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

Central Australia, 2017

Eva L. Sudbury, Siobhan O’Sullivan, David Lister, Deepa Varghese, Keshan Satharasinghe

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.

nvasive 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, Wor 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).

Author affiliation: Alice Springs Hospital, Alice Springs, Northern
Territory, Australia

DOI: https://doi.org/10.3201/eid2607.181491
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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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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 km? (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
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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% CO, 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

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



Outbreak of Meningococcal W Disease, Australia

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.

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
awidespread public healthresponse thatincluded pro-
viding prophylactic antimicrobial drugs (ceftriaxone
or ciprofloxacin) to close contacts and implementing

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

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
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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)
Meningitis

Fever (temperature >38°C) without a focus
Fever; any signs of meningism (e.g.,

headache, neck stiffness, photophobia)

Bacteremic pneumonia (7,26,27) Fever; cough

Septic arthritis (7)
Conjunctivitis (10,11)
discharge

Fever; joint pain and swelling
Conjunctival inflammation with purulent

Blood None
CSF None
Blood Radiologic consolidation
by chest radiograph
Synovial fluid None
Eye discharge None

*CSF, cerebrospinal fluid; MenW, serogroup W of Neisseria meningitidis.

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
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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 ng/mL) for 15 cases (88%) and re-
sistant (MIC >0.5 to 1 ug/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

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



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
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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.

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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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.

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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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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(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.
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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.

Acknowledgments

We thank Kevin Freeman for providing tireless
laboratory work during the outbreak and assistance in
the preparation of this manuscript and Belinda
Greenwood-Smith for providing information on the
CDC response to the outbreak.

About the Author

Dr. Sudbury is a doctoral candidate at the University of
Melbourne, Parkville, Victoria, Australia. Her primary
research interest is pediatric tuberculosis.

References

1. Borrow R, Alarcén P, Carlos J, Caugant DA, Christensen H,
Debbag R, et al.; Global Meningococcal Initiative. The Global
Meningococcal Initiative: global epidemiology, the impact
of vaccines on meningococcal disease and the importance
of herd protection. Expert Rev Vaccines. 2017;16:313-28.
https:/ /doi.org/10.1080/14760584.2017.1258308

2. Manchanda V, Gupta S, Bhalla P. Meningococcal disease:
history, epidemiology, pathogenesis, clinical manifestations,

1361



SYNOPSIS

10.

11.

12.

13.

14.

15.

16.

17.

1362

diagnosis, antimicrobial susceptibility and prevention.
Indian ] Med Microbiol. 2006;24:7-19. https:/ /doi.org/
10.4103/0255-0857.19888

Veitch MG, Owen RL. Rise in invasive serogroup W
meningococcal disease in Australia 2013-2015. Commun Dis
Intell Q Rep. 2016;40:E451-3.

Lewis LA, Ram S. Meningococcal disease and the complement
system. Virulence. 2014;5:98-126. https:/ /doi.org/ 10.4161/
viru.26515

Thompson M], Ninis N, Perera R, Mayon-White R,

Phillips C, Bailey L, et al. Clinical recognition of
meningococcal disease in children and adolescents. Lancet.
2006;367:397-403. https:/ /doi.org/10.1016/50140-6736
(06)67932-4

Martin NV, Ong KS, Howden BP, Lahra MM, Lambert SB,
Beard FH, et al.; Communicable Diseases Network
Australia MenW Working Group. Rise in invasive serogroup
W meningococcal disease in Australia 2013-2015. Commun
Dis Intell Q Rep. 2016;40:E454-9.

Vienne P, Ducos-Galand M, Guiyoule A, Pires R, Giorgini D,
Taha M-K, et al. The role of particular strains of Neisseria
meningitidis in meningococcal arthritis, pericarditis, and
pneumonia. Clin Infect Dis. 2003;37:1639-42. https:/ / doi.org/
10.1086,/379719

Campbell H, Parikh SR, Borrow R, Kaczmarski E,

Ramsay ME, Ladhani SN. Presentation with gastrointestinal
symptoms and high case fatality associated with group W
meningococcal disease (MenW) in teenagers, England, July
2015 to January 2016. Euro Surveill. 2016;21:1-4.

https:/ /doi.org/10.2807/1560-7917.ES.2016.21.12.30175
Schaad UB. Arthritis in disease due to Neisseria meningitidis.
Rev Infect Dis. 1980;2:880-8. https:/ /doi.org/10.1093/
clinids/2.6.880

Barquet N, Gasser I, Domingo P, Moraga FA, Macaya A,
Elcuaz R. Primary meningococcal conjunctivitis: report of 21
patients and review. Rev Infect Dis. 1990;12:838-47.

https:/ /doi.org/10.1093/ clinids/12.5.838

Orden B, Martinez R, Millan R, Belloso M, Pérez N.

Primary meningococcal conjunctivitis. Clin Microbiol

Infect. 2003;9:1245-7. https:/ /doi.org/10.1111/
j-1469-0691.2003.00799.x

Lingappa JR, Al-Rabeah AM, Hajjeh R, Mustafa T, Fatani A,
Al-Bassam T, et al. Serogroup W-135 meningococcal disease
during the Hajj, 2000. Emerg Infect Dis. 2003;9:665-71.
https:/ /doi.org/10.3201/eid0906.020565

Yezli S, Assiri AM, Alhakeem RF, Turkistani AM,

Alotaibi B. Meningococcal disease during the Hajj and
Umrah mass gatherings. Int ] Infect Dis. 2016;47:60-4.
https:/ /doi.org/10.1016/].ijid.2016.04.007

Ladhani SN, Ramsay M, Borrow R, Riordan A, Watson JM,
Pollard AJ. Enter B and W: two new meningococcal

vaccine programmes launched. Arch Dis Child. 2016;101:91-
5. https:/ /doi.org/10.1136/ archdischild-2015-308928
Smith-Palmer A, Oates K, Webster D, Taylor S, Scott KJ,
Smith G, et al.; IMT and investigation team in Sweden.
Outbreak of Neisseria meningitidis capsular group W among
scouts returning from the World Scout Jamboree,

Japan, 2015. Euro Surveill. 2016;21:1-7. https:/ / doi.org/
10.2807/1560-7917.ES.2016.21.45.30392

Nathan N, Rose AMC, Legros D, Tiendrebeogo SRM,

Bachy C, Bjerlow E, et al. Meningitis serogroup W135
outbreak, Burkina Faso, 2002. Emerg Infect Dis. 2007;13:920-
3. https:/ /doi.org/10.3201/eid1306.060940

von Gottberg A, du Plessis M, Cohen C, Prentice E, Schrag S,
de Gouveia L, et al.; Group for Enteric, Respiratory and
Meningeal Disease Surveillance in South Africa. Emergence

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

of endemic serogroup W135 meningococcal disease
associated with a high mortality rate in South Africa. Clin
Infect Dis. 2008;46:377-86. https:/ /doi.org/10.1086 /525260
Abad R, Lépez EL, Debbag R, Vazquez JA. Serogroup

W meningococcal disease: global spread and current

affect on the Southern Cone in Latin America.

Epidemiol Infect. 2014;142:2461-70. https:/ / doi.
org/10.1017/50950268814001149

Campbell H, Saliba V, Borrow R, Ramsay M, Ladhani SN.
Targeted vaccination of teenagers following continued rapid
endemic expansion of a single meningococcal group W clone
(sequence type 11 clonal complex), United Kingdom 2015.
Euro Surveill. 2015;20:21188. https:/ /doi.org/10.2807/
1560-7917.ES2015.20.28.21188

Australian Government Department of Health. Invasive
meningococcal disease national surveillance report,
December 2017 [cited 2018 Jun 27]. http:/ /www.health.gov.
au/internet/main/ publishing.nsf/Content/ 5SFEABC4B495B
DEC1CA25807D001327FA /$File/1Jan-31-Dec2017-
Consol-Invasive-Men-W.pdf

National Centre for Immunisation Research and Surveillance.
History of vaccination in Australia, December 2017 [cited
2018 Jun 18]. http:/ /www.ncirs.org.au/sites/ default/
files/2018-12/Meningococcal-history-Dec-2018.pdf

Dolan Thomas J, Hatcher CP, Satterfield DA, Theodore M]J,
Bach MC, Linscott KB, et al. sodC-based real-time PCR for
detection of Neisseria meningitidis. PLoS One. 2011;6:€19361.
https://doi.org/10.1371/journal.pone.0019361

Jordens JZ, Heckels JE. A novel porA-based real-time PCR
for detection of meningococcal carriage. ] Med Microbiol.
2005;54:463-6. https:/ /doi.org/10.1099/jmm.0.45847-0
Jolley KA, Brehony C, Maiden MC. Molecular typing of
meningococci: recommendations for target choice and
nomenclature. FEMS Microbiol Rev. 2007;31:89-96.

