and viru-
lence, and warrants further studies.

During a surveillance study in Hong Kong, Chi-
na, BdCoV was identified only in fecal samples from 
dolphins that had no notable clinical signs (1). In our 
study, genetically related BdCoVs were detected in 
dolphins that had diarrhea, lethargy, and inappetence 
in the United States. It is possible that unique genetic 
features of US BdCoVs, including a sequence deletion 
in the S gene and an insertion in the M gene and 5′ and 
3′ UTRs, and mutations in different genes might have 

contributed to the observed clinical diarrhea signs 
in US dolphins. Additional surveillance is needed to 
monitor the evolution of this virus worldwide.
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Figure. Phylogenetic analysis of A) complete genome, B) spike, C) envelope, D) matrix, and E) nonstructural protein 5a genes of 
gammacoronaviruses, including 4 US BdCoVs, 37112-1 to -4 (GenBank accession nos. MN690608–MN690611, indicated with red 
squares); 3 Hong Kong BdCoVs (accession nos.: CF090327, KF793825; CF090331, KF793826; CF090325, KF793824); and 1 BWCoV 
(SW1, accession no. NC_010646). Numbers along branches are bootstrap values. Scale bars indicate nucleotide substitutions per site. 
BdCoV, bottlenose dolphin coronavirus; BWCoV, beluga whale coronavirus.
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Severe fever with thrombocytopenia syndrome 
(SFTS) is a tickborne infection caused by the SFTS 

virus (SFTSV, also known as Huaiyangshan banyang-
virus), which was identified in China in 2009 (1) and 
afterward in South Korea (2), Japan (3), and Vietnam 

(4). Since then, the number of SFTS cases in East Asia 
has risen rapidly. Therefore, laboratory-based sur-
veillance of SFTS has been conducted in the routine 
molecular diagnosis of arboviral infections in the Tai-
wan Centers for Disease Control (Taiwan CDC) since 
2013. We identified a patient in Taiwan with labora-
tory-confirmed SFTS who was originally suspected of 
having dengue or rickettsial infections.

In November 2019, a 70-year-old man who lived 
in northern Taiwan and had no travel history was ad-
mitted to the hospital with a 9-day history of fever 
(38.8°C–39.2°C), chills, nausea, vomiting, and mal-
aise. The patient had underlying hypertension and 
type 2 diabetes mellitus that was controlled without 
medication. At hospital admission, we noted a gen-
eralized rash over the trunk and both feet. Labora-
tory examinations showed that the patient had leu-
kopenia; thrombocytopenia; abnormal prothrombin 
time; elevated levels of aspartate transaminase, ala-
nine transaminase, creatinine kinase, and C-reactive 
protein; and diagnostic disseminated intravascular 
coagulation (Table). Chest radiography and chest 
computed tomography showed patchy consolida-
tions and ground-glass opacities of both lungs. A few 
hours after admission, the patient experienced a gen-
eral tonic–clonic seizure, with worsening conscious-
ness and dyspnea. He was transferred to the intensive 
care unit, where intubation and ventilator support be-
gan. He also received massive blood transfusions for 
severe thrombocytopenia, active mucosal (oral, nasal, 
and gastrointestinal tract) bleeding, and dissemi-
nated intravascular coagulation. Blood and sputum 
cultures revealed that the patient was infected with 
Pseudomonas aeruginosa; he received piperacillin/
tazobactam, doxycycline, and clarithromycin as em-
pirical therapy. Results of laboratory tests for hepati-
tis A and B viruses, cytomegalovirus, herpes simplex 
virus, adenovirus, and influenza were all negative. 
After the patient received a diagnosis of SFTSV infec-
tion, he received treatment with intravenous immu-
noglobulin for 5 days. However, his condition con-
tinued to deteriorate progressively. The patient died 
on day 40 after illness onset as a result of multiorgan 
failure. Delayed diagnosis and the presence of under-
lying conditions in this patient, including hyperten-
sion and diabetes mellitus, may be associated with his 
severe disease and death (5).

The patient often spent time on a vegetable 
farm in a mountainous area without wearing shoes, 
raising suspicions for arboviral and rickettsial in-
fections. The hospital sent blood samples, collected 
from the patient before the blood transfusions on 
day 12 after illness onset, to the Taiwan CDC for 

We report on a 70-year-old man with fever, leukopenia, 
thrombocytopenia, vomiting, malaise, dyspnea, and con-
sciousness disturbance who was infected with severe fever 
with thrombocytopenia syndrome virus in northern Taiwan, 
2019. This autochthonous case was confirmed by reverse 
transcription PCR, virus isolation, and genomic sequencing.

1These first authors contributed equally to this article.
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laboratory diagnosis of arboviral and rickettsial 
diseases. Arboviral infections were detected using 
primer sets (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/26/7/20-0104-App1.pdf) by 
SYBR-Green I-based real-time reverse transcription 
PCR (RT-PCR). In addition, we detected the SFTSV 
genome using SFTSV-specific primer sets target-
ing nonstructural protein and nucleocapsid protein 
genes. Results of RT-PCR and PCR for flavivirus 
and chikungunya virus infections, scrub typhus, 
murine typhus, spotted fever rickettsiae, and lepto-
spirosis were all negative. 

SFTSV was isolated from patient serum with the 
Vero cell line and confirmed by RT-PCR and immu-
nofluorescence assays. SFTSV RNA remained unde-
tected in the urine sample. The viral loads in serum 
continuously decreased from day 12 after disease 
onset and became undetectable on day 29 after dis-
ease onset (Appendix Figure 1). SuperScript III 1-step 
RT-PCR (http://www.thermofisher.com) identified 
partial small (S), medium (M), and large (L) segments 
of SFTSV in the serum collected on day 12 after dis-
ease onset using a different set of primers (Appendix 
Table 2). SFTSV has been classified into 6 different 
genotypes according to its genome sequence (6). Phy-
logenetic analyses of the partial S (1,704 bp; GenBank 
accession no. MN830173), M (3,340 bp; GenBank ac-
cession no. MN830174), and L (6,332 bp; GenBank 
accession no. MN910270) segment sequences using 
MEGA7 (7) using the maximum-likelihood method 
(Appendix Figures 2, 3) showed that the partial S, M, 
and L segments of SFTSV from this patient belong to 
genotype B and are closely related to Japanese strains. 
SFTSV identified in Rhipicephalus microplus ticks in 
central Taiwan belongs to genotype A/C (8).

All of the patient’s close contacts, including 8 fam-
ily members, a friend, and 60 medical personnel, were 

healthy and without symptoms during the monitoring 
period. Six mites from 2 brown rats (Rattus norvegi-
cus) and 2 Asian house shrews (Suncus murinus) were 
captured in the area surrounding the residence of the 
patient. All the RNA samples from animals and mites 
showed SFTSV negative results by RT-PCR.

Although the main SFTSV tick vector, Haemaphy-
salis longicornis, has not been documented in Taiwan, 
other tick vectors, such as R. microplus and Amblyomma 
testudinarium, have been found in wild and domestic 
animals (8–10). Further studies on the identification of 
natural vectors and routes of transmission are needed. 
The presence of an emerging SFTS case highlights the 
need for further studies of the prevalence, geographic 
distribution, and surveillance of SFTSV in Taiwan.
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In November 2018, a wild yearling male mule 
deer (Odocoileus hemionus) was found dead in 

Banff National Park, Alberta, Canada. The carcass 
was submitted to the Canadian Wildlife Health 
Cooperative Alberta Region at the University of 
Calgary (Calgary, Alberta, Canada) for diagnostic 
investigation. The University of Calgary Veterinary 
Sciences Animal Care Committee approved this re-
search (AC17-0010).

Necropsy revealed that the deer had died of 
blunt-force trauma, presumably having been struck 
by a vehicle. During the necropsy, we found miner-
alized granulomas in the right caudal lung lobe and 
multifocal pyogranulomatous lymphadenitis in the 
tracheobronchial lymph node (Figure). We fixed le-
sion samples in 10% neutral buffered formalin for 48 
h, then processed the samples by routine methods; 
we stained 4-μm-thick sections of paraffin-embedded 
tissues with hematoxylin and eosin before examina-
tion with light microscopy by an anatomic veterinary 
pathologist (J.L.R.), certified by the American College 
of Veterinary Pathologists. 

Histopathology of the lung confirmed granulo-
matous pneumonia. Affected multifocal areas were 
characterized by central necrotic debris that was 
variably mineralized, surrounded by macrophage 
aggregates, multinucleated giant cells, lympho-
cytes, plasma cells, and variably thick fibrous cap-
sules. Histopathology of the lymph node revealed 
similar multifocal areas of necrosis, variable min-
eralization, and infiltration of macrophages in the 
edges of some affected areas. Because of autolysis 
and freeze-thaw artifact, further characterization of 
the inflammatory cell population was not possible. 

We designated the lymph node lesions as pyo-
granulomatous lymphadenitis because of the suppu-
rative gross appearance of the lymph node combined 
with the microscopic presence of macrophages and 
mineralization revealed during histologic examina-
tion. We identified acid-fast organisms in multifocal 
macrophages at the margin of necrotic areas in both 
the lung and lymph node lesions. We submitted frozen 
samples to the Prairie Diagnostic Services laboratory 

We used molecular analyses to confirm Mycobacterium 
avium spp. hominissuis infection in lung granulomas and 
pyogranulomas in the tracheobronchial lymph node in 
a wild mule deer in Banff, Canada. These lesions are 
similar to those found in M. bovis–infected animals, em-
phasizing the critical need for disease surveillance in  
wildlife populations. 

1Preliminary results from this study were presented at the 
American College of Veterinary Pathologists Annual Meeting, 
November 9-13, 2019, San Antonio, Texas, USA



(Saskatoon, Saskatchewan, Canada), for further anal-
yses. Results of routine bacterial culture and PCR for 
Mycobacterium bovis were both negative. Subsequently, 
results were positive from a generic Mycobacterium 
spp. PCR of the lung and lymph node using nested 
internal primers of 439bp, as described elsewhere (1). 
Genomic sequencing analysis identified M. avium spp. 
hominissuis (GenBank accession no. MT012364). 

M. avium complex disease, caused by 4 species of 
M. avium, including M. avium spp. hominissuis, is con-
sidered a potentially zoonotic disease of global im-
portance (4). M. avium spp. hominissuis is a rare non-
tuberculosis mycobacterium that infects a wide range 
of species, most commonly humans and pigs (2,3). An 
opportunistic environmental pathogen that persists 
in soil and water, M. avium spp. hominissuis typically 
infects the lungs and intestinal tract, presumably by 
inhalation and ingestion, respectively (4,5). 

In humans, M. avium spp. hominissuis typically re-
sults in chronic granulomatous infections in the lungs 
and cervical lymph nodes (6), most commonly in im-
munocompromised persons (3). In children, infection 
causes lymphadenitis of the head and neck region (3). 
In pigs and other animals, however, M. avium spp. 
hominissuis infection primarily manifests as gastroin-
testinal disease, with granulomatous lesions in mes-
enteric lymph nodes and abdominal organs, such as 
the liver, spleen, and small intestines (6). Yoshida et 
al. described lung granulomas as an incidental find-
ing in a slaughtered steer that were similar to the ones 
identified in the mule deer in this study (7). However, 
these lesions are an unusual manifestation for this 
bacterium in animals. More typically, respiratory My-
cobacterium infections in cattle are caused by M. bovis, 
the causative agent of bovine tuberculosis and a zoo-
notic pathogen of global importance with extensive 
regulatory and trade implications (8). 