https:/ /doi.org/10.1111/j.1574-6976.2006.00057.x
Australian Bureau of Statistics. 2016 Census: Aboriginal
and/or Torres Strait Islander peoples QuickStats [cited 2019
Aug 16]. https:/ /quickstats.censusdata.abs.gov.au/census_
services/ getproduct/census/2016/ quickstat/IQS036
Vossen M, Mitteregger D, Steininger C. Meningococcal
pneumonia. Vaccine. 2016;34:4364-70. https:/ /doi.org/
10.1016/j.vaccine.2016.07.013

Romero-Gomez MP, Rentero Z, Pafio JR, Mingorance J.
Bacteraemic pneumonia caused by Neisseria meningitidis
serogroup Y. Respir Med Case Rep. 2012;5:23-4.
https://doi.org/10.1016/j.rmedc.2011.11.005

Centre for Disease Control. Meningococcal disease: signs and
symptoms [cited 2019 Aug 22]. https:/ /www.cdc.gov/
meningococcal/about/symptoms.html

Gaschignard ], Levy C, Deghmane AE, Dubos F, Muszlak M,
Cohen R, et al. Invasive serogroup w meningococcal disease
in children: a national survey from 2001 to 2008 in France.
Pediatr Infect Dis J. 2013;32:798-800. https:/ /doi.org/
10.1097 /INF.0b013e31828e9e91

Communicable Diseases Network Australia. Invasive
meningococcal disease CDNA national guidelines for public
health units, 2017 [cited 2019 Aug 22]. https:/ /www1.health.
gov.au/internet/ main/publishing.nsf/Content/0A31EEC49
53B7E6FCA257DA3000D19DD/ $File/IMD-SoNG.pdf

The Northern Territory Department of Health. Brief for the
meningococcal outbreak task force. Darwin: The Department;
2018.

Australian Government Department of Health.
Meningococcal disease (invasive) public dataset. National
Notifiable Diseases Surveillance System [cited 2019 Aug 13].
http:/ /www9.health.gov.au/cda/source/pub_menin.cfm

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



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

PubMLST. Neisseria profile/sequence definitions database
[cited 2019 Aug 15]. https:/ /pubmlst.org/bigsdb?db=
pubmlst_neisseria_seqdef

Rosenstein NE, Perkins BA, Stephens DS, Lefkowitz L,
Cartter ML, Danila R, et al. The changing epidemiology

of meningococcal disease in the United States, 1992-

1996. ] Infect Dis. 1999;180:1894-901. https:/ /doi.org/
10.1086/315158

Rosenstein NE, Perkins BA, Stephens DS, Popovic T,

Hughes JM. Meningococcal disease. N Engl ] Med. 2001;
344:1378-88. https:/ / doi.org/10.1056 / NEJM200105033441807
Harley D, Hanna JN, Hills SL, Bates JR, Smith HV.
Epidemiology of invasive meningococcal disease in north
Queensland, 1995 to 1999. Commun Dis Intell Q Rep. 2002;
26:44-50.

Massey P, Durrheim D. Aboriginal and Torres Strait Islander
peoples at higher risk of invasive meningococcal disease in
NSW. N S W Public Health Bull. 2008;19:100-3.
https://doi.org/10.1071/NB07047

Australian Government. Australian Institute of Health and
Welfare. Vaccine preventable disease among Aboriginal and
Torres Strait Islander people [cited 2019 Aug 22].

https:/ /www.aihw.gov.au/ getmedia/2fca3ed6-d242-
4454-a00f-e298dd120ccb/ aihw-phe-236_ATSI.pdf.aspx
Cuningham W, McVernon |, Lydeamore MJ], Andrews RM,
Carapetis J, Kearns T, et al. High burden of infectious disease
and antibiotic use in early life in Australian Aboriginal
communities. Aust N Z J Public Health. 2019;43:149-55.
https://doi.org/10.1111/1753-6405.12876

Hendrickx D, Bowen AC, Marsh JA, Carapetis JR,

Walker R. Ascertaining infectious disease burden through
primary care clinic attendance among young Aboriginal
children living in four remote communities in Western
Australia. PLoS One. 2018;13:€0203684. https:/ /doi.org/
10.1371/journal.pone.0203684

Parnaby MG, Carapetis JR. Rheumatic fever in indigenous
Australian children. ] Paediatr Child Health. 2010;46:527-33.
https:/ /doi.org/10.1111/}.1440-1754.2010.01841.x

Bilukha OO, Rosenstein N; National Center for Infectious
Diseases, Centers for Disease Control and Prevention (CDC).
Prevention and control of meningococcal disease.
Recommendations of the Advisory Committee on

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

43.

44.

45.

46.

47.

48.

49.

50.

Outbreak of Meningococcal W Disease, Australia

Immunization Practices (ACIP). MMWR Recomm Rep.
2005;54:1-21.

Umaru ET, Ludin AN, Majid MR, Sabri S, Moses C,
Enegbuma W, et al. Risk factors responsible for the spread of
meningococcal meningitis. International Journal of
Educational Research. 2013;1:1-30.

Olea A, Matute I, Gonzalez C, Delgado I, Poffald L,

Pedroni E, et al. Case-control study of risk factors for
meningococcal disease in Chile. Emerg Infect Dis.
2017;23:1070-8. https:/ /doi.org/10.3201/eid2307.160129
Ladhani SN, Beebeejaun K, Lucidarme J, Campbell H, Gray S,
Kaczmarski E, et al. Increase in endemic Neisseria meningitidis
capsular group W sequence type 11 complex associated with
severe invasive disease in England and Wales. Clin Infect Dis.
2015;60:578-85. https:/ /doi.org/ 10.1093/cid/ciu881

Moreno G, Lépez D, Vergara N, Gallegos D, Advis MF,
Loayza S. Clinical characterization of cases with
meningococcal disease by W135 group in Chile, 2012 [in
Spanish]. Rev Chilena Infectol. 2013;30:350-60.

Lahra MM, Enriquez R. Australian meningococcal
surveillance programme annual report, 2016. Commun Dis
Intell Q Rep. 2017;41:E369-82.

Mowlaboccus S, Jolley KA, Bray JE, Pang S, Lee YT,

Bew JD, et al. Clonal expansion of new penicillin-resistant
clade of Neisseria meningitidis serogroup W clonal complex
11, Australia. Emerg Infect Dis. 2017;23:1364-7.

https:/ /doi.org/10.3201/eid2308.170259

Goedvolk CA, von Rosenstiel 1A, Bos AP. Immune complex
associated complications in the subacute phase of
meningococcal disease: incidence and literature review.
Arch Dis Child. 2003;88:927-30. https:/ /doi.org/10.1136/
adc.88.10.927

Sanofi-Aventis Pte Ltd. Menactra: meningococcal (groups
A,CY and W-135) polysaccharide diptheria toxoid conjugate
vaccine Australian product information, 2011 [cited 2020 Mar
31]. https:/ / www.menactra.com

Address for correspondence: Eva L. Sudbury, Department of

Paediatrics, The University of Melbourne, The Royal Children’s
Hospital Melbourne, Flemington Rd, Parkville, VIC 3052,
Australia; email: eva.sudbury@student.unimelb.edu.au

1363



SYNOPSIS

Transmission of Chikungunya
Virus in an Urban Slum, Brazil

Rosangela O. Anjos, Vanio André Mugabe, Patricia S.S. Moreira, Caroline X. Carvalho,
Moyra M. Portilho, Ricardo Khouri, Gielson A. Sacramento, Nivison R.R. Nery Jr.,
Mitermayer G. Reis, Uriel D. Kitron, Albert I. Ko, Federico Costa, Guilherme S. Ribeiro

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% Cl1 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.

n the 21Ist 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
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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 CHIKYV 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 Amapa, 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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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 25 years of age who slept 23 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).
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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 Gongalo Moniz, Fundagao
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 CHIKYV 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 21.1. 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 CHIKYV IgG ELISA) for CHIKYV to determine 290%
reductions in plaque counts (PRNT,)), 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 y? 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 240 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% Cls 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 CHIKYV infection and the sociodemographic and
clinical characteristics of participants. We calculated
prevalence ratios with 95% Cls 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 CHIKYV 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 Gongalo 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
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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 PRNT,, 27 (90%) were positive; of the 30
random IgG-negative samples, all were also negative
in PRNT,, (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
CHIKYV 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 CHIKYV 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

Transmission of CHIKV in an Urban Slum, Brazil

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

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)
240 455 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
llliterate 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)
26 340 5 (13.5)
Clinical: reported symptomst
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.
TReported symptoms with onset after January 2015.
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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)t

Sociodemographic Model 1
llliteracy 1.60 (0.99-2.60)
Not working 1.28 (0.97-1.68)

Residence located in an unpaved street
Type of residence construction
Plastered wall
Unplastered wall
Wood/Other material

1.52 (1.07-2.15)

1.52 (1.07-2.15)