The lesions in this case were morphologically 
similar to those described in animals infected with  

M. bovis. Pyogranulomas and granulomas in the 
lungs and cervical lymph nodes are found in wildlife 
reservoirs of M. bovis, including cervids (8). The simi-
larity of these lesions emphasizes the importance of 
continuing surveillance and thorough investigation 
of suspected M. bovis cases. Cattle in Canada are re-
garded as free of M. bovis; however, 3 separate cattle 
herds in western Canada have tested positive from 
2011 through March 2020 (9). 

M. bovis is endemic in wild wood bison (Bison 
bison athabascae) and elk (Cervus canadensis) in 2 other 
national parks in Canada geographically separated 
from Banff by hundreds of kilometers (10). The pres-
ence of wildlife reservoirs elsewhere, combined with 
the sporadic identification of M. bovis–infected cattle 
herds in Canada, has led to concerns over surveil-
lance in wildlife (8,9). This case demonstrates that 
routine disease surveillance activities in wildlife 
populations, including molecular investigations, are 
crucial to providing ongoing assurance to agricul-
tural and public health sectors of the absence of M. 
bovis in wild cervid populations outside of known 
endemic areas.
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Figure. Lung and 
tracheobronchial lymph 
nodes from a wild mule deer 
(Odocoileus hemionus) infected 
with Mycobacterium avium spp. 
hominissuis, Banff National  
Park, Alberta, Canada. A) 
Mineralized granulomas in the 
right caudal lung lobe (arrows).  
B) Pyogranulomatous 
lymphadenitis of a 
tracheobronchial lymph node. 
The lesions resemble those 
caused by infection with M. bovis.
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China was the first country affected by the pandem-
ic of 2019 novel coronavirus disease (COVID-19), 

caused by severe acute respiratory syndrome corona-
virus 2. Several unique characteristics of China’s CO-
VID-19 epidemic patterns and its management policy 
prompted a heightened public mental health crisis. 
First, many Chinese residents still remember the 2003 
outbreak of severe acute respiratory syndrome (SARS) 
and its effect on China’s social life and economy (1). 
COVID-19 is more transmissible than SARS, and the 
case-fatality rate (2.3%) is substantially higher than that 
for seasonal influenza (2). The uncertain incubation pe-
riod of the virus and its possible asymptomatic trans-
mission cause additional fear and anxiety. Second, the 
government’s initial downplaying of the epidemic’s 
severity eroded public trust in the government’s de-
cision-making transparency and competency. Third, 
unprecedented large-scale quarantine measures in all 
major cities, which essentially confine residents to their 
homes, are likely to have a negative psychosocial effect 
on residents (3). Fourth, reports of shortages of medi-
cal protective supplies, medical staff, and hospital beds 
in Wuhan and the surrounding areas soon followed 
the citywide quarantine and caused enormous concern 
throughout the nation. Last, a unique “infodemic”—
an overabundance of (mis)information on social media 
(4) and elsewhere—poses a major risk to public mental 
health during this health crisis.

As during the 2003 SARS and 2014 Ebola virus 
disease outbreaks, generalized fear and fear-induced 
overreactive behavior were common among the 
public; both can impede infection control (5,6). In 
addition, psychiatric disorders, such as depression,  

The 2019 novel coronavirus disease emerged in China in 
late 2019–early 2020 and spread rapidly. China has been 
implementing emergency psychological crisis interven-
tions to reduce the negative psychosocial impact on public 
mental health, but challenges exist. Public mental health 
interventions should be formally integrated into public 
health preparedness and emergency response plans.



anxiety, and posttraumatic stress disorder, developed 
in high-risk persons, especially survivors and front-
line healthcare workers (7).

On the basis of these recent experiences, the Na-
tional Health Commission of China released a notifica-
tion on January 26, 2020, providing guiding principles 
of the emergency psychological crisis interventions to 
reduce the psychosocial effects of the COVID-19 out-
break (8). This notification specified that psychological 
crisis intervention should be part of the public health 
response to the COVID-19 outbreak, organized by the 
joint prevention and control mechanism at the city, 
municipal, and provincial levels, and that the interven-
tions should be differentiated by group. The interven-
tion workforce comprises psychological outreach teams 
led by psychiatrists and mental health professionals and 
psychological support hotline teams. An attachment to 
this notification further outlined the key intervention 
targets for 6 groups: confirmed patients, persons under 
investigation for COVID-19, healthcare workers, per-
sons in immediate contact with patients, ill persons who 
refuse to seek care, and susceptible persons/the gen-
eral public (Appendix, https://wwwnc.cdc.gov/EID/
article/26/7/20-0407-App1.pdf).

The release of such policy guidance acknowl-
edges China’s recognition of public mental health 
needs during the outbreak. However, the notifica-
tion does not specify how different resources should 
be mobilized and coordinated or, more important, 
who should deliver which type of interventions, 
for which group in need, and by which delivery 
mode(s). The policy guidance also does not indicate 
operationalization of how various groups should 
be screened or assessed to determine the type and 
level of interventions to provide to each. This level 
of detail is needed because China lacks a well-estab-
lished mental healthcare system and has no exist-
ing national-level emergency response system and 
designated workforce to provide the psychological 
crisis interventions during a national emergency 
or disaster (X. Chen, X. Fu, unpub. data, https://
doi.org/10.16418/j.issn.1000-3045.20200213001) (9). 
Other major challenges to successfully implement-
ing the emergency psychological crisis interventions 
include China’s severe shortage of mental healthcare 
providers (1.49 psychiatrists/100,000 population, 
and only half of these psychiatrists have attained 
a bachelor’s degree in medicine), unevenly distrib-
uted healthcare resources, and the limitations posed 
by the mass quarantine (9). For example, hospitals, 
universities, and a variety of organizations have set 
up numerous hotlines staffed by volunteers with 
varying degrees of qualification and experience (8). 

These well-meaning efforts can be uncoordinated 
and inadequately supervised and thus are likely to 
cause confusion to service consumers and inefficient 
use of resources.

The challenges reported in China indicate that, for 
many developing countries, telemedicine should be 
considered, given the widespread adoption of smart-
phones, to help remove barriers to accessing quality 
care for mental health. Task-shifting or -sharing (i.e., 
shifting service delivery of specific tasks from profes-
sionals to persons with fewer qualifications or creating 
a new cadre of providers with specific training) might 
help, especially in low-resource areas (10). Countries 
should also consider requesting support and guidance 
from global mental healthcare authorities and research 
communities through international collaborations.

Given lessons learned from past outbreaks in Chi-
na and other parts of the world, public mental health 
interventions should be formally integrated into pub-
lic health preparedness and emergency response plans 
to effectively curb all outbreaks. The World Health 
Organization’s strategic preparedness and response 
plan for COVID-19, however, has not yet specified any 
strategies to address mental health needs of any kind 
(4). As the virus spreads globally, governments must 
address public mental health needs by developing and 
implementing well-coordinated strategic plans to meet 
these needs during the COVID-19 pandemic.

About the Authors
Dr. Dong is an associate behavioral scientist and a  
licensed clinical psychologist at RAND Corporation. 
Her primary research interests are development 
and improvement of evidence-based psychosocial 
interventions for youth and adults.

Dr. Bouey is a senior policy researcher and the Tang  
Chair in China Policy Studies at RAND Corporation  
and an associate professor of Global Health at  
Georgetown University. Her primary research interests 
include the social determinants of health among 
underserved populations.

References
  1. Bouey J. From SARS to 2019-coronavirus (nCoV): U.S.–China 

collaborations on pandemic response: addendum. Santa 
Monica (CA): RAND Corporation; 2020 [cited 2020 Mar 23]. 
https://www.rand.org/pubs/testimonies/CT523z2.html

  2. The Novel Coronavirus Pneumonia Emergency Response 
Epidemiology Team. The epidemiological characteristics of 
an outbreak of 2019 novel coronavirus diseases (COVID-19)—
China, 2020. China CDC Weekly. 2020;2:113–22.

  3. Brooks SK, Webster RK, Smith LE, Woodland L, Wessely S, 
Greenberg N, et al. The psychological impact of  
quarantine and how to reduce it: rapid review of the  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1617

RESEARCH LETTERS



1618 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020

RESEARCH LETTERS

evidence. Lancet. 2020;395:912–20. https://doi.org/10.1016/
S0140-6736(20)30460-8

  4. World Health Organization. 2019 Novel coronavirus (2019-
nCoV): strategic preparedness and response plan Feb 3,  
2020 [cited 2020 Feb 7]. https://www.who.int/docs/default-
source/coronaviruse/srp-04022020.pdf

  5. Shultz JM, Cooper JL, Baingana F, Oquendo MA, Espinel Z,  
Althouse BM, et al. The role of fear-related behaviors in 
the 2013–2016 West Africa Ebola virus disease outbreak. 
Curr Psychiatry Rep. 2016;18:104. https://doi.org/10.1007/
s11920-016-0741-y

  6. Person B, Sy F, Holton K, Govert B, Liang A, Garza B, et al.; 
National Center for Infectious Diseases/SARS Community 
Outreach Team. Fear and stigma: the epidemic within the 
SARS outbreak. Emerg Infect Dis. 2004;10:358–63.  
https://doi.org/10.3201/eid1002.030750

  7. Mak IW, Chu CM, Pan PC, Yiu MG, Chan VL. Long-term 
psychiatric morbidities among SARS survivors. Gen Hosp 
Psychiatry. 2009;31:318–26. https://doi.org/10.1016/ 
j.genhosppsych.2009.03.001

  8. National Health Commission of China. Principles of the 
emergency psychological crisis interventions for the new 
coronavirus pneumonia [in Chinese] [cited 2020 Feb 7]. 
http://www.nhc.gov.cn/jkj/s3577/202001/6adc08b9665942
53b2b791be5c3b9467

  9. Liang D, Mays VM, Hwang WC. Integrated mental health 
services in China: challenges and planning for the future. 
Health Policy Plan. 2018;33:107–22. https://doi.org/10.1093/
heapol/czx137

10. World Health Organization. Joint WHO/OGAC technical 
consultation on task shifting: key elements of a regulatory 
framework in support of in-country implementation of task 
shifting. Geneva: The Organization; 2007.

Address for correspondence: Lu Dong, RAND Corporation, 1776 
Main St, Santa Monica, CA 90401, USA; email: ldong@rand.org

Rhabdomyolysis as Potential 
Late Complication Associated 
with COVID-19

Min Jin, Qiaoxia Tong
Author affiliations: Cancer Center, Union Hospital, Tongji Medical 
College, Huazhong University of Science and Technology, Wuhan, 
China (M. Jin); Department of Infectious Diseases, Union Hospital, 
Tongji Medical College, Huazhong University of Science and  
Technology, Wuhan (Q. Tong)

DOI: https://doi.org/10.3201/eid2607.200445

Recently, the outbreak of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) infec-

tion in Wuhan, China, has attracted great attention 
worldwide (1). SARS-CoV-2, the cause of 2019 nov-
el coronavirus disease (COVID-19), belongs to the 
β-coronavirus family, which also includes 2 other 
highly pathogenic human coronaviruses (2): severe 
acute respiratory syndrome coronavirus and Middle 
East respiratory syndrome coronavirus. Fever, cough, 
myalgia, and fatigue are the common symptoms of 
COVID-19, whereas expectoration, headache, he-
moptysis, and diarrhea are relatively rare (3).