Referent
1.47 (0.92-2.35)
1.86 (1.06-3.28)

Clinical: reported symptoms
Fever and arthralgia

Model 2

None
Only fever

Only arthralgia
Both, not simultaneous
Both, simultaneous

Myalgia
Rash
Pruritus

Presumptive clinical diagnosis

Chikungunya
Dengue
Zika

Referent
1.29 (0.89-1.86)
2.45 (1.60-3.75)
1.91 (0.97-3.77)
3.64 (2.51-5.28)
1.75 (1.23-2.50)
2.28 (1.68-3.08)
2.14 (1.51-3.03)

4.66 (3.35-6.48)
1.67 (1.09-2.56)
2.45 (1.78-3.39)

Referent
0.96 (0.62-1.49)
1.55 (0.95-2.53)
1.22 (0.56-2.67)
2.26 (1.43-3.57)

2.83 (1.97-4.05)

*Crude prevalence ratios shown for variables with bivariate p values <0.20, selected for inclusion in the initial multiple variable model.
tTwo 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.

fReported symptoms with onset after January 2015.

with arthralgia (PR 2.26, 95% Cl 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 Riachdo do Jacuipe, 185 km from Salvador, preva-
lence was estimated at 45.7% (29). In the rural area of
Riachao do Jacuipe, the prevalence of prior CHIKV
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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

Transmission of CHIKV in an Urban Slum, Brazil

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 CHIKYV 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.

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

Disease status of infected participants, no. %t

Characteristic Symptomatic, n = 32 Asymptomatic, n = 177 p value
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)
240 8(24.9) 55 (31.1)
Educationt
llliterate 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$/dayt
<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

TCHIKYV disease status was defined as symptomatic on the basis of self-reported fever accompanied by arthralgia after January 2015.

tData 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 CHIKYV 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 CHIKYV infection to be 32.7%
in Feira de Santana and 41.2% in Riachdo do Jacuipe
(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 CHIKYV 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
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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 aeqypti 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 CHIKYV 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 PRNT,,
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 PRNT,; 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
CHIKYV 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
CHIKYV 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
CHIKYV 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 CHIKYV and other arboviral infections.
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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.

epatitis 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-

Author affiliations: University of California, San Diego, California,
USA (M. Kang, S.F. Horman, R.A. Taplitz, B. Clay, M. Millen,

A. Sitapati, F.E. Myers, S.R. Abeles, F.J. Torriani); County of
San Diego Health and Human Services Agency, San Diego
(E.C. McDonald, D.R. Wallace, S. Stous)

DOI: https://doi.org/10.3201/eid2607.191352

1374

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,

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



Community Outbreak of Hepatitis A, California

Figure 1. Timeline of hepatitis A outbreak, San Diego County, California, USA, 2017-2018. BPA, best practice advisory; ED,

emergency department.

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. (§). 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:

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

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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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

1376

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 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). 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
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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-Appl.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 (x 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;

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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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)

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

Table 2. Characteristics of adults receiving hepatitis A virus vaccine administered at University of California San Diego Health, March

1, 2017—October 31, 2018*

No. vaccines administered

Characteristic 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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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.

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
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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

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

Yu-Chin Chen,* Wei-Yun Hsu,! Tu-Hsuan Chang?

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.

ycoplasma 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. pneumonise 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

Author affiliations: Chi-Mei Medical Center, Chiali, Tainan, Taiwan
(Y.-C. Chen); Chi-Mei Medical Center, Tainan, Taiwan (W.-Y. Hsu,
T.-H. Chang)
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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%
(). 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 asystematicliterature searchin 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

All authors contributed equally to this article.
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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
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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 (I?) to examine statistical heterogeneity
across the included studies. We considered I* >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

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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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 (72) 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 (76) 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 (79) 2002-2006 Japan A2063G, A2064G CAP, NS 69 32%
Miyashita (20) 2008-2011 Japan A2063G, A2064G CAP, NS 71 59%
Okada (217) 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.

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

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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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.

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 (* = 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-Appl.pdf). We found
no significant heterogeneity in the studies included
(I>=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).

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

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% C17.90-57.09; 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 (I> = 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.
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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.

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 (I> = 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).

1386

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

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 26, No. 7, July 2020
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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 1 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

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. prneumoniae 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

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 26, No. 7, July 2020
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diagnostic and therapeutic gaps in the management
of MRMP. Reappraisal of precise diagnostic tools and
clearly defined treatment are needed.

About the Author

Dr. Chen is a pediatrician in Chi-Mei Medical Center,
Chiali, Tainan, Taiwan. Her research interests include
microbiology, neonatology, and vaccinology.

References

1. Jain S, Williams DJ, Arnold SR, Ampofo K, Bramley AM,
Reed C, et al.; CDC EPIC Study Team. Community-acquired
pneumonia requiring hospitalization among U.S. children.
N Engl ] Med. 2015;372:835-45. https:/ /doi.org/10.1056/
NEJMoa1405870

2. Shin EJ, Kim Y, Jeong J-Y, Jung YM, Lee M-H, Chung EH.
The changes of prevalence and etiology of pediatric
pneumonia from National Emergency Department
Information System in Korea, between 2007 and 2014.
Korean ] Pediatr. 2018;61:291-300. https:/ /doi.org/10.3345/
kjp.2017.06100

3. Hsieh YC, Tsao KC, Huang CG, Tong S, Winchell JM,
Huang YC, et al. Life-threatening pneumonia caused
by macrolide-resistant Mycoplasma pneumoniae. Pediatr
Infect Dis J. 2012;31:208-9. https:/ /doi.org/10.1097 /
INF.0b013e318234597¢

4. Wood PR, Hill VL, Burks ML, Peters JI, Singh H,

Kannan TR, et al. Mycoplasma pneumoniae in children
with acute and refractory asthma. Ann Allergy Asthma
Immunol. 2013;110:328-34.e1. http:/ /doi.org/10.1016/
j.anai.2013.01.022

5. Pereyre S, Goret ], Bébéar C. Mycoplasma pneumoniae:
current knowledge on macrolide resistance and treatment.
Front Microbiol. 2016;7:974. https:/ / doi.org/10.3389/
fmicb.2016.00974

6. Meyer Sauteur PM, Unger WW, Nadal D, Berger C, Vink C,
van Rossum AM. Infection with and carriage of Mycoplasma
pneumoniae in children. Front Microbiol. 2016;7:329.
https://doi.org/10.3389/fmicb.2016.00329

7. ZhouY, Zhang Y, Sheng Y, Zhang L, Shen Z, Chen Z.

More complications occur in macrolide-resistant than in
macrolide-sensitive Mycoplasma pneumoniae pneumonia.
Antimicrob Agents Chemother. 2014;58:1034-8.

https:/ /doi.org/10.1128 / AAC.01806-13

8. ChenY, Tian WM, Chen Q, Zhao HY, Huang P, Lin ZQ,
et al. Clinical features and treatment of macrolide-resistant
Mycoplasma pneumoniae pneumonia in children [in Chinese].
Zhongguo Dang Dai Er Ke Za Zhi. 2018;20:629-34.

9. MaZ, Zheng Y, Deng J, Ma X, Liu H. Characterization of
macrolide resistance of Mycoplasma pneumoniae in children
in Shenzhen, China. Pediatr Pulmonol. 2014;49:695-700.
https:/ /doi.org/10.1002/ ppul.22851

10. Xin D-L, Wang S, Han X, Ma S-J, Chen X-G. Clinical
characteristics of children with macrolide-resistant
Mycoplasma pneumoniae pneumonia [in Chinese]. ] Appl
Clin Pediatr. 2010;16:1213-5.

11. Yuan C, Min FM, Ling Y], Li G, Ye HZ, Pan JH, et al.
Clinical characteristics and antibiotic resistance of
Mycoplasma pneumoniae pneumonia in hospitalized Chinese
children. Comb Chem High Throughput Screen. 2018;21:749-
54. https:/ /doi.org/10.2174/1386207322666190111112946

12.  Cheong KN, Chiu SS, Chan BW, To KK, Chan EL,

Ho PL. Severe macrolide-resistant Mycoplasma pneumoniae

1389



SYNOPSIS

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

1390

pneumonia associated with macrolide failure. ] Microbiol
Immunol Infect. 2016;49:127-30. https:/ /doi.org/10.1016/
jjmii.2014.11.003

Lung DC, Yip EK, Lam DS, Que TL. Rapid defervescence
after doxycycline treatment of macrolide-resistant
Mycoplasma pneumoniae-associated community-acquired
pneumonia in children. Pediatr Infect Dis J. 2013;32:1396-9.
https:/ /doi.org/10.1097 /INF.0b013e3182a25c71
Cardinale F, Chironna M, Chinellato I, Principi N,
Esposito S. Clinical relevance of Mycoplasma pneumoniae
macrolide resistance in children. J Clin Microbiol.
2013;51:723-4. https:/ /doi.org/10.1128/JCM.02840-12
Akashi Y, Hayashi D, Suzuki H, Shiigai M, Kanemoto K,
Notake S, et al. Clinical features and seasonal variations in

the prevalence of macrolide-resistant Mycoplasma pneumoniae.

J Gen Fam Med. 2018;19:191-7. https:/ /doi.org/10.1002/
jgf2.201

Ishiguro N, Koseki N, Kaiho M, Ariga T, Kikuta H,
Togashi T, et al.; Hokkaido Pediatric Respiratory Infection
Study Group. Therapeutic efficacy of azithromycin,
clarithromycin, minocycline and tosufloxacin against
macrolide-resistant and macrolide-sensitive Mycoplasma
pneumoniae pneumonia in pediatric patients. PLoS One.
2017;12:e0173635. https:/ /doi.org/10.1371/journal.
pone.0173635

Kawai Y, Miyashita N, Yamaguchi T, Saitoh A, Kondoh E,
Fujimoto H, et al. Clinical efficacy of macrolide antibiotics
against genetically determined macrolide-resistant
Mycoplasma pneumoniae pneumonia in paediatric patients.
Respirology. 2012;17:354-62. https:/ /doi.org/10.1111/
j-1440-1843.2011.02102.x

Kawai Y, Miyashita N, Kubo M, Akaike H, Kato A,
Nishizawa Y, et al. Therapeutic efficacy of macrolides,
minocycline, and tosufloxacin against macrolide-resistant
Mycoplasma pneumoniae pneumonia in pediatric patients.
Antimicrob Agents Chemother. 2013;57:2252-8.
https://doi.org/10.1128 / AAC.00048-13

Matsubara K, Okada T, Matsushima T, Komiyama O,
Iwata S, Morozumi M, et al. A comparative clinical study
of macrolide-sensitive and macrolide-resistant Mycoplasma
pneumoniae infections in pediatric patients. ] Infect Chemother.
2009;15:380-3. https:/ /doi.org/10.1007/s10156-009-0715-7
Miyashita N, Kawai Y, Akaike H, Ouchi K, Hayashi T,
Kurihara T, et al.; Atypical Pathogen Study Group.
Macrolide-resistant Mycoplasma pneumoniae in adolescents
with community-acquired pneumonia. BMC Infect Dis.
2012;12:126. https:/ /doi.org/10.1186/1471-2334-12-126
Okada T, Morozumi M, Tajima T, Hasegawa M, Sakata H,
Ohnari S, et al. Rapid effectiveness of minocycline or
doxycycline against macrolide-resistant Mycoplasma
pneumoniae infection in a 2011 outbreak among Japanese
children. Clin Infect Dis. 2012;55:1642-9. https:/ / doi.org/
10.1093/cid / cis784

Kim JH, Kim JY, Yoo CH, Seo WH, Yoo Y, Song D], et al.
Macrolide resistance and its impacts on M. pneumoniae
pneumonia in children: comparison of two recent
epidemics in Korea. Allergy Asthma Immunol Res.
2017;9:340-6. https:/ /doi.org/10.4168/aair.2017.9.4.340
Kim YJ, Shin KS, Lee KH, Kim YR, Choi JH. Clinical
characteristics of macrolide-resistant Mycoplasma pneumoniae
from children in Jeju. ] Korean Med Sci. 2017;32:1642-6.
https:/ /doi.org/10.3346/jkms.2017.32.10.1642

Lee E, Cho HJ, Hong 5], Lee ], Sung H, Yu ]. Prevalence and
clinical manifestations of macrolide resistant Mycoplasma
pneumoniae pneumonia in Korean children. Korean ] Pediatr.
2017;60:151-7. https:/ / doi.org/10.3345/kjp.2017.60.5.151

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Seo YH, Kim JS, Seo SC, Seo WH, Yoo Y, Song DJ, et al.
Predictive value of C-reactive protein in response to
macrolides in children with macrolide-resistant Mycoplasma
pneumoniae pneumonia. Korean ] Pediatr. 2014;57:186-92.
https:/ /doi.org/10.3345/kjp.2014.57.4.186

Yoo SJ, Kim HB, Choi SH, Lee SO, Kim SH, Hong SB, et al.
Differences in the frequency of 23S rRNA gene mutations in
Mycoplasma pneumoniae between children and adults with
community-acquired pneumonia: clinical impact of
mutations conferring macrolide resistance. Antimicrob
Agents Chemother. 2012;56:6393-6. https:/ /doi.
org/10.1128/ AAC.01421-12

Yoon IA, Hong KB, Lee HJ, Yun KW, Park JY, Choi YH,

et al. Radiologic findings as a determinant and no effect of
macrolide resistance on clinical course of Mycoplasma
pneumoniae pneumonia. BMC Infect Dis. 2017;17:402.
https:/ /doi.org/10.1186/s12879-017-2500-z

Wu HM, Wong KS, Huang YC, Lai SH, Tsao KC, Lin Y],

et al. Macrolide-resistant Mycoplasma pneumoniae in
children in Taiwan. ] Infect Chemother. 2013;19:782-6.
https:/ /doi.org/10.1007/s10156-012-0523-3

Wu PS, Chang LY, Lin HC, Chi H, Hsieh YC, Huang YC,

et al. Epidemiology and clinical manifestations of children
with macrolide-resistant Mycoplasma pneumoniae
pneumonia in Taiwan. Pediatr Pulmonol. 2013;48:904-11.
https:/ /doi.org/10.1002/ppul.22706

Yang TI, Chang TH, Lu CY, Chen JM, Lee PI, Huang LM,

et al. Mycoplasma pneumoniae in pediatric patients: do
macrolide-resistance and/or delayed treatment matter?

J Microbiol Immunol Infect. 2019;52:329-35. https:/ /doi.org/
10.1016/.jmii.2018.09.009

Lee JK, Lee JH, Lee H, Ahn YM, Eun BW, Cho EY, et al.
Clonal expansion of macrolide-resistant sequence type 3
Mycoplasma pneumoniae, South Korea. Emerg Infect Dis.
2018;24:1465-71. https:/ / doi.org/10.3201/eid2408.180081
Tanaka T, Oishi T, Miyata I, Wakabayashi S, Kono M, Ono S,
et al. Macrolide-resistant Mycoplasma pneumoniae infection,
Japan, 2008-2015. Emerg Infect Dis. 2017;23:1703-6.
https:/ /doi.org/10.3201/id2310.170106

Katsukawa C, Kenri T, Shibayama K, Takahashi K.

Genetic characterization of Mycoplasma pneumoniae isolated
in Osaka between 2011 and 2017: decreased detection rate of
macrolide-resistance and increase of p1 gene type 2 lineage
strains. PLoS One. 2019;14:0209938. https:/ /doi.org/
10.1371/journal.pone.0209938

Suzuki Y, Seto ], Shimotai Y, Itagaki T, Katsushima Y,
Katsushima F, et al. Polyclonal spread of multiple
genotypes of Mycoplasma pneumoniae in semi-closed
settings in Yamagata, Japan. ] Med Microbiol. 2019;68:785-90.
https:/ /doi.org/10.1099/jmm.0.000969

Pereyre S, Charron A, Hidalgo-Grass C, Touati A, Moses
AE, Nir-Paz R, et al. The spread of Mycoplasma pneumoniae
is polyclonal in both an endemic setting in France and in an
epidemic setting in Israel. PLoS One. 2012;7:e38585.

https:/ /doi.org/10.1371/journal.pone.0038585

Ando M, Morozumi M, Adachi Y, Ubukata K, Iwata S. Multi-
locus sequence typing of Mycoplasma pneumoniae,

Japan, 2002-2016. Emerg Infect Dis. 2018;24:1895-901.
https://doi.org/10.3201/eid2410.171194

Lluch-Senar M, Cozzuto L, Cano ], Delgado J, Llérens-Rico
V, Pereyre S, et al. Comparative “-omics” in Mycoplasma
pneumoniae clinical isolates reveals key virulence factors.
PLo0S One. 2015;10:e0137354. https:/ /doi.org/10.1371/
journal.pone.0137354

Zhao F, Liu G, Wu ], Cao B, Tao X, He L, et al. Surveillance
of macrolide-resistant Mycoplasma pneumoniae in Beijing,

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



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

China, from 2008 to 2012. Antimicrob Agents Chemother.
2013;57:1521-3. https:/ /doi.org/10.1128/ AAC.02060-12
Eshaghi A, Memari N, Tang P, Olsha R, Farrell D], Low DE,
et al. Macrolide-resistant Mycoplasma pneumoniae in humans,
Ontario, Canada, 2010-2011. Emerg Infect Dis. 2013;19:1525.
https://doi.org/10.3201/eid1909.121466