Rhabdomyolysis is a life-threatening disorder 
that manifests with myalgia, fatigue, and pigmentu-
ria; it can also manifest as acute renal failure (4). The 
inducing factors of rhabdomyolysis include autoim-
mune myopathies, septicemia, electrolyte abnormali-
ties, substance abuse, alcohol use, or infection (5). Vi-
ral infection, especially influenza virus infection, can 
lead to rhabdomyolysis (6). We report rhabdomyoly-
sis related to COVID-19 in Wuhan, China.

A 60-year-old man in Wuhan sought care in Feb-
ruary 2020 for a 6-day history of fever up to 38.3°C 
and cough. Chest computed tomography performed 
3 days before in another hospital showed that the tex-
ture of both lungs was thickened and scattered with 
ground glass shadows (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/26/7/20-0445-App1.
pdf). When the patient arrived, he was alert; heart 
rate was 89 bpm, blood pressure was 135/91 mm 
Hg, respiratory rate was 18 breaths/min, tempera-
ture was 38.5°C, and saturation of peripheral oxygen 
was 93%. Physical examination revealed a rough 
breath sound in the lungs. Laboratory findings in-
cluded mild leukopenia (3.31 × 109 neutrophils/L 
[reference 3.5–9.5 × 109 neutrophils/L]), increased 
lactate dehydrogenase (280 U/L [reference 109–245 
U/L]), and increased C-reactive protein (111 mg/L 
[reference 0–8 mg/L]) (Table). Results were in the 
normal range for creatine kinase (CK) and indica-
tors of hepatic and kidney function. Screenings 
for common infectious diseases were negative.  
Real-time reverse-transcription PCR analysis of the 
patient’s throat swab specimen indicated SARS-
CoV-2 infection.

We describe a patient in Wuhan, China, with severe 
acute respiratory syndrome coronavirus 2 infection who 
had progressive pulmonary lesions and rhabdomyolysis 
with manifestations of lower limb pain and fatigue. Rapid 
clinical recognition of rhabdomyolysis symptoms in pa-
tients with severe acute respiratory syndrome coronavi-
rus 2 infection can be lifesaving.



We treated the patient with oxygen inhalation, 
opinavir, moxifloxacin, interferon nebulization, an 
antitussive, and nutritional support. On day 6 after 
admission, the patient still had an intermittent fever 
up to 38°C. We broadened the antibiotic treatment to 
include meropenem and added methylprednisolone. 
His fever abated on hospital day 7. However, sero-
logic examination showed that C-reactive protein had 
increased to 206 mg/L.

On hospital day 9, the patient felt pain and weak-
ness in his lower limbs. He denied medication expo-
sure, illicit drug use, or alcohol use. Physical examina-
tion indicated tenderness in the lower limbs. Urgent 
laboratory examination indicated that myoglobin 
was >12,000.0 µg/L (reference 0–140 µg/L), CK was 
11,842 U/L (reference 38–174 U/L), lactate dehydro-
genase was 2,347 U/L (reference 109–245 U/L), ala-
nine aminotransferase was 111 U/L (reference 5–40 
U/L), and aspartate aminotransferase was 213 U/L 
(reference 8–40 U/L) (Table). The patient’s kidney 
function and electrolytes were normal. Urine analysis 
revealed light yellow color of urine, occult blood was 
positive, and urine protein was suspiciously positive. 
These results indicated the onset of rhabdomyolysis.

In addition to the ongoing treatments, the patient 
was immediately treated with hydration, alkalization, 
plasma transfusion, gamma globulin, and symptomatic 
supportive therapy. On hospital day 10, the laboratory 
index continuously increased (Table). Blood gas analy-
sis showed that PCO2 was 29.2 mm Hg (reference 35–45 
mm Hg), PO2 was 49 mm Hg (reference 83–103 mm 
Hg), and pH was 7.51 (reference 7.35–7.45). A computed 
tomography reexamination of the lungs showed that the 
pulmonary lesions had substantially deteriorated (Ap-
pendix Figure). We continued the aggressive fluid ther-
apy and maintained the acid–base balance while also 

continuing treatment with opinavir and moxifloxacin. 
The patient reported less pain and fatigue in his lower 
limbs in the following days. Biochemistry and blood gas 
indicators gradually returned to normal levels (Table). 
Moreover, a second real-time reverse transcription PCR 
test conducted on hospital day 12 was negative for 
SARS-CoV-2. The patient’s symptoms improved daily, 
and he was again able to move his lower limbs freely.

The initial manifestations of SARS-CoV-2 infec-
tion in this patient were fever and cough. After a short 
period of antimicrobial drug treatment, his fever abat-
ed, but the condition of both lungs was deteriorating. 
Meanwhile, symptoms of rhabdomyolysis began.

General muscle pain and fatigue are common 
symptoms of COVID-19, but clinicians should con-
sider the diagnosis of rhabdomyolysis when pa-
tients have focal muscle pain and fatigue (7). CK 
and myoglobin levels are important indexes for 
rhabdomyolysis (5); however, they are not tested 
routinely, so rhabdomyolysis is easily misdiag-
nosed. The key to avoid acute renal failure from 
rhabdomyolysis is early detection and treatment 
with aggressive hydration (7). 

We generally know very little of the multifaceted 
biologic characteristics of COVID-19. Moreover, to our 
knowledge, COVID-19–associated rhabdomyolysis 
has not been previously reported; therefore, clinicians 
might have low clinical suspicion for rhabdomyolysis.

The case we describe lacks a final etiology for 
rhabdomyolysis. Also, our findings are limited by 
the absence of virus sequencing and confirmation 
of rhabdomyolysis pathology analysis. However, 
our findings indicate that rapid clinical recognition 
and positive hydration treatment of COVID-19–as-
sociated rhabdomyolysis can reduce the risk for se-
rious outcomes.
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Table. Biochemistry and blood gas parameters of a 60-year-old man with severe acute respiratory syndrome coronavirus 2 infection 
and rhabdomyolysis, by day of hospitalization, Wuhan, China, 2020* 
Parameter (reference range) Day 1 Day 3 Day 6 Day 9† Day 10 Day 11 Day 12‡ Day 15 Day 17 Day 20 
Myoglobin (0–140 g/L) ND ND ND >12,000 12,550 7,905 3,280 928 152 86 
Creatine kinase (38–174 U/L) 47 ND ND 11,842 17,434 14,318 11,067 2,954 1,447 251 
LDH (109–245 U/L) 280 ND ND 2,347 2,137 1,979 1,754 1,265 923 597 
α-hbdh (72–182 U/L) 277 ND ND 1,612 1,436 1,171 1,143 1,037 911 189 
Amyloid A (0–10 mg/L) 746 ND ND 429 192 105 126 93 84 25 
CRP (0–8 mg/L) 111 123 206 58 45 23.4 23.4 21.4 6.1 15 
ALT (5–40 U/L) 37 82 61 111 162 171 172 142 133 56 
AST (8–40 U/L) 48 88 35 213 373 348 320 183 135 38 
Albumin (35–55 g/L) 33.7 31.8 27.6 32.3 28.5 30.3 30 30.7 29.3 30.3 
Creatine (44–133 mol/L) 72.5 74.4 72.6 65.2 68.9 68.8 59.2 68 65.7 67.3 
PH (7.35–7.45) ND ND ND ND 7.51 7.4 7.48 7.45 ND 7.40 
PCO2 (35–45 mm Hg) ND ND ND ND 29.2 34.8 34.6 36 ND 38 
PO2 (83–103 mm Hg) ND ND ND ND 49 147 142 120 ND 102 
*α-hbdh, α-hydroxybutyrate dehydrogenase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; ND,  
not done. 
†Rhabdomyolysis symptoms appeared on hospital day 9. 
‡Real-time reverse transcription PCR conducted on hospital day 12 was negative for severe acute respiratory syndrome coronavirus 2. 
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From the Greek rhabdos (“rod”) + mus (“muscle”) 
+ lusis (“loosening”), rhabdomyolysis refers to 

the rapid breakdown of skeletal (striated) muscle,  
releasing myoglobin into the blood, which can lead 
to kidney failure. In the Book of Numbers in the  
Bible, the Israelites grew tired of eating manna. They  
demanded that God send them meat. God, angry at 
their insolence, sent them quail but then strikes those 
who ate the meat with a plague (Numbers 11:31–35). 
This may have been an early account of rhabdomy-
olysis, since migrating quail eat large amounts of 
hemlock, a known cause of rhabdomyolysis. Brown quail (Coturnix ypsilophora) by Duncan 

Wright, own work, CC BY-SA 3.0, https://commons.
wikimedia.org/w/index.php?curid=29981761Deceased.
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Influenza A virus is easily transmitted by respira-
tory aerosols and droplets and has high epidemic 

and pandemic potential (1). Influenza viremia may 
be established within 2–3 days before onset of clinical 
symptoms (2), implying that this virus is hypotheti-
cally transmissible by blood transfusion. However, 
transmission has never been confirmed, and efforts 
to detect influenza virus RNA among blood donors 
have been unsuccessful (3–5).

We performed next-generation sequencing and 
viral metagenomic survey in plasma samples aim-
ing to identify viruses potentially associated with ad-
verse effects reported by blood donors up to 14 days 
after donation (fever, exanthema, headache, myalgia, 
diarrhea, jaundice, sore throat, cough, conjunctivitis), 
which is defined as postdonation information. Such 
information generally results in disposal of the donat-
ed blood to prevent transfusion transmission of not 
routinely tested infectious agents.

During 2019, we performed Illumina sequencing 
(https://www.illumina.com) on blood donations iden-
tified through postdonation information in the Ribeirao 
Preto Blood Center (Ribeirao Preto, Brazil). We manu-
ally extracted viral nucleic acids from plasma using 
the High Pure Viral Nucleic Acids kit (Roche, https://
www.roche.com) and performed reverse transcription 
using the SuperScript First Strand Synthesis System 

(ThermoFisher Scientific, https://www.thermofisher.
com) following the manufacturer’s guidelines. We gen-
erated cDNA libraries using Nextera DNA Flex Library 
preparation kit (Illumina) and sequenced them in Il-
lumina NextSeq 550 equipment. We conducted viral 
metagenomic analysis using a bioinformatic pipeline 
focused on viral discovery comprising FastQC version 
0.11.8 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc), Trimmomatic version 0.3.9 (http://
www.usadellab.org/cms/?page=trimmomatic), After-
QC version 0.9.7 (https://github.com/OpenGene/Af-
terQC), Kraken2 2.0.8 (https://ccb.jhu.edu/software/
kraken2), SPAdes version 3.13.0 (http://cab.spbu.ru/
software/spades), and Diamond 0.9.29 (https://github.
com/bbuchfink/diamond) software.

In 1 (4%) of 28 blood donations, we identified 
RNA fragments of influenza A. The donor, a 25-year-
old woman, donated blood on January 28, 2019, after 
an interview in which she was approved as eligible 
for blood donation. Three days later (January 30) she 
reported low-grade fever, cough, and coryza to the 
blood center. The blood donation positive for influen-
za A was processed into packed red cells, plasma, and 
platelets, but because of the timely postdonation in-
formation report, all hemoderivatives were discard-
ed. Because of the low severity of the reported symp-
toms, which were not directly related to the blood 
donation procedure, the donor was not followed up.