Yang EA, Kang HM, Rhim JW, Kang JH, Lee KY. Early corti-
costeroid therapy for Mycoplasma pneumoniae

pneumonia irrespective of used antibiotics in children. ] Clin
Med. 2019;8:726. https:/ / doi.org/10.3390/jcm8050726
Izumikawa K. Clinical features of severe or fatal Mycoplasma
pneumoniae pneumonia. Front Microbiol. 2016;7:800.

https:/ /doi.org/10.3389/fmicb.2016.00800

Yamazaki T, Kenri T. Epidemiology of Mycoplasma pneumoniae
infections in Japan and therapeutic strategies for macrolide-
resistant M. pneumoniae. Front Microbiol. 2016;7:693.

https:/ /doi.org/10.3389/fmicb.2016.00693

Chou CC, Shen CF, Chen S], Chen HM, Wang YC,

Chang WS, et al.; Infectious Diseases Society of Taiwan;
Taiwan Society of Pulmonary and Critical Care Medicine;
Medical Foundation in Memory of Dr. Deh-Lin Cheng;
Foundation of Professor Wei-Chuan Hsieh for Infectious
Diseases Research and Education; CY Lee’s Research
Foundation for Pediatric Infectious Diseases and Vaccines;
4th Guidelines Recommendations for Evidence-based
Antimicrobial agents use in Taiwan (GREAT) working
group. Recommendations and guidelines for the

treatment of pneumonia in Taiwan. ] Microbiol

Immunol Infect. 2019;52:172-99. https:/ / doi.org/10.1016/
jjmii.2018.11.004

Huang L, Gao X, Chen M. Early treatment with corticosteroids
in patients with Mycoplasma pneumoniae pneumonia: a
randomized clinical trial. ] Trop Pediatr. 2014;60:338-42.
https:/ /doi.org/10.1093/ tropej/ fmu022

Yang E-A, Kang H-M, Rhim J-W, Kang J-H, Lee K-Y. Early
corticosteroid therapy for Mycoplasma pneumoniae pneumonia
irrespective of used antibiotics in children. J Clin Med.
2019;8:726. https:/ / doi.org/10.3390/jcm8050726

Okubo Y, Michihata N, Morisaki N, Uda K, Miyairi I,
Ogawa Y, et al. Recent trends in practice patterns and impact
of corticosteroid use on pediatric Mycoplasma pneumoniae-
related respiratory infections. Respir Investig. 2018;56:158-
65. https:/ /doi.org/10.1016/j.resinv.2017.11.005

Teratani Y, Hagiya H, Koyama T, Adachi M, Ohshima A,
Zamami Y, et al. Pattern of antibiotic prescriptions for
outpatients with acute respiratory tract infections in Japan,
2013-15: a retrospective observational study. Fam Pract.
2019;36:402-9. http://doi.orgl0.1093/fampra/cmy094

Uda K, Kinoshita N, Morisaki N, Kasai M, Horikoshi Y,
Miyairi I. Targets for optimizing oral antibiotic prescriptions
for pediatric outpatients in Japan. Jpn J Infect Dis.
2019;72:149-59. https:/ / doi.org/10.7883 / yoken.JJID.2018.374
Park J, Han E, Lee SO, Kim D-S. Antibiotic use in South
Korea from 2007 to 2014: a health insurance database-
generated time series analysis. PLoS One. 2017;12:e0177435.
https:/ /doi.org/10.1371/journal.pone.0177435

Meyer Sauteur PM, Triick J, van Rossum AMC,

Berger C. Circulating antibody-secreting cell response during
Mycoplasma pneumoniae childhood pneumonia. ] Infect Dis.
2020;jiaa062. https:/ /doi.org/10.1093/infdis /jiaa062

Address for correspondence: Tu-Hsuan Chang, Department
of Pediatrics, Chi-Mei Medical Center No. 901, Zhonghua Rd.,
Yongkang Dist, Tainan City 710, Taiwan; email:
a755115@yahoo.com.tw

Macrolide-Resistant Mycoplasma pneumoniae

EID Podcast:
The Red Boy,
the Black Cat

Byron Breedlove, managing
editor of Emerging Infectious
Diseases, discusses the June
2019 EID cover artwork, a
painting of Don Manuel Osorio
Manrique de Zuniga, by
Francisco de Goya y Lucientes.

Visit our website to listen:
https://go.usa.gov/xysv5

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 26, No. 7, July 2020 1391



RESEARCH

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

Paul C.S Divis,* Ting H. Hu,* Khamisah A. Kadir, Dayang S.A. Mohammad,
King C. Hii, Cyrus Daneshvar, David J. Conway, Balbir Singh

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.

he 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).
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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

1These authors contributed equally to this article.
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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-Appl.pdf).

Cluster-Specific Genotyping PCR

PCRs to discriminate subpopulation clusters were
optimized in 11-puL reaction volume containing 1X
Green GoTaq Flexi buffer (Promega, https://www.
promega.com), 5 mmol/L MgCI2, 0.275 U GoT-
aq DNA polymerase, 0.2 mmol/L dNTP (Bioline,
https:/ /www .bioline.com), 1-2-uL. DNA template,
and 0.25 pmol/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.
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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 (n) 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 J1d 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 C2]) 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/uL blood and cluster
2 samples with starting parasitemias of 8,017 para-
sites/uL 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/uL blood
for primer pair C1A and ~13 parasites/uL 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

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,
BTGO025; lane 11, BTG026;
lane 12, BTG033; lane 13,
BTGO035; lane 14, BTG044;
lane 15, BTG062. Primer
sequences and amplification

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).

conditions are shown in Appendix Table 1 (https://wwwnc.cdc.gov/EID/article/26/7/19-0924-App1.pdf).
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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).

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

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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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.

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.

1396

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/
uL blood. Although all samples tested from patients
at Kapit Hospital could be genotyped, this PCR
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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 (§). 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
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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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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 Il 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 Il lys-
saviruses, but >50% of bats had neutralizing antibodies to
these lyssaviruses. Even though we found no evidence of
phylogroup Il lyssavirus exposure among humans, per-
sons interacting with bats in the area could benefit from
practicing bat-related health precautions.

ats 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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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 Il 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

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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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.

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-
Appl.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.

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

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
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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.

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).
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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 21 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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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% C1 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 (260%) 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%

Bat and Lyssavirus Exposure among Humans, Nigeria

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

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=2112
<6y 115 (17) 278 (20) 393 (19)
6-17y 162 (24) 419 (29) 581 (28)
>18y 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 0(0) 7(8) 7(5)
against rabies
Households with >1 member who had ever participated in bat festivalt 22 (24) 50 (29) 72 (27)
Households with >1 member who had ever had bat contactt 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.

1This 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.

IBat 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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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.

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.
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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 1II 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 Il
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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been documented in R. aegyptiacus bats before and Although some respondents reported a febrile
because it was first isolated in a fruit bat in Nigeria, illness after the 2013 bat festival, this finding was
although we cannot rule out the possibility that a yet not associated with having recent bat contact or re-
uncharacterized phylogroup II lyssavirus circulates cent participation in the bat festival. We recommend
among these bats (18,35). caution in interpreting these findings. A variety of

Table 4. Characteristics associated with experiencing a febrile iliness within 90 days of the bat festival in a community survey of bat
exposures, Idanre area, Nigeria, 2013*

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

Characteristic no. (%), n = 23 (%), 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 <25y 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 14 (61) 91 (62) 0.93 0.96 (0.38-2.44)
bats to enter
Household with animalst 12 (52) 68 (46) 0.62 1.27 (0.50-3.24)
Household with >1 animalt that has been 2(17) 6 (9) 0.43 2.07 (0.34-12.64)

vaccinated against rabies
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 14) 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 13 (57) 78 (53) 0.74 1.15 (0.51-2.62)
transmission
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 3(13) 6 (4) 0.08 3.53 (0.86-14.40)
rabies
Know of reports of illness as a result of bats or 2(9) 1(1) 0.03 13.90 (1.25-154.63)

being in bat cave

*NA, not applicable or not calculated; NP, logistic regression could not be performed due to zero cells; OR, odds ratio.
tPet or livestock.

fBat 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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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*

Lagos bat virus

Duvenhage virus
Lyssavirus type (species) (South Africa, 1970)

(lineage B,
Nigeria, 1956)

Mokola virus
(South Africa, 1998)

Shimoni bat virus
(Kenya, 2009)

Ikoma lyssavirus
(Tanzania, 2009)

Lyssavirus phylogroup | 1l

Year 2013 2010, 2013
No. bats tested 67 169
No. (%) bats with detectable 0 89 (53)

neutralizing antibodies

Undetermined

2013 2013 2013
60 62 64
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.

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 1I 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
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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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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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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.

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 (I). 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
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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 km? 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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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 uL of DNA extracted
from a 200 pL 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 #-test for continu-
ous variables with normal distributions or the Wil-
coxon-Mann-Whitney test for skewed distributions.
For categoric variables, we used a x? or Fisher exact
test. We calculated odds ratios (ORs) and 95% Cls by
using the Mantel-Haenszel method.
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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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Figure 1. Enroliment 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.