The viral metagenomic pipeline identified a 756-
bp fragment of polymerase base (PB) 2 gene of influ-
enza A, but targeted assembly using Burrow-Wheeler 
Aligner version 0.6 (http://bio-bwa.sourceforge.net) 
detected other genomic regions like matrix 1 and 2 
(252 bp), nucleoprotein (257 bp), and polymerase acid-
ic frameshift protein (707 bp). We directly confirmed 
influenza A using multisegment reverse transcription 
PCR (RT-PCR) as described previously (6). We then 
amplified the hemagglutinin and neuraminidase seg-
ments individually by conventional PCR (7) using the 
multisegment RT-PCR product as input volume and 
sequenced. Consensus sequences of hemagglutinin 
(477 bp) and neuraminidase (647 bp) were aligned 
with MAFFT 7.0 software (ThermoFisher Scientif-
ic) using a dataset obtained from GISAID (https://
www.gisaid.org), selecting strains from Brazil that 
circulated during 2011–2019. The phylogenetic analy-
sis with IQ-TREE 2.0 software (http://www.iqtree.
org) using hemagglutinin (264 sequences) and neur-
aminidase (419 sequences) applying the K3Pu+F+G4 
and TVMe+G4 substitution models demonstrated 
that the strain clustered with isolates circulating dur-
ing the 2019 epidemic season. The influenza A in 
the donated blood was phylogenetically determined 
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Influenza A virus infection has rarely been documented to 
cause viremia. In 28 blood donations in Brazil that were 
deferred because of postdonation information, we iden-
tified influenza A(H3N2) virus RNA in 1 donation using 
metagenomic analysis. Our finding implies theoretical 
risk for viremia and transfusion transmission.
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Figure. Maximum-likelihood phylogenetic tree of hemagglutinin (A) and neuraminidase (B) of influenza A(H3N2) virus detected in blood 
donation, Brazil. A total of 264 hemagglutinin and 419 neuraminidase sequences from seasonal strains circulating during 2011–2019 
and available in GISAID (https://www.gisaid.org) were used to estimate the phylogenetic relationships with the influenza A virus detected 
in Ribeirao Preto, Brazil. Green indicates the H3N2 strain obtained from blood donor from Ribeirao Preto; diamonds at each node 
indicate statistical support along branches defined as ultrafast bootstrapping >90% (of 10,000 replicates). The cluster where the donor 
strain obtained from Ribeirao Preto is located is shown in detail at bottom. Scale bars indicate nucleotide substitutions per site.
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to belong to H3N2 type (Figure). We deposited the  
magglutinin sequence in GenBank under accession 
no. MT126243 and the neuraminidase sequence un-
der accession no. MT126244.

Influenza A viremia has been reported during 
acute-phase illness, mainly in patients infected with 
more pathogenic influenza viruses, such as H5N1 
(8). Our study demonstrates the asymptomatic pres-
ence of influenza A virus RNA in blood donors pre-
ceding symptom onset, which provides theoretical 
grounds for the possibility of influenza transmis-
sion by blood transfusion. A study performed by the 
American Red Cross on 1,004 samples from blood 
donors reporting postdonation influenza symptoms 
detected no influenza-positive samples by RT-PCR 
during the first H1N1 outbreak in 2009 in the United 
States (5). Other studies conducted during the 2009 
H1N1 pandemic also detected no viral RNA in per-
sons who donated blood during the incubation pe-
riod and in whom influenza symptoms developed 
2-7 days after donation (3,4).

Although our report is based on a single blood 
donation, the finding raises the theoretical possibil-
ity of transmission of influenza by blood transfusion, 
which may be of great concern for transfusion servic-
es during seasonal influenza outbreaks or pandem-
ics. Unfortunately, we could not confirm whether the 
detected influenza virus H3N2 remained infectious 
in the donated plasma. Nevertheless, identification 
of influenza RNA is especially important because a 
substantial proportion of persons who receive blood 
transfusions may have permanent or transient im-
mune dysfunction, which might lead to unfavorable 
clinical outcome if transfusion-acquired influenza 
infection occurs. The transmission of influenza by 
transfusion remains understudied, and more detailed 
surveys are needed, including assessment of influen-
za viremia in blood donors during seasonal outbreaks 
and confirmation of cell-associated peripheral blood 
circulation of influenza subtypes.
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During the past 2 months, emergence of 2019 
novel coronavirus disease (COVID-19) has 

caused global public health concern (1,2). In light of 
the rapid global expansion of the disease, we per-
formed a detailed epidemiologic and clinical assess-
ment to determine the transmission patterns of the 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) outside China. As of March 6, 2020, 
imported SARS-CoV-2 infections have been identi-
fied in Vietnam; 17 cases (none severe) have been 
confirmed. Patients were 3 months to 65 years of 
age. Although transmission of SARS-CoV-2 may oc-
cur within days after illness onset, data on the early 
viremia kinetics in travelers are limited. We describe 
the virus shedding patterns in a cluster of travelers 
and in a cluster of patients who had close contact 
with the travelers. 

On November 15, 2019, eight employees from 
a company in northern Vietnam (7 from Vinh Phuc 

Province, 1 from Thanh Hoa Province) were sent to 
Wuhan, China, for technical training for ≈2 months. 
On January 17, 2020, they returned to Vietnam via a 
flight from Wuhan to Guangzhou, China, followed 
by a flight from Guangzhou to Hanoi, Vietnam. 
During January 21–27, 2020, fever and cough de-
veloped in 6 of those travelers. Real-time PCR con-
firmed SARS-CoV-2 infection in all 6 travelers. Vi-
rus isolation and next-generation sequencing were 
performed for samples that were positive for viral 
RNA. The remaining 2 employees that had been on 
the same flight were quarantined, but real-time PCR 
indicated that they were negative for viral RNA. 
Patients were hospitalized at the National Hos-
pital of Tropical Diseases, Thanh Hoa Provincial 
Hospital, and Tam Dao District Hospitals in Vinh 
Phuc Province, where they were closely monitored 
in isolated wards and followed up. Patient throat 
swab samples were sent to the Institute of Hygiene 
and Epidemiology, Hanoi, Vietnam, for laboratory 
diagnosis. The patients provided consent to have 
their details shared.

Among those tested for viral RNA by SARS-
CoV–specific reverse transcription PCR, results were 
negative for 155 persons who had been in close con-
tact with the 6 SARS-CoV–positive travelers and 
1,092 persons exhibiting clinical signs, including 
cough and fever (3). Those with positive results were 
6 of the persons sent to Wuhan for training (cluster 
1), another 5 (cluster 2) who had been in close contact 
with a patient from cluster 1, and 1 patient in cluster 
2 (patient 12) who had been in close contact with 2 
other patients from cluster 2 (Table). We monitored 
SARS-CoV-2 viremia in 30 throat swab specimens ob-
tained from the 12 patients in hospitals throughout 
Vietnam (3 male and 9 female; average age 31.2 years 
[range 3 months–55 years]).

Clinical signs, including fever and cough, were 
demonstrated by 11 patients an average of 9.9 (± 5.4) 
days after travel or close contact with patients, in-
dicating that the incubation period was 1–2 weeks 
after exposure (4) (Appendix, https://wwwnc.cdc.
gov/EID/article/26/7/20-0591-App1.pdf). In these 
patients, virus shedding was detected from day 1 
after illness onset through day 19 (4.6 days) after 
potential initial exposure (Table). Of note, 1 patient 
in cluster 2 (patient 9, a 55-year-old man) was as-
ymptomatic, but virus shedding was detected for up 
to 9 days (Table). This finding confirms virus shed-
ding in asymptomatic patients and indicates pos-
sible transmission during the asymptomatic period. 
In this context, virus was isolated from 3 patients by 
inoculation of throat swab samples onto Vero cells. 

We analyzed 2 clusters of 12 patients in Vietnam with se-
vere acute respiratory syndrome coronavirus 2 infection 
during January–February 2020. Analysis indicated virus 
transmission from a traveler from China. One asymptom-
atic patient demonstrated virus shedding, indicating po-
tential virus transmission in the absence of clinical signs 
and symptoms.

1These authors contributed equally to this article.



Phylogenetic analyses of an isolate from patient 3 
showed that the full-length genome had high se-
quence homology (99.96%) to a SARS-CoV-2 isolate 
identified in Wuhan, China (5).

Although close-contact transmission of SARS-
CoV-2 between family members has been identified 
(6), evidence of virus circulation within the com-
munity in Vietnam is limited. We describe 6 cases 
of close-contact transmission between family mem-
bers and those living in close proximity and de-
termined virus shedding patterns of 12 patients in 
Vietnam. Because the virus was not circulating lo-
cally, our data provide insight into viral RNA shed-
ding patterns from a potential point of exposure. 
Although patients were discharged after 2 consec-
utive negative PCR results, further assessment of 
the correlation of virus shedding with infectivity 
will be key for determining the risk for transmis-
sion during the viral RNA–positive phase. Given 
that the possibility of virus transmission between 
patients within the same cluster could not be ruled 
out and that the incubation period varies among 
individuals, uncertainties remain surrounding the 

estimated incubation period based on contact with 
patients. Further epidemiologic data are expected 
to improve the estimates of incubation period. We 
found limited community transmission of SARS-
CoV-2 in Vietnam, and our data indicate that vire-
mic travelers may pose a risk for introduction of vi-
rus strains that could potentially lead to outbreaks 
within a local community.
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Table. Characteristics of patients within 2 clusters of severe acute respiratory syndrome coronavirus 2 infection in Hanoi, Vietnam, 
December 2019–February 2020* 

Cluster, contact period, patient 
no. (relationship) Age/sex 

Possible 
incubation 
period, d† 

Disease 
onset 

Symptom onset 
to sample 

collection, d 

Virus genome levels, Ct Virus 
shedding 
period, d‡ E gene RdRp gene N gene 

Cluster 1: Travelers returning from Wuhan        
 2019 Nov 15–2020 Jan 17        
  1 25 y/F 7 Jan 24  0 25.1 28.0 28.3 7 
  2 29 y/M 4 Jan 21  5 35.3 38.6 38.0 6 
  3 23 y/F 8 Jan 25  2 32.0 34.7 34.6 6 
  4 29 y/F 12 Jan 29  4 30.2 37.1 27.7 7 
  5 30 y/M 9 Jan 26  6 28.4 >40.0 30.0 1 
  6 30 y/F 14 Jan 31  0 33.2 >40.0 35.1 7 
Cluster 2: Contact with patient 3        
 2020 Jan 17–24, 28        
  7 (mother) 49 y/F 6 Feb 3  1 28.1 >40.0 32.5 9 
  8 (sister) 16 y/F 7 Feb 4  0 28.8 >40.0 23.3 9 
  9 (father)§  50 y/M NA Feb 4¶ NA >40.0 >40.0 >40.0 9 
    NA Feb 11 NA 30.0 34.0 33.0 
    NA Feb 18 NA 26.0 28.0 30.0 
 2020 Jan 22, 28          
  10 (cousin) 42 y/F 4 Feb 1  2 29.4 36.0 31.4 4 
 2020 Jan 28          
  11 (neighbor) 55 y/F 3 Jan 31  6 23.0 30.0 28.0 6 
 2020 Jan 28–Feb 3, contact with patients 10 and 11        
  12 (grandchild of patient  
  10)# 

3 mo/M 3 Feb 6  0 30.0 30.9 30.8 8 

*Ct, cycle threshold; NA, not applicable because patient was asymptomatic; RdRp, RNA-dependent RNA polymerase.  
†Possible incubation period calculation was based on last day of possible contact with patients and onset of disease. Cluster 1 travelers had returned 
from Wuhan, China, on January 17, 2020, on the same flight from Guangzhou, China, to Hanoi, Vietnam. All cluster 2 patients had contact with patient 3 
of cluster 1. Although patient 3 returned from the epicenter of the outbreak and is the only patient with a link to cluster 2, the possibility of virus 
transmission between patients within the same cluster cannot be ruled out. 
‡Virus shedding period was the interval from the day on which a sample was positive by real-time PCR to the day on which virus RNA was negative by 
real-time PCR. Real-time PCR was performed to detect 3 genes of the severe acute respiratory syndrome coronavirus 2 virus; namely, the E, N, and 
RdRp genes. Ct values >40.0 were considered negative. 
§Patient was virus positive by real-time PCR on 2 consecutively collected samples. 
¶Denotes sampling date because this patient was asymptomatic 
#Patient had no direct contact with persons in cluster 1 but had close contact with persons in cluster 2. 
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The ongoing outbreak of 2019 novel coronavirus 
disease (COVID-19) originating from Wuhan, 

China, has spread rapidly across the world (1). Both 
human-to-human and asymptomatic transmission 
have been reported (2,3). Phylogenetic study reveals 
that severe acute respiratory syndrome (SARS) coro-
navirus 2 (SARS-CoV-2), the causative agent of COV-
ID-19, is closely related to 2 SARS-CoV–like bat coro-
naviruses, bat-SL-CoVZC45 and bat-SL-CoVZXC2 
(4). Although case-fatality rate for COVID-19 is not fi-
nalized yet (5), it is largely accepted that the infection 
is less fatal than that for SARS-CoV infection, which 
had an ≈10% case-fatality rate (6). 

Typical symptoms of COVID-19 include fever, 
cough, and fatigue, whereas sputum, headache, he-
moptysis, and diarrhea are less common (7). No vac-
cine to prevent the infection exists. In this study, we 
describe a cluster of 7 COVID-19 case-patients among 
whom interfamilial and intrafamilial transmission 

We report epidemiologic, laboratory, and clinical findings 
for 7 patients with 2019 novel coronavirus disease in a 
2-family cluster. Our study confirms asymptomatic and 
human-to-human transmission through close contacts in 
familial and hospital settings. These findings might also 
serve as a practical reference for clinical diagnosis and 
medical treatment.

1These authors contribute equally to the study.



occurred. Our findings are consistent with previous 
confirmation of asymptomatic and human-to-human 
transmission of SARS-CoV-2 in family and hospital 
settings and also provide practical reference for clini-
cal diagnosis and treatment of COVID-19.

On January 14, 2020, a 56-year-old man (index pa-
tient) departed from Guangzhou, China, transferred 
at Hankou Station in Wuhan, China, for 6 hours, and 
arrived at Xuzhou, China, showing no symptoms on 
the same day in the evening. During January 14–22, 
he had close contact with his 2 daughters, a 32-year-
old pregnant teacher (patient 1) and a 21-year-old 
undergraduate student (patient 2). On January 15, he 
began caring for his 42-year-old son-in-law (patient 3, 
husband of patient 1), who had been hospitalized at 
the Affiliated Hospital of Xuzhou Medical University 
in Xuzhou until January 23. Meanwhile, a 62-year-old 
man (patient 4) stayed in the hospital during Janu-
ary 2–19 because of pancreatic surgery; he shared the 
same ward with patient 3 and was cared for by his 
34-year-old son (patient 5). During January 15–Janu-
ary 18, patients 4 and 5 had close contact with the in-
dex patient, who was asymptomatic during that time. 
On January 19, patient 4 was discharged to home and 
had close contact with his 56-year-old wife (patient 
6). We compiled a comprehensive illustration of the 
contact history of the clustered cases (Figure).

On January 25, the index patient was confirmed 
to have COVID-19 and was admitted to the Affiliated  

Hospital of Xuzhou Medical University with symp-
toms of fever, cough, and sore throat. His illness 
rapidly became severe; he had a high respiratory 
rate (38 breaths/min) and low oximetry saturation 
(<93%). Subsequently, during January 26–31, an-
other 6 members of the 2 families all tested positive 
for SARS-CoV-2 by real-time fluorescent reverse 
transcription PCR of their throat swab samples. The 
clinical features of these patients varied (Appendix 
Table 1, https://wwwnc.cdc.gov/EID/article/26/7/ 
20-0718-App1.pdf).

We used imaging features of pneumonia (detected 
using chest computed tomography) as clinical confirma-
tion for all patients except patient 1. We performed lab-
oratory diagnostic tests, including routine blood tests, 
comprehensive metabolic panels, coagulation tests, and 
screening for infection for all patients (Appendix Tables 
2–4). We provided all patients with medical therapy 
(Appendix Table 5, Figure 1) except patient 1, who was 
pregnant. Because the index patient was in severe con-
dition during his hospitalization, we have included a 
more detailed description of his medical treatment. 

During January 26–February 3, we administered 
to the index patient the antiviral drugs lopinavir/
ritonavir (400 mg/100 mg 2×/d by mouth), umi-
fenovir (200 mg 3×/d by mouth), and interferon 
α-2b (5 MIU 2×/d by aerosolized inhalation). We 
administered the antibacterial drug moxifloxacin  
hydrochloride (400 mg 1×/d by intravenous drip) 
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Figure. Chronology of a 2-family cluster of severe acute respiratory syndrome coronavirus 2 infection, including travel and contact 
history, in familial and hospital settings, Xuzhou, China, January 13–February 17, 2020. Dates of case confirmation, hospitalization, and 
discharge are labeled. Real-time fluorescent reverse transcription PCR for severe acute respiratory syndrome coronavirus 2 infection 
and corresponding results are indicated, together with the dates of chest CT. CT, computed tomography.
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during January 28–February 6, 2020, and intravenous 
immunoglobulin therapy (20 g/d) during January 
28–February 1. In addition, we administered gluco-
corticoid therapy with methylprednisolon (20–60 mg 
2×/d by intravenous drip) during January 29–Febru-
ary 1. The patient’s fever abated on January 29. He 
tested negative for SARS-CoV-2 on February 4 and 
again on February 6. During the progression of his 
recovery, we observed gradual reduction of the white 
patches in the lung caused by SARS-CoV-2 infection 
(Appendix Figure 2). On January 28 and January 31, 
we observed multiple ground-glass–like high-density 
shadows on both lungs with blurred edges and inter-
stitial changes. On February 3, high-density shadows 
were slightly absorbed in the upper lobe of the bilat-
eral lungs. On February 6, some lesions in the lower 
lobe of both lungs were slightly absorbed, and we ob-
served the same situation on February 8. The index 
patient was discharged to home on February 9.

In summary, our epidemiologic study demon-
strates asymptomatic and human-to-human transmis-
sion of SARS-CoV-2 infection through close contacts 
in both familial and hospital settings. In addition, the 
laboratory test results, together with course of medi-
cal therapies described, can provide a practical refer-
ence for COVID-19 diagnosis and treatment.
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From January 26 through February 10, 2020, an out-
break of 2019 novel coronavirus disease (COVD-

19) affected 10 persons from 3 families (families A–C) 

1These authors contributed equally to this article.

During January 26–February 10, 2020, an outbreak of 
2019 novel coronavirus disease in an air-conditioned res-
taurant in Guangzhou, China, involved 3 family clusters. 
The airflow direction was consistent with droplet trans-
mission. To prevent the spread of the virus in restaurants, 
we recommend increasing the distance between tables 
and improving ventilation.



who had eaten at the same air-conditioned restaurant 
in Guangzhou, China. One of the families had just 
traveled from Wuhan, Hubei Province, China. We 
performed a detailed investigation that linked these 
10 cases together. Our study was approved by the 
Ethics Committee of the Guangzhou Center for Dis-
ease Control and Prevention.

On January 23, 2020, family A traveled from Wu-
han and arrived in Guangzhou. On January 24, the 
index case-patient (patient A1) ate lunch with 3 other 
family members (A2–A4) at restaurant X. Two other 
families, B and C, sat at neighboring tables at the same 
restaurant. Later that day, patient A1 experienced on-
set of fever and cough and went to the hospital. By 
February 5, a total of 9 others (4 members of family A, 
3 members of family B, and 2 members of family C) 
had become ill with COVID-19.

The only known source of exposure for the af-
fected persons in families B and C was patient A1 at 
the restaurant. We determined that virus had been 
transmitted to >1 member of family B and >1 mem-
ber of family C at the restaurant and that further 
infections in families B and C resulted from within-
family transmission. 

Restaurant X is an air-conditioned, 5-floor build-
ing without windows. The third floor dining area oc-
cupies 145 m2; each floor has its own air conditioner 
(Figure). The distance between each table is about 1 
m. Families A and B were each seated for an overlap-
ping period of 53 minutes and families A and C for an 
overlapping period of 73 minutes. The air outlet and 
the return air inlet for the central air conditioner were 
located above table C (Figure, panel B). 

On January 24, a total of 91 persons (83 custom-
ers, 8 staff members) were in the restaurant. Of these, 
a total of 83 had eaten lunch at 15 tables on the third 
floor. Among the 83 customers, 10 became ill with 
COVID-19; the other 73 were identified as close con-
tacts and quarantined for 14 days. During that period, 
no symptoms developed, and throat swab samples 
from the contacts and 6 smear samples from the air 
conditioner (3 from the air outlet and 3 from the air 
inlet) were negative for severe acute respiratory syn-
drome coronavirus 2 by reverse transcription PCR.

From our examination of the potential routes 
of transmission, we concluded that the most likely 
cause of this outbreak was droplet transmission. Al-
though the index patient (patient A1) was asymp-
tomatic during the lunch, presymptomatic trans-
mission has been reported (1). Given the incubation 
periods for family B (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/26/7/20-0764-App1.
pdf), the most likely scenario is that all 3 family B  

members were directly infected by patient A1. How-
ever, we cannot not exclude the possibility that pa-
tients B2 and B3 were infected by patient B1, the first 
family B member to become ill. For family C, a pos-
sible scenario is that both patients C1 and C2 were 
infected by patient A1; another scenario is that the 
patient C1 acquired the infection while caring for 
patient C2, beginning on January 27.

Virus transmission in this outbreak cannot be ex-
plained by droplet transmission alone. Larger respi-
ratory droplets (>5 µm) remain in the air for only a 
short time and travel only short distances, generally 
<1 m (2,3). The distances between patient A1 and per-
sons at other tables, especially those at table C, were 
all >1 m. However, strong airflow from the air con-
ditioner could have propagated droplets from table 
C to table A, then to table B, and then back to table 
C (Figure).