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% C17%-14%]) (Appendix Tables
1-3, https://wwwnc.cdc.gov/EID/article/26/7/19-
1722-Appl.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
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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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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.

Rickettsioses, Sabah, East Malaysia

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.

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 96

convalescent-phase IgG titer >160,T n = 354

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

Confirmed past infection; acute-phase 1gG titer >160 with 13 (9 [5-14]) 4 (3[1-7]) 4 (3[1-7]) 17 (12 [7-18])
stable or decreasing paired titer,f n = 145
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 1gG 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 1gG >160,1t n = 197 45 (23 [18-29]) 8 (4 [2-8]) 12 (6 [4-10]) 60 (30 [24-37))

Convalescent-phase 19G >160,f n =12

7 (58 [32-81])

3(25[9-53)) 2 (17[5-45]) 10 (83 [55-95])

*Values are no. (% [95% CIl]) 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.

Tincludes 18 patients with serologic evidence of OT/SFGR (6); OT/TGR (8); SFGR/TGR (1); OT/SFGR/TGR (3).

FIncludes 3 patients with serologic evidence of OT/TGR (2) and OT/SFGR/TGR (1).

8Includes 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).

fincludes 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

ttiIncludes 3 patients positive for OT and TGR and 2 patients positive for OT and SFGR

ftIncludes 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

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*

Confirmed  Probable p value for p value for p value for
acute acute confirmed vs. No confirmed or confirmed
rickettsial  rickettsial probable acute rickettsial probable acute acute vs. no
Characteristic infection infection infection infection  vs. no infection 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 <15y 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(14) 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 (112) 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 distresst 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) 2172 (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) 2173 (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.

TRespiratory rate >30 breaths/min or tissue oxygen saturation <96% on room air.
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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.

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
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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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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
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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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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.

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
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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

1These authors contributed equally to this article.

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



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?
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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-Appl.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 y? 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
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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
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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, yt
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).

tParents’ age range 31-73 y; mean (+ SD) age 46.5 (5.5) y.
FCategories based on (34).

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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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

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).

Invasive Meningococcal W135 Disease Vaccination

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

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.
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seemed aware of the severity and contagiousness the strongest predictors of MenACWY vaccination
of IMD, but we also identified knowledge gaps and intentions. For teenagers, the strongest predictor of
misbeliefs. Knowledge and beliefs concerning the ef-  their own vaccination intention was whether their
fectiveness of, need for, and safety of vaccines were parent(s) wanted them to be vaccinated.

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,
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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.

Acknowledgments
We thank all respondents for their participation in our study.

This research was funded by the RIVM Strategic Program
(project NO PANIC!, project no. S/123003).

About the Author

Ms. de Vries is a PhD candidate at the National Institute
for Public Health and the Environment (RIVM) in the
Netherlands. Her academic background is in sociology
and global health, and her PhD study focuses on the
analysis of public perceptions of health risks during public
health crises.

References

1. Knol MJ, Ruijs WL, Antonise-Kamp L, de Melker HE,
van der Ende A. Implementation of MenACWY
vaccination because of ongoing increase in serogroup W
invasive meningococcal disease, the Netherlands, 2018.
Euro Surveill. 2018;23. https:/ /doi.org/10.2807/1560-7917.
ES.2018.23.16.18-00158

2. RIVM. Meningokokken [cited 2019 Dec 12]. https:/ /www.
rivm.nl/ meningokokken

3. Basta NE, Becker AB, Li Q, Nederhoff D. Parental awareness
of meningococcal B vaccines and willingness to vaccinate
their teens. Vaccine. 2019;37:670-6. https:/ /doi.org/
10.1016/j.vaccine.2018.11.078

4. Dubé E, Gagnon D, Hamel D, Belley S, Gagné H,
Boulianne N, et al. Parents’ and adolescents’” willingness to
be vaccinated against serogroup B meningococcal disease
during a mass vaccination in Saguenay-Lac-St-Jean
(Quebec). Can J Infect Dis Med Microbiol. 2015;26:163-7.
https:/ /doi.org/10.1155/2015/ 732464

5. Landowska K, Waller J, Bedford H, Rockliffe L, Forster AS.
Influences on university students” intention to receive
recommended vaccines: a cross-sectional survey.
BM] Open. 2017;7:e016544. https:/ /doi.org/10.1136/
bmjopen-2017-016544

1428

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Paul B, Watson JY, Kim Chenery. Meningococcal B. Tell me
everything you know and everything you don’t know. New
Zealanders” decision making regarding an immunisation
programme. N Z Med ]. 2007;120:U2751. PMID: 17972971
Timmermans DR, Henneman L, Hirasimg RA,

van der Wal G. Parents’ perceived vulnerability and
perceived control in preventing meningococcal C infection:
a large-scale interview study about vaccination. BMC Public
Health. 2008;8:45. https:/ /doi.org/10.1186/1471-2458-8-45
Timmermans DR, Henneman L, Hirasing RA,

van der Wal G. Attitudes and risk perception of parents of
different ethnic backgrounds regarding meningococcal

C vaccination. Vaccine. 2005;23:3329-35. https:/ /doi.org/
10.1016/j.vaccine.2005.01.075

Breakwell L, Vogt TM, Fleming D, Ferris M, Briere E,

Cohn A, et al. Understanding factors affecting University

A students’ decision to receive an unlicensed serogroup B
meningococcal vaccine. ] Adolesc Health. 2016;59:457-64.
https://doi.org/10.1016/j.jadohealth.2016.06.004

Blagden S, Seddon D, Hungerford D, Stanistreet D.

Uptake of a new meningitis vaccination programme amongst
first-year undergraduate students in the United Kingdom: a
cross-sectional study. PLoS One. 2017;12:e0181817.
https://doi.org/10.1371/journal.pone.0181817

Le Ngoc Tho S, Ader F, Ferry T, Floret D, Arnal M, Fargeas S,
et al. Vaccination against serogroup B Neisseria meningitidis:
perceptions and attitudes of parents. Vaccine. 2015;33:3463~
70. https:/ /doi.org/10.1016/j.vaccine.2015.05.073

Trayner KM, Anderson N, Cameron JC. A mixed-methods
study to identify factors associated with MenACWY vaccine
uptake, barriers and motivations towards vaccination among
undergraduate students. Health Educ J. 2019;78:189-202.
https:/ /doi.org/10.1177 /0017896918796049

Larson HJ, Cooper LZ, Eskola J, Katz SL, Ratzan S.
Addressing the vaccine confidence gap. Lancet. 2011;378:
526-35. https:/ / doi.org/10.1016/50140-6736(11)60678-8
Wang LD-L, Lam WWT, Fielding R. Determinants of
human papillomavirus vaccination uptake among
adolescent girls: a theory-based longitudinal study among
Hong Kong Chinese parents. Prev Med. 2017;102:24-30.
https://doi.org/10.1016/j.ypmed.2017.06.021

Hirth JM, Batuuka DN, Gross TT, Cofie L, Berenson AB.
Human papillomavirus vaccine motivators and

barriers among community college students: considerations
for development of a successful vaccination program.
Vaccine. 2018;36:1032-7. https:/ /doi.org/10.1016/
j-vaccine.2018.01.037

Ling M, Kothe EJ, Mullan BA. Predicting intention to
receive a seasonal influenza vaccination using protection
motivation theory. Soc Sci Med. 2019;233:87-92.

https:/ /doi.org/10.1016/j.socscimed.2019.06.002

Camerini A-L, Diviani N, Fadda M, Schulz PJ. Using
protection motivation theory to predict intention to adhere to
official MMR vaccination recommendations in Switzerland.
SSM Popul Health. 2018;7:005-5.

Scherr CL, Jensen JD, Christy K. Dispositional pandemic
worry and the health belief model: promoting vaccination
during pandemic events. ] Public Health (Oxf). 2017;
39:242-50.

Wagner AL, Boulton ML, Sun X, Mukherjee B, Huang Z,
Harmsen IA, et al. Perceptions of measles, pneumonia, and
meningitis vaccines among caregivers in Shanghai, China, and
the health belief model: a cross-sectional study. BMC Pedjiatr.
2017;17:143. https:/ / doi.org/10.1186/s12887-017-0900-2
Fishbein M, Ajzen 1. Predicting and changing behavior: the
reasoned action approach. New York: Psychology Press; 2010.

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



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Morgan MG. Risk communication: A mental models approach:
Cambridge (UK): Cambridge University Press; 2002.