Virus-laden small (<5 µm) aerosolized droplets 
can remain in the air and travel long distances, >1 
m (4). Potential aerosol transmission of severe acute 
respiratory syndrome and Middle East respiratory 
syndrome viruses has been reported (5,6). However, 
none of the staff or other diners in restaurant X were 
infected. Moreover, the smear samples from the air 
conditioner were all nucleotide negative. This finding 
is less consistent with aerosol transmission. Howev-
er, aerosols would tend to follow the airflow, and the 
lower concentrations of aerosols at greater distances 
might have been insufficient to cause infection in oth-
er parts of the restaurant.

Our study has limitations. We did not conduct an 
experimental study simulating the airborne transmis-
sion route. We also did not perform serologic studies 
of swab sample–negative asymptomatic family mem-
bers and other diners to estimate risk for infection. 

We conclude that in this outbreak, droplet trans-
mission was prompted by air-conditioned ventila-
tion. The key factor for infection was the direction 
of the airflow. Of note, patient B3 was afebrile and 
1% of the patients in this outbreak were asymp-
tomatic, providing a potential source of outbreaks 
among the public (7,8). To prevent spread of COV-
ID-19 in restaurants, we recommend strengthening 
temperature-monitoring surveillance, increasing the 
distance between tables, and improving ventilation. 

This study was supported by the Medical Health  
Technology Project for Guangzhou (20181A011051),  
the Science and Technology Project of Guangzhou 
(201804010093, 201707010451), and the Project for Key 
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Figure. Sketch showing 
arrangement of restaurant 
tables and air conditioning 
airflow at site of outbreak 
of 2019 novel coronavirus 
disease, Guangzhou, China, 
2020. Red circles indicate 
seating of future case-patients; 
yellow-filled red circle indicates 
index case-patient.
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Because of the rapid increase of cases of 2019 novel 
coronavirus disease (COVID-19; 1) and detection 

of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) RNA in plasma (2,3), the safety of Chi-
na’s blood supply became a major concern (4). Most 
blood centers and blood banks in China began taking 
measures to ensure blood safety (5); on January 25, 
2020, we began screening all donations collected at 
the Wuhan Blood Center. 

We performed real-time reverse transcription 
PCR (RT-PCR) for SARS-CoV-2 RNA by using Mul-
tiScreen Pro RT-PCR assay (SYM-BIO LifeScience, 
https://www.sym-bio.com.cn). We performed pool 
testing by mixing plasma from 6–8 samples or indi-
vidual testing by using 1.6 mL of plasma. We eluted 
100 µL of nucleic acid template and added 40 µL of it 
to the RT-PCR mix. 

By March 4, we had screened 2,430 donations in 
real-time, including 1,656 platelet and 774 whole blood 
donations. We identified the first positive donor in our 
center in a positive pool with a weak amplification of 
the open reading frame 1ab gene. The donor gave 2 
units of platelets on January 28, which were included 
in the pool. However, the donor’s prior donations col-
lected on December 12 and 26 and January 13 were 
negative for viral RNA. Hubei Province Center for 
Disease Control and Prevention performed follow-up 
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Because of high rates of 2019 novel coronavirus disease 
in Wuhan, China, Wuhan Blood Center began screen-
ing for severe acute respiratory syndrome coronavirus 
2 RNA on January 25, 2020. We screened donations in 
real-time and retrospectively and found plasma samples 
positive for viral RNA from 4 asymptomatic donors.

1These authors contributed equally to this article.
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tests on plasma on February 2, which showed a weak 
positive result near the limit of detection; a throat swab 
specimen collected from the donor on February 10 also 
was positive, indicating an extremely low viral load 
in plasma. The donor reported no symptoms and was 
quarantined in a cabin hospital in Wuhan until 2 con-
secutive negative throat swab results on February 23 
and February 25 (Figure). 

We also performed retrospective testing of 
4,995 donations collected during December 21, 
2019–January 22, 2020, by using retained nucleic 
acid template after routine pool testing. On Febru-
ary 10, we found a positive result in a nucleic acid 
template derived from donations collected on Janu-
ary 19. We individually tested samples that were in 
storage at 2°C–8°C for 23 days because no plasma 
samples stored at -20°C were available. We iden-
tified another positive donor of whole blood. We 
tested plasma products from his donation twice 
and noted similar results, which suggests that viral 
RNA is relatively stable in plasma (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/26/7/20-
0839-App1.pdf). We immediately traced all blood 
products produced from donor 2’s whole blood, 
and they had not been used. Telephone follow-ups 
on February 15 and 25 showed donor 2 remained 
asymptomatic and quarantined at home.

In telephone follow-ups with donors who gave 
blood during January and February, we identified 33 
donors who developed a fever after donation; all of 
their donations were removed from circulation. We 
performed retrospective individual screening on fro-
zen plasma products from 17 donors and tested the 
retained nucleic acid templates after routine pool test-
ing of the other 16 donors. We found 2 more positive 
donors who donated whole blood on January 20. Both 
had weak positive results, and donors reported fever 
onset on January 21 (Figure; Appendix Table). Do-
nor 3 treated patients infected with SARS-CoV-2 in a  

Wuhan hospital. His temperature returned to normal 
8 days after donation. Donor 4’s temperature also re-
turned to normal 7 days after taking self-prescribed 
antipyretic medications. 

By March 4, we identified 4 blood donors in 
Wuhan whose plasma samples tested positive for 
SARS-CoV-2 RNA (Figure; Appendix Table). Sam-
ples from these donors were further tested for spe-
cific IgG and IgM against SARS-CoV-2 by ELISA; 
results were negative, indicating the possibility of 
infection in the early stage and the need to follow-
up with these donors. 

We found SARS-CoV-2 RNA in plasma during 
routine screening of blood donors, considered a 
healthy population. We tested the 4 donors multi-
ple times, using different sample sources, including 
sample tubes, retained nucleic acid templates, or 
blood products, indicating the accuracy and valid-
ity of our results (Appendix Table). One limitation 
of our study is that we did not have more detailed 
information on donors 2, 3, and 4. Although we 
could not confirm virions in blood or whether the 
virus could be transmitted in blood products, the 
potential risk should not be neglected. However, 
detectable RNA might not signify infectivity. Fur-
ther studies, such as virus culture, should be done 
to explore the possibility of viremia and follow-up 
of donors also is essential. 

Of note, the donors all donated in late January, 
and we did not detect SARS-CoV-2 in plasma sam-
ples after then, indicating the strict containment 
measures taken by the government of China were 
effective. In China, donors are screened for related 
symptoms and asked if they feel healthy when they 
donate blood. Having donors call the blood dona-
tion center if they have any symptoms after donat-
ing is essential to avoid the risk of donation dur-
ing the COVID-19 incubation period. Moreover, as 
more asymptomatic cases occur, screening donors 

Figure. Timeline of donations and symptom onset of 2019 novel coronavirus disease from 4 blood donors, China. Gray indicates a 
negative result for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA; yellow indicates a positive result. Green indicates 
the donor was asymptomatic or their temperature returned to normal; orange indicates fever; red triangle indicates the donor’s fever 
subsided after taking self-prescribed antipyretic medications. PLT, platelet; TS, throat swab; WB, whole blood.
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for viral RNA with high-sensitivity assays, as we 
are doing in Hubei Province, will be critical to en-
sure blood safety.
H.G. is employed by Shanghai Haoyuan Biotech Co., Ltd. 
No other authors have disclosures to declare.
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Detection of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) typically relies on 

molecular testing of respiratory tract specimens, al-
though viral RNA can be detected in other specimens 
(1). Real-time reverse transcription PCR (rRT-PCR) 
protocols have been described for SARS-CoV-2, but 
most involve testing with multiple, singleplex reac-
tions (2–6). Such algorithms use large volumes of 
reagents and limit laboratory testing capacity, both 
of which have become crucial during the ongoing 
coronavirus disease pandemic (7). Multiplex assays 
are commercially available (8,9) but require specific 
platforms and are more expensive than laboratory-
developed methods.

Our objective was to develop an internally con-
trolled, triplex assay to detect SARS-CoV-2 RNA in 
clinical samples. We initially evaluated 6 individual 
rRT-PCRs, 3 published by the US Centers for Disease 
Control and Prevention (2) that target the nucleocap-
sid (N) gene, N1, N2, and N3; and 3 published by 
Corman, et al. (4) that target RNA-dependent RNA 
polymerase (RdRp), envelope (E), and N genes. We 
performed assays in 20 µL reactions of the Luna 
Universal Probe One-Step RT-qPCR Kit (New Eng-
land Biolabs, https://www.neb.com) on a Rotor-Gene 
Q (QIAGEN, https://www.qiagen.com) by using 5 
µL of eluate and our standard cycling protocol (10). 
We extracted total nucleic acids from samples on an 

Most reverse transcription PCR protocols for severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
include 2–3 targets for detection. We developed a triplex, 
real-time reverse transcription PCR for SARS-CoV-2 that 
maintained clinical performance compared with single-
plex assays. This protocol could streamline detection and 
decrease reagent use during current high SARS-CoV-2 
testing demands.
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EMAG (bioMérieux, https://www.biomerieux.com). 
We compared analytical sensitivity of the assays by 
using dilutions of 2 SARS-CoV-2 strains, BetaCoV/
Germany/BavPat1/2020p.1 and USA-WA1/2020. 
The N2 and E-gene assays were the most sensitive 
singleplex reactions and we noted no substantial 
change in cycle threshold (Ct) when the assays were 
combined. We then optimized a triplex assay to in-
clude the following targets: N2, which is SARS-CoV-2 
specific; E, which also detects SARS-related coronavi-
ruses; and RNase P, which serves as a heterologous, 
intrinsic specimen control (Appendix Table). We con-
sidered samples positive when they produced expo-
nential amplification curves that crossed the thresh-
old for both N2 and E targets.

The dynamic range of both SARS-CoV-2 targets 
in the triplex assay extended from 8.0 to 2.0 log10 cop-
ies/µL of eluate. We evaluated the lower limit of de-
tection by performing serial dilutions of viral trans-
port media (VTM) from a confirmed case by using 
VTM from confirmed negative cases. We tested elu-
ates in quadruplicate and calculated RNA concentra-
tions from a 4-point standard curve of quantified ss-
DNA (Integrated DNA Technologies, https://www.
idtdna.com). The lowest concentration at which all 

replicates were detected by both targets was 45 cop-
ies/µL. When performed in singleplex, the N2 assay 
detected RNA down to 5 copies/µL, but all replicates 
had Ct >40, and the sensitivity of the E-gene assay did 
not change.

To evaluate specificity, we extracted total nu-
cleic acids from 42 archived nasopharyngeal swab 
samples in VTM from patients who had laboratory-
confirmed infections with the following viruses: oth-
er circulating coronaviruses in the United States (n = 
20), influenza (n = 7), parainfluenza (n = 7), human 
rhinovirus (n = 6), respiratory syncytial virus (n = 3), 
human metapneumovirus (n = 3), and adenovirus (n 
= 2). Among the 42 swab samples, 6 had laboratory-
confirmed co-infections with 2 viruses. All samples 
tested negative for both SARS-CoV-2 targets and 
positive for RNase P.