Claassen L, Bostrom A, Timmermans DR. Focal points for
improving communications about electromagnetic fields and
health: a mental models approach. ] Risk Res. 2016;19:246-69.
https:/ /doi.org/10.1080/13669877.2014.961519

Galada HC, Gurian PL, Corella-Barud V, Pérez FG,
Veldzquez-Angulo G, Flores S, et al. Applying the mental
models framework to carbon monoxide risk in northern
Mexico. Rev Panam Salud Publica. 2009;25:242-53.

https:/ /doi.org/10.1590,/51020-49892009000300008

Wagner K. Mental models of flash floods and landslides.
Risk Anal. 2007;27:671-82. https:/ /doi.org/10.1111/
j.1539-6924.2007.00916.x

Zaksek M, Arvai JL. Toward improved communication
about wildland fire: mental models research to identify
information needs for natural resource management.

Risk Anal. 2004;24:1503-14. https:/ /doi.org/10.1111/
j.0272-4332.2004.00545.x

Southwell BG, Ray SE, Vazquez NN, Ligorria T, Kelly BJ.

A mental models approach to assessing public understand-
ing of Zika virus, Guatemala. Emerg Infect Dis. 2018;24:938-
9. https:/ /doi.org/10.3201/eid2405.171570

Downs JS, de Bruin WB, Fischhoff B. Parents’ vaccination
comprehension and decisions. Vaccine. 2008;26:1595-607.
https:/ /doi.org/10.1016/j.vaccine.2008.01.011

Bostrom A. Vaccine risk communication: lessons from risk
perception, decision making and environmental risk
communication research. Risk. 1997;8:173.

Bruine de Bruin W, Bostrom A. Assessing what to

address in science communication. Proc Natl Acad Sci U

S A. 2013;110(Suppl 3):14062-8. https:/ /doi.org/10.1073/
pnas.1212729110

Foundation Vaccine-Free. Stichting Vaccinvrij [cited 2018
Aug 10]. https:/ /stichtingvaccinvrij.nl

Dutch Association Vaccine Critical. Nederlandse Vereniging
Kritisch Prikken [cited 2018 Aug 10]. https:/ /www.nvkp.nl

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

32.

33.

34.

35.

36.

37.

38.

39.

Invasive Meningococcal W135 Disease Vaccination

Breiman L. Random forests. Mach Learn. 2001;45:5-32.
https://doi.org/10.1023/ A:1010933404324

Liaw A, Wiener M. Classification and regression by
randomForest. R News. 2002;2:18-22.

Centraal Bureau voor de Statistiek. Standaard
Onderwijsindeling 2006 [cited 2020 Apr 28]. https://www.
cbs.nl/nl-nl/onze-diensten/ methoden/ classificaties/
onderwijs-en-beroepen/standaard-onderwijsindeling--soi--/
standaard-onderwijsindeling-2006

Baboe Kalpoe S, Benschop KSM, van Benthem BHB,
Berbers GAM, van Binnendijk R, Bodewes R, et al. The
National Immunisation Programme in the Netherlands:
surveillance and developments in 2018-2019 [cited

2020 Apr 24]. https:/ /www.rivm.nl/en/bibcite/
reference/ 327621

Newacheck PW, Wong ST, Galbraith AA, Hung Y-Y.
Adolescent health care expenditures: a descriptive profile.
J Adolesc Health. 2003;32(Suppl):3-11. https:/ /doi.org/
10.1016/51054-139X(03)00064-8

Manganello JA. Health literacy and adolescents: a
framework and agenda for future research. Health Educ Res.
2008;23:840-7. https:/ /doi.org/10.1093 /her/cym069
Bijlsma MW, Bekker V, Brouwer MC, Spanjaard L, van de
Beek D, van der Ende A. Epidemiology of invasive
meningococcal disease in the Netherlands, 1960-2012:

an analysis of national surveillance data. Lancet Infect
Dis. 2014;14:805-12. https:/ /doi.org/10.1016/
S1473-3099(14)70806-0

Brunson EK. The impact of social networks on parents’
vaccination decisions. Pediatrics. 2013;131:€1397-404.
https:/ /doi.org/10.1542/peds.2012-2452

Address for correspondence: Marion de Vries, National
Institute for Public Health and the Environment (RIVM),
PO Box 1, 3720 BA Bilthoven, The Netherlands; email:
marion.de.vries@rivm.nl

1429



RESEARCH

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

Stephen A. McCurdy, Catherine Portillo-Silva, Carol L. Sipan, Heejung Bang, Kirt W. Emery

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.

occidioidomycosis (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
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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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(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
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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
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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-
domyecosis (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% Cls 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
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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 1b; 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.

Table 1. Selected demographic and health characteristics of 203
Hispanic farm workers evaluated for coccidioidomycosis, Kern
County, California, USA, 2016—2018*

Case-patients, Controls,
Characteristic n=110 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
IQOR 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 33 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)
Pregnancyt 12 (27) 39 (74)
*IQR, interquartile range.
TPercentage 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 dustexposureis
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

Table 2. Selected occupational exposures and associations with coccidioidomycosis among 203 Hispanic farm workers, Kern County,

California, USA, 20162018

Adjusted odds ratio

Characteristic Cases, no. (%), n =110 Controls, no. (%), n = 93 (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 yeartt

Root and bulb vegetable cropst$ 23 (21) 8(9) 3.0(1.2-7.1)

Near-ground cropst§ 76 (69) 76 (81) 0.5(0.3-1.0)

Tree cropstq 60 (55) 41 (44) 1.4 (0.8-2.5)
Work with specified crop in past yeart#

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 yeart**

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.

tCategories are not mutually exclusive; reference group is all participants not working in specified category.

FRoot 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.

fTree 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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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)
Fatigue or weakness 91 (83)
Cough 74 (67)
Night sweats 73 (66)
Weight lossT 73 (66)
Fever 72 (65)
Chest pain 71 (65)
Shortness of breath 66 (60)
Difficulty breathing 66 (60)
Hospitalizedt 52 (47)
Missed work§ 88 (80)

72 (77) 4.4 (1.4-14.2)
52 (56) 3.7 (1.9-7.2)
38 (41) 3.0 (1.6-5.3)
34 (37) 3.2 (1.8-5.8)
40 (43) 2.6 (1.4-4.7)
29 (31) 4.0 (2.2-7.4)
29 (31) 3.8 (2.1- 7.0)
25 (27) 4.3(2.3-7.9)
34 (37) 2.8 (1.5-4.9)
24 (26) 2.3 (1.2-4.4)
45 (48) 4.0 (2.1-7.7)

*Adjusted for age and sex.

tMedian (interquartile [IQR]) weight loss, in pounds, by case-patients vs. controls 10 (0-18) vs. 0 (0-10); p = 0.003, Kruskal-Wallis test.
fMedian (IQR) nights hospitalized for case-patients vs. controls 0 (0-5) vs. 0 (0-1); p = 0.002, Kruskal-Wallis test.
8§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.

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 pafiuelo, 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
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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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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 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% CIl 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.

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
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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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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 ina
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-Appl.pdf).

We extracted insurance billing records of enroll-
ees with ICD-9-CM codes for cat-scratch disease and
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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 y? 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% Cls. 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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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 fallt 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)

*Qutcome for risk ratio calculations was development of atypical cat-scratch disease.

tAugust, September, October, and November.
fFebruary, March, April, May, June, July, and December.

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
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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).

Figure 1. Age and sex
distribution of patients with
atypical cat-scratch disease,
United States, 2005-2014.
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Figure 2. Seasonal variation of atypical and typical cat-scratch
disease by month of diagnosis, United States, 2005-2014.

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
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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% CI0.12-0.43).

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;

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: lllinois, Indiana, lowa, 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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Table 2. Demographic characteristics for patients by manifestation of atypical cat-scratch disease, United States, 2005-2014

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

Characteristic No. (%) M F 0-14 1549 50-64 no. (%)
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.

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
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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.

Figure 4. Seasonal variation
of atypical cat-scratch disease
manifestations by month of
diagnosis, United States,
2005-2014.
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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 monthst 20 (35.7) 89 (53.0) Referent
Residence in southern state 36 (64.3) 93 (565.4) 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.
TFebruary, March, April, May, June, July, and December.

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

Pieter P.A. Lestrade, Jochem B. Buil, Martha T. van der Beek, Ed J. Kuijper, Karin van Dijk,
Greetje A. Kampinga, Bart J.A. Rijnders, Alieke G. Vonk, Sabine C. de Greeff, Annelot F. Schoffelen,
Jaap van Dissel, Jacques F. Meis, Willem J.G. Melchers, Paul E. Verweij

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% Cl 5.9%—9.8%) in 2013
(58/760 patients) to 14.7% (95% Cl 12.3%—17.4%) in 2018
(112/764 patients) (p = 0.0001). TR,,/L98H (69%) and TR,/
Y121F/T289A (17%) accounted for 86% of Cyp51A muta-
tions. However, the mean voriconazole MIC of TR,,/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 TR, /L98H isolates, which
hampers the use of current PCR-based resistance tests.
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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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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

1448

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% Cls 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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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*

No. resistant/no. screened (%)

Surveillance center 2013 2014 2015 2016 2017 2018
Erasmus MC, Rotterdam 10/231 (4.3) 10/265 (3.8) 7/22 (31.8)t 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)F 101/784 (12.9) 114/774 (14.7) 112/764 (14.7)

*MC, medical center; UMC, university medical center.
tOnly a limited number of patients was screened for azole resistance.

fCalculation of resistance frequency did not include the cases of Erasmus MC.