Finally, we tested nasopharyngeal or oropharyn-
geal swab samples from 27 patients with a suspected 
symptomatic SARS-CoV-2 infection (Table). Ten pa-
tients tested positive in the triplex assay. Results dem-
onstrated 100% agreement with either the US Centers 
for Disease Control and Prevention or Corman et al. 
(2,4) protocols performed at CLIA-certified laborato-
ries (Clinical Laboratory Improvement Amendments, 

 
Table. Comparison of cycle threshold results for 27 clinical samples tested in triplex real-time reverse transcription PCR and singleplex 
PCR for severe acute respiratory syndrome coronavirus 2 

Sample 
Triplex real-time reverse transcription PCR 

 
Singleplex reactions 

N2 target E target RNase P N2 target E target 
No template control ND ND ND  ND ND 
Positive control, RNA† 29.9 32.0 ND  30.7 33.0 
CoV 01 19.0 23.1 21.0  19.2 23.1 
CoV 02 ND ND 22.1  ND ND 
CoV 03 ND ND 22.0  ND ND 
CoV 04 ND ND 21.9  ND ND 
CoV 05 ND ND 22.4  ND ND 
CoV 06 ND ND 21.4  ND ND 
CoV 07 ND ND 21.6  ND ND 
CoV 08 26.1 28.0 25.5  26.1 27.7 
CoV 09 20.1 22.0 22.5  20.3 22.2 
CoV 10 ND ND 21.1  ND ND 
CoV 11 ND ND 22.0  ND ND 
CoV 12 ND ND 20.5  ND ND 
CoV 13 ND ND 20.9  ND ND 
CoV 14 ND ND 24.6  ND ND 
CoV 15 ND ND 28.7  ND ND 
CoV 16 14.6 16.3 22.0  14.9 16.5 
CoV 17 ND ND 27.6  44.8 ND 
CoV 18 33.1 35.7 22.5  31.0 32.9 
CoV 19 ND ND 28.2  ND ND 
CoV 20 18.6 21.3 22.5  18.9 21.5 
CoV 21 33.4 34.2 25.1  30.6 33.2 
CoV 22 ND ND 21.1  ND ND 
CoV 23 28.9 31.3 21.3  28.2 30.4 
CoV 24 30.0 33.4 21.6  29.1 31.6 
CoV 25 9.8 13.2 20.6  9.8 13.1 
CoV 26 ND ND 21.5  ND ND 
CoV 27 ND ND 24.6  ND ND 
*CoV, coronavirus; E, envelope gene; N2, nucleocapsid 2 gene; ND, not detected; RNase P, ribonuclease P. 
†Strain BetaCoV/Germany/BavPat1/2020p.1. 

 



https://www.cdc.gov/clia/about.html). Triplex re-
sults also agreed with testing in singleplex reactions 
except for 1 negative sample, number CoV 17, that 
gave a late positive signal in the N2 singleplex as-
say (Ct  44.8). However, no signal was detected in the 
E-gene singleplex. Therefore, had singleplex testing 
been performed, the final interpretation would not 
have differed.

We describe the development of an internally 
controlled triplex SARS-CoV-2 rRT-PCR that targets 
the N and E genes. The N2 and E-gene targets have 
proven to be sensitive in singleplex formats and assay 
performance remained robust to protocol changes we 
made during optimization in our laboratory. Of note, 
the triplex SARS-CoV-2 rRT-PCR has been validated 
only for the instruments and chemistries we describe 
here. This assay should be thoroughly validated be-
fore implementation in other laboratories.

Current molecular diagnostic workflows for 
SARS-CoV-2 contain 2 or 3 viral targets for confir-
mation (2–6). The triplex SARS-CoV-2 rRT-PCR we 
describe is consistent with this standard and dem-
onstrated equivalent clinical performance to testing 
at CLIA-certified laboratories and to the component 
singleplex assays. In addition, the triplex format 
streamlines workflow and decreases reagent use. This 
triplex assay should, therefore, maintain accurate vi-
ral detection and improve laboratory capacity to meet 
the current high demand for testing.
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Invasive pulmonary aspergillosis is a complication in criti-
cally ill patients with acute respiratory distress syndrome, 
especially those with severe influenza pneumonia. We 
report a fatal case of invasive pulmonary aspergillosis in 
an immunocompetent patient in France who had severe 
coronavirus disease–associated pneumonia.
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Patients infected with severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) experience 

major lung damage due to viral replication and the 
ensuing cytokine storm and complex inflammatory 
processes (1). The severe damage to lung tissue can 
lead to secondary infections within a median of 17 
days after onset of coronavirus disease (COVID-19) 
(2). Most immunocompetent patients who develop 
severe forms of COVID-19 have >1 underlying condi-
tion, such as chronic obstructive pulmonary disease, 
hypertension, diabetes, or chronic kidney disease (3), 
but none of these predisposing factors generally are 
associated with an increased risk for developing fun-
gal infections.

Invasive aspergillosis is a well-described compli-
cation of severe influenza pneumonia (4,5), but many 
intensivists seem to overlook this superinfection (6). 
A recent study reported a 19% incidence among 432 
patients admitted to an intensive care unit (ICU) for 
influenza-related acute respiratory failure (4). More-
over, in a small autopsy series of patients who died in 
2003 from SARS, 10% (2/20) had an invasive infection 
suggestive of aspergillosis (7). As the medical com-
munity confronts the ongoing COVID-19 pandemic, 
determining whether patients infected with SARS-
CoV-2 develop fungal complications, especially inva-
sive aspergillosis, is crucial.

We report the case of a 74-year-old immunocom-
petent man with severe COVID-19–associated pneu-
monia who rapidly developed invasive pulmonary 

aspergillosis. The patient had several underlying 
chronic diseases but no pulmonary disease. Among 
his existing conditions were asymptomatic and un-
treated myelodysplastic syndrome, diagnosed on 
the basis of hypereosinophilia, with CD8+ T-cell 
lymphocytosis, a normal karyotype and low-risk In-
ternational Prognostic Scoring System score; Hashi-
moto’s thyroiditis; hypertension; and benign pros-
tatic hypertrophy. 

On the morning of March 23, day 1, the patient 
fell out of bed, was unable to get up on his own, and 
called emergency services. The patient described a 
1-week history of fever and cough followed by on-
set of dyspnea that day. Clinical examination showed 
signs of acute respiratory failure, tachypnea, and hy-
poxemia. The patient was intubated, transported to 
the hospital, and transferred to the ICU, where he re-
quired mechanical ventilation and vasopressor sup-
port. The same day, we took a protected distal aspira-
tion before intravenous administration of cefotaxime. 
SARS-CoV-2 viral RNA was detected in this sample 
by using 2 distinct reverse transcription PCRs. The 
sample revealed 104/mL of Haemophilus influenzae, 
which was not found in a second protected distal as-
piration performed on day 2.

The patient’s condition worsened, and he had a 
PaO2/FIO2 ratio <140 mm Hg with FIO2 of 100%. We 
performed a tracheal aspirate on day 4 and sent sam-
ples to the mycology laboratory. PCR for Aspergillus 
fumigatus was positive (430 copies/mL; 2.6 log), but 
galactomannan in the aspirate assay was negative, and 
culture on Sabouraud agar remained sterile. Results of 
testing of a second tracheal aspiration performed on 
day 9 yielded branched septate hyphae suggestive of 
Aspergillus sp. under microscopic examination after 
silver staining (Figure). A. fumigatus PCR was once 
again positive with a higher number of copies (3,600 
copies/mL; 3.55 log); the galactomannan assay was 
not available. The patient died that day of severe respi-
ratory failure. Culture on Sabouraud agar later grew a 
mold identified as A. fumigatus by mass spectrometry. 
Of note, SARS-CoV-2 RNA still was detectable in the 
tracheal aspirations. Results of serum analyses, includ-
ing galactomannan index determination, β-D-glucan 
assay, and A. fumigatus PCR, were negative in serum 
samples collected on day 4 and day 8.

This case fulfills the criteria of putative invasive 
aspergillosis according to the classification defined 
by Blot et al. for the diagnosis of invasive pulmo-
nary aspergillosis in critically ill patients (8). Because 
the patient’s illness took a rapid and fatal course, we 
did not have time to initiate appropriate antifungal  
treatment. As previously reported, respiratory samples 



led to a diagnosis of aspergillosis, but blood samples 
lacked sensitivity (4). Moreover, Aspergillus PCR con-
tributed to the diagnosis, but the galactomannan was 
negative, consistent with what we previously reported 
about the lower sensitivity of the galactomannan com-
pared with PCR and culture in respiratory samples (9).

A patient with a fatal SARS-CoV-2 infection 
recently was reported to have A. flavus on tra-
cheal aspirates culture, but other evidence was 
missing, and diagnosis of aspergillosis was not 
substantiated (10). Additional assessments are ur-
gently needed to thoroughly investigate cases and 
promptly establish and define the cumulative inci-
dence of invasive aspergillosis in ICU patients with  
severe COVID-19.

In conclusion, we report a case of invasive pul-
monary aspergillosis in an immunocompetent patient 
during severe COVID-19–associated pneumonia. As 
the COVID-19 outbreak continues to spread world-
wide, other reports are needed to assess the occur-
rence and frequency of fungal complications during 
severe SARS-CoV-2 infections.
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Figure. Microscopic image of silver-stained tracheal aspirate from 
an immunocompetent patient critically ill with coronavirus disease, 
France. Filaments suggestive of Aspergillus sp. are shown (black 
arrow). Original magnification ×1,000.
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To the Editor: Taravilla et al. (1) observed muco-
cutaneous manifestations of 6 children with enterovi-
rus, and “the main manifestation was petechial rash 
on the extremities.” This finding is unusual for en-
terovirus A71 (EV-A71) infections. Cutaneous mani-
festations of EV-A71 are reported as vesicular skin le-
sions, not purpura (2). It is important that physicians 
distinguish between petechial and vesicular rashes 
because petechial rashes in children are linked to 
other infectious agents, including parvovirus B19 and 
(especially within the context of encephalitis) Neisse-
ria meningitidis. A precise dermatologic description 

is necessary for a correct clinical diagnosis. A too-
rapid clinical examination might result in confusion 
between vesicular rash and petechial rash, especially 
when vesicles are very small. To avoid confusion, 
the authors should have provided high-quality clini-
cal photos of the rashes, skin biopsy results, or both 
before considering EV-A71 as a new cause of febrile 
petechial rash in children.
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The Poison Squad: One 
Chemist’s Single-Minded  
Crusade for Food Safety  
at the Turn of the  
Twentieth Century
Deborah Blum; Penguin, New York, NY, USA, 2018; 
ISBN-10: 1594205140; ISBN-13: 978-1594205149; 
Pages: 352; Price: $25.12

Formaldehyde made spoiled 
milk taste tolerable. Ground 

coffee was more than likely 
ground chicory. The yellow 
coating of children’s candies 
often contained arsenic. Ketch-
up was a soup of “waste prod-
ucts from canners, like coal-tar 
colors or starch paste.” Thus 
was the status of the foods the 
US public ate during the late 
1800s. In The Poison Squad, 
author Deborah Blum tells the 
story of Harvey Washington Wiley and his dogged 
pursuit of government regulation for food safety and 
purity at the turn from the 19th to the 20th century.

She first details the food industry before his work, 
when dangerous chemicals were used without regula-
tion to cut, mimic, or enhance the flavor of foods with 
little regard for effects on human health. She then de-
scribes the initial failed attempts of food safety advo-
cates and their efforts to focus the attention of the gen-
eral public and then the US Congress on food safety. 
Passage of the Pure Food and Drug Act of 1906 was 
only the first part of Wiley’s story. Appropriately, the 
first section of The Poison Squad ends there.

In the second half, Blum deftly walks through the 
varied and complex difficulties Wiley faced in enforc-
ing the laws mandated by the act. These difficulties 
included a hesitant and sometimes antagonistic boss, 
co-workers pitted against him, the various priorities 
of multiple presidents, and large and powerful food 
and chemical companies looking to work around the 
law. However, as Blum so keenly explains, Wiley was 
not alone in his quest. He had loyal supporters inside 
his own Bureau of Chemistry at the US Department 

of Agriculture, of course. But more important, he 
made allies along the way, such as Alice Lakey of the  
National Consumers League; colleagues at the Ameri-
can Medical Association; and even H.J. Heinz, found-
er of the food company that still bears his name. Blum 
does a wonderful job describing the value of these 
supporters to Wiley as he struggled for food purity 
and public health.

With intriguing anecdotes, vivid quotations, 
and expert attention to detail, Blum guides readers 
through the tedious process of moving an idea into 
legislation, applied regulation, and finally enforce-
ment, and she does so with a storyteller’s touch. This 
captivating book relates the importance and practical 
impacts of Wiley’s endeavors to the life of an ordi-
nary citizen of the time. It is equal parts informative 
and entertaining.

Blum’s optimistic book demonstrates that, with 
hard work and determination, laws can be passed to 
protect public health, even when opposition is fierce. 
It also shows that forming and nurturing partner-
ships with citizen groups, academic institutions, and 
industry leaders is key to these endeavors. Although 
the book does an excellent job describing Wiley’s 
contributions, it only briefly addresses some of the 
ethical issues regarding his actual “Poison Squad” 
studies, or the flaws in their study design. This book 
will educate and inspire readers who have worked 
in public health for decades and those who are just 
entering the field. It will also inform persons who 
work toward other public service endeavors and en-
tertain those who simply like a good story. A Public 
Broadcasting Service special that closely follows this 
book is also available (https://www.pbs.org/wgbh/
americanexperience/films/poison-squad).
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Belgian artist Pierre-Joseph Redouté is the “most 
celebrated flower painter of quite possibly the en-

tire history of botanical art” and “remembered as one 
of the greatest botanical illustrators in history,” notes 
Grace Costantino, from the Biodiversity Heritage Li-
brary. Redouté, whose patrons included members 
of French royalty and other luminaries interested in 
botany, published more than 2,100 plates depicting 
more than 1,800 species of flowers, many of which 
had never been illustrated before. 

Born in 1759 at St. Hubert in the Belgian province 
that is now Luxembourg, Redouté was descended 
from a family of Belgian painters. He trained in his 
father’s studio, and by the time he was 13 years old, 
Redouté was earning his living as an artist. In 1782, he 
teamed with his elder brother, Antoine-Ferdinand, to 
design the stage scenery for the Théâtre-Italien in the 
rue de Louvois, Paris. There Redouté started painting 
flowers during his free time and studied with Dutch 
artist Gerard van Spaendonck, a professor of flower 
painting at the Muséum National d’Histoire Naturel-
le. Spaendonck taught the young Redouté engraving 
and watercolor techniques, which he continued to 
use and refine. Artist and author Wilfrid Blunt asserts  
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Pierre Joseph Redouté (1759–1840). Iris Germanica (1812) (detail). Watercolor on vellum. 21 in x 13¾ in/53.3 cm x 35 cm. Public domain  
image from Biodiversity Heritage Library. Holding institution Missouri Botanical Garden, Peter H. Raven Library, St. Louis, Missouri, USA. 

Intricacy, Symmetry, Diversity
Byron Breedlove

Author affiliation: Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA

DOI: https://doi.org/10.3201/eid2607.AC2607

ABOUT THE COVER



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 7, July 2020 1641

ABOUT THE COVER

that Redouté owes much of his success to those 
discoveries and describes Redouté’s technique as 
using “pure water colour, gradated with infinite sub-
tlety and very occasionally touched with body-colour 
to suggest sheen.” 

The image Iris germanica featured on this 
month’s cover comes from Les liliacées, a misleading 
title for a volume of prints that also features many 
other plants. This collection was published while the 
artist was under patronage from the Empress José-
phine, first wife of Napoleon, and is considered to be 
Redouté’s masterpiece. 

The plant’s gentle intricacy and distinctive 
three-fold symmetry are apparent in the two indigo 
blooms, each shown from a different perspective, 
paired with a third stalk poised to bloom. Faintly 
striated sword-shaped leaves fan out around the 
stalks and petals, tapering into finely pointed tips. 
The upright petals, or standards, and the pendant 
petals, or falls, are the same color. Author and gar-
dener Steve Bender notes that “Standards and falls 
may be the same color or radically different colors. 
Dream up any color combination, and you can prob-
ably find it.”

Named for the Greek goddess Iris, who traveled 
along rainbows to deliver messages between the gods 
and the Underworld, the genus Iris comprises more 
than 300 species and perhaps 50,000 varieties of flow-
ers. Flowering irises fill gardens with an assortment 
of eye-catching colors in the spring and summer and 
have been the subject of many well-known paintings 
by renowned artists.

The Missouri Botanical Garden notes that “the 
presumed father of most modern bearded iris culti-
vars,” Iris germanica—which is not actually native to 
Germany but rather to the Mediterranean and central 
Asia—has become established throughout the world 
and naturalized throughout much of Europe and 
the United States. Irises are diverse in their ecology, 
flourish under myriad conditions, and have increased 
in variety and geographic range largely because of 
human activity. 

Although generally hardy, irises are susceptible 
to a number of viruses, including iris mild mosaic vi-
rus, iris severe mosaic virus, iris fulva mosaic virus, 
bean yellow mosaic virus, narcissus latent virus, and 
the more recently documented cucumber mosaic vi-
rus, broad bean wilt virus, and tobacco ringspot virus. 
Irises can be affected by multiple viruses at the same 
time, and the viruses are typically spread by aphids. 

During the late 19th century, about 50 years af-
ter Redouté died, Adolf Eduard Mayer showed that 
tobacco mosaic disease could be transferred among 

plants. Dmitry Iosifovich Ivanovsky discovered a 
microscopic infectious agent that could permeate 
porcelain Chamberland filters (bacteria could not). 
And Martinus Beijerinck replicated Ivanovsky’s 
discovery and called this new pathogen “contagium 
vivum fluidum.”

Since that time, rapid transit, global trade, ur-
banization and destruction of natural habitats, and 
modern agricultural practices have accelerated the 
emergence and spread of viruses among humans, 
animals, and plants. As the landmark 1992 Institute 
of Medicine report on Emerging Infections reminds 
us  “. . . in the context of infectious diseases, there 
is nowhere in the world from which we are remote 
and no one from whom we are disconnected.” The 
emergence of SARS-CoV-2 underscores how con-
nected the modern world is, and shows that, like 
the artist’s iris, emerging viruses continue to ex-
pand their diversity and range. Spending a few 
quiet moments enjoying Redouté’s striking botani-
cal illustration may offer a brief respite to public 
health professionals, clinicians, and researchers en-
gaged in detecting, preventing, and responding to  
emerging viruses.
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Article Title
Rickettsioses as Major Etiologies of Unrecognized Acute Febrile Illness,  

Sabah, East Malaysia

CME Questions
1. You are advising a hospital in Malaysia about 
management of acute febrile illness (AFI). On the basis 
of the retrospective study by Grigg and colleagues, 
which one of the following statements about findings 
of diagnostic testing for rickettsioses among patients 
with nonmalarial AFI in Sabah, East Malaysia, from 
2013 to 2015 is correct? 
A.  Past or acute rickettsial infection (indirect fluorescent 

antibody immunoglobulin G [IgG] titer ≥160) was 
identified in one fifth of patients

B.  Acute rickettsioses (4-fold IgG titer rise to ≥160 with 
paired sera) were confirmed in 10% of patients

C.  The most frequent cause of acute rickettsiosis was 
Orientia tsutsugamushi (OT)

D.  Polymerase chain reaction was positive in one quarter 
of acute rickettsioses 

2. According to the retrospective study by Grigg  
and colleagues, which one of the following statements 
about clinical and laboratory findings among patients 
with nonmalarial AFI in Sabah, East Malaysia, who 
were diagnosed with rickettsioses from 2013 to  
2015 is correct?
A.  Mortality rate was 15%
B.  Eschars and vomiting were common and reported 

more often with acute rickettsioses than in AFI without 
rickettsial disease

C.  Doxycycline was administered to more than half of 
patients and was effective in most cases

D.  Common laboratory findings (eg, abnormal white 
blood cell count, thrombocytopenia, anemia, and 
raised liver transaminases) were all nonspecific

3. According to the retrospective study by Grigg 
and colleagues, which one of the following 
statements about clinical implications of clinical 
and epidemiological findings among patients with 
nonmalarial AFI in Sabah, East Malaysia, who were 
diagnosed with rickettsioses from 2013 to 2015  
is correct? 
A.  Acute rickettsioses are common, underrecognized, 

and often untreated causes of nonmalarial AFI in 
East Malaysia, meriting consideration of empirical 
doxycycline

B.  Risk factors for rickettsioses were female sex and 
slaughterhouse/animal husbandry work 

C.  The epidemiology of rickettsial infections in this 
study differs markedly from previous reports of scrub 
typhus and spotted fever rickettsioses in rural areas in 
Southeast Asia

D.  Rickettsioses in Sabah appear to be decreasing
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Article Title
Atypical Manifestations of Cat-Scratch Disease,  

United States, 2005–2014

CME Questions
1. Your patient is a 12-year-old girl with headache and 
decreased level of consciousness several weeks after 
being scratched by a cat. On the basis of the analysis 
of data from the 2005 to 2014 MarketScan national 
health insurance claims databases by Nawrocki and 
colleagues, which one of the following statements 
about the epidemiology of atypical cat-scratch disease 
(CSD) in the United States is correct? 
A.  In this study, atypical CSD accounted for 15% of all 

cases of CSD
B.  Average annual incidence was 0.7/100,000 population
C.  Atypical CSD was most common among men at least 

50 years of age
D.  Most atypical CSD cases occurred in the Northwest 

and in the spring to summer months

2. On the basis of the analysis of data from the 2005 
to 2014 MarketScan national health insurance claims 
databases by Nawrocki and colleagues, which one of 
the following statements about the clinical features of 
atypical CSD in the United States is correct?
A.  Neurological manifestations were the most common 

presentation among patients with atypical CSD
B.  Compared with typical CSD, atypical CSD was 

associated with twice the risk for hospitalization

C.  Children aged 14 years or younger were at greater 
risk for hepatosplenic disease and osteomyelitis 
compared with persons aged at least 15 years

D.  Patients with ocular manifestations were most likely to 
be hospitalized

3. According to the analysis of data from the 2005 to 
2014 MarketScan national health insurance claims 
databases by Nawrocki and colleagues, which one of 
the following statements about the clinical and public 
health implications of the epidemiology and clinical 
features of atypical CSD in the United States  
is correct? 
A.  Better understanding of atypical CSD may improve 

clinician recognition of cases and inform efforts to 
clarify the underlying pathophysiology

B.  The seasonality of atypical vs typical CSD is unlikely 
to result from delays in diagnosis

C.  Bacteriological studies in pet cats suggest that 
clinicians in regions with dry climates should be 
especially vigilant in recognizing CSD 

D.  The study proves that persons at least 65 years of age 
are less vulnerable to developing atypical CSD