>1 triazole. TR,,/L98H was the most frequently ob-
served resistance mechanism and was present in 445
(69%) azole-resistant A. fumigatus isolates, whereas
TR,,/Y121F/T289A was present in 111 (17%) iso-
lates. Of 445 TR,,/.98H isolates, 24 had >1 addition-
al polymorphisms in the Cyp51A gene (F4951, n = 9;
Q259H, n =5; S297T, n = 4; D262N, n = 1; N326H, n =
1, P337L, n=1; Y341H, n = 1; 1364V, n = 1; G328A, n
=1; and L399V, n = 1). In addition, 8 TR,,/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
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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 TR, /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

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,
TR,,/L98H; TR46, TR /Y121F.
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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*

No. (%) isolates

Voriconazole classification (no. isolates) Itraconazole

Posaconazole Isavuconazole

Voriconazole-susceptible (18)

Susceptible 0 1(5.6) 6/16 (37.5)

Intermediate 1(5.6) 2(11.2) 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).

itraconazole- and posaconazole-susceptible but isavu-
conazole-resistant. Three of these isolates harbored the
TR,,/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 TR,,/L98H
genotype, although in 4 isolates no Cyp51A mutations
were detected.

TR,,/L98H is associated with high resistance to
itraconazole, which was the case in 438 of 445 (98%)
isolates, although TR, /Y121F/T289A is associated
with high voriconazole resistance, which was found
inall 111 TR,/ Y121F /T289A isolates (Figure 2). Thir-
ty-five of 111 (32%) TR,/ 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 TR,,/L98H (Figure 4, panel A). Voriconazole
MIC distributions were significantly different when
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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 TR,,/L.98H isolates
were not classified as voriconazole-resistant, whereas
49 (4%) of 108 (45%) TR,,/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 F495] mutation in TR,,/L98H
isolates was shown to be associated with reduced
resistance to voriconazole (16), all 106 voriconazole-
nonresistant TR,,/L98H isolates were checked for the
presence of this mutation. Only 8 TR,,/L.98H isolates
were found to harbor the F495] 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 TR,,/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 TR,,/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-Appl.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
TR,,/L98H isolates remained isavuconazole-resistant
based on the EUCAST breakpoint. The isavuconazole
MIC distributions were significantly different when
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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 TR,,/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 TR,,/L98H and
TR,,/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
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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

Figure 2. Triazole-resistance classification in 555 Aspergillus
fumigatus isolates harboring TR,,/L98H and TR, /Y121F/T289A
resistance mutations, as observed in a national multicenter
surveillance program in the Netherlands, 2013-2018. A)
ltraconazole TR,,/L98H. B) Voriconazole TR,,/L98H. C)
Posaconazole TR, /L98H. D) Isavuconazole TR, /L98H. E)
Itraconazole TR, /Y121F/T289A. F) Voriconazole, TR, /Y121F/
T289A. G) Posaconazole TR, /Y121F/T289A. H) Isavuconazole
TR,/Y121F/T289A. |, intermediate; R, resistant; S, susceptible.
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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.

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 TR,,/L98H isolates can
be explained. One possibility is that TR,,/1L.98H iso-
lates harbor additional mechanisms or compensato-
ry mutations that affect the overall azole-resistance
phenotype. Additional changes in peptide sequence
of the 14-a-sterol demethylase enzyme have been re-
ported in TR,,/L98H isolates, such as F495I, which
confers resistance to imidazole (16). Recombination
experiments showed that recombinants with S297T/
F4951 in the TR,,/L98H background conferred high
resistance to imidazole but also produced lower
voriconazole MICs compared with the TR,,/L98H
parent strain (16). Because TR,, 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 F495] 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 TR,,/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
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3-hydroxy-3-methyl-glutaryl-coenzyme A reductase-
encoding gene (hmgl) (23). Mutations in the hmgl
gene resulting in peptide sequence changes were
found to be frequent in TR,,/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 TR,,/L98H phenotypes.

The main clinical implication of the observed
phenotypic variation in TR, /L98H relates to direct
detection of resistance mutations through PCR tests.
Several commercial PCR tests are available that en-
able detection of TR,,/L.98H and TR,/ 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 TR/ Y121F/
T289A mutation detection is uniformly associated
with resistance to voriconazole, the wide spectrum
of voriconazole MICs in TR,,/L.98H 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
TR,,/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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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
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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

Figure 4. Trends in voriconazole
(A) and isavuconazole (B) MIC
distributions in Aspergillus
fumigatus harboring TR,/

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% Cls are plotted for each
year as a line with error bars.
The clinical interpretation

is shown on the right of the
diagram. |, 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.
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Large Nationwide Outbreak
of Invasive Listeriosis
Associated with Blood Sausage,
Germany, 2018-2019
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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.

isteriosis 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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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,

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

Nationwide Outbreak of Listeriosis, Germany

http:/ /wwwnc.cdc.gov/EID/article/26/7/20-0225-
Appl.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 QlAamp 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 pL 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
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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-
lonl, was identified by using cgMLST. Epsilonl 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 Epsilonl 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 Epsilonl 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 Epsilonl
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-
silonla, and SNP distances in this cluster ranged from
0-3 SNPs (median 0). The 2 earlier CT4465 isolates were
separated from the Epsilonla 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-
lonla clone and the outbreak strain from South Africa
(11), CT5886 (Figure 1; Appendix Figure 2).
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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 Epsilonla 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 Epsilonla 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 Epsilonla 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 Epsilonla 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). Epsilonla clones carried the same
complement of internalin genes as other serogroup
IVDb 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
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is consistent with the intrinsic resistance of L.
monocytogenes and the absence of additional resis-
tance determinants, as suggested by the resistome

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 Epsilonla subcluster; blue indicates food isolates of
Epsilonla subcluster; pink indicates isolates from the Epsilonl
cluster; violet indicates 2 complex type 4465 isolates not belonging
to Epsilonla 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/
ElID/article/26/7/20-0225-App1.pdf). Scale bar indicates allelic
substitutions per site. SNP, single-nucleotide polymorphism.
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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 Epsilonla 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.

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, Epsilonla and Epsi-
lon1 isolates demonstrated increased tolerance to
benzalkonium chloride compared with ST6 or se-
rogroup IVDb 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;
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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 3. Tolerance of isolates
of Listeria monocytogenes
from subcluster Epsilonla in
Germany to benzalkonium
chloride. Three representative
isolates from human listeriosis
clusters Epsilonla, Epsiloni,
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 Epsilonl.
Epsilonla and Epsilonl
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

Nationwide Outbreak of Listeriosis, Germany

differences to Epsilon1a (p<0.01) calculated by using the Student t-test. CT, complex type; Eps1, Epsilonl; Epsla, Epsilonla;

Lam2, Lambda2; nonEps1, nonEpsilonl; ST, sequence type.

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 x 10° 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 Epsilonla 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 Epsilonla isolate was collected on April 18,
2019. In contrast, Epsilonl isolates not belonging to
the Epsilonla cluster caused disease even after the
end of the Epsilonla 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.
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Discussion

The Epsilonla 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 Epsilonla 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 x 107 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 Epsilonla 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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Table. Results of multivariable analysis of risk for infection by
food consumption from a case-control study during listeriosis
outbreak, Germany 2018-2019*

Food item Odds ratio (95% CI)T p value
Minced meat 42.4 (4.3-415.1) 0.001
Blood sausage 23.1 (4.3-123.5) <0.001
Cold cuts, including roast 15.4 (2.9-82.1) 0.001
pork and Kassler

Edamer cheese 7.3 (1.6-32.8) 0.009
Smoked hami 0.06 (0.0-0.4) 0.003
Hard cheeset 0.2 (0.0-0.9) 0.038

*Includes 40/41 cases and 99/155 controls that confirmed shopping at the
implicated supermarket chain.

tAdjusted for age, gender, and residence in northern or southern region.
FSmoked ham and hard cheese are confounders for cold cuts and Edamer
cheese.

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

Pablo Martinez De Salazar,' René Niehus,* Aimee Taylor,! Caroline O’Flaherty Buckee, Marc Lipsitch

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.

Anovel 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).
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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

These authors contributed equally to this article.
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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
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Table. Surveillance capacity of locations with and without
imported-and-reported cases of severe acute respiratory
syndrome coronavirus 2, 2020*

No. locations
Surveillance capacity 0 cases >1 case Total
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.

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, C, denotes the imported-and-
reported case count in a location, A, denotes the expect-
ed case count in a location,  denotes the regression
coefficient, and x, 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 f, the maximum likelihood estimate of
p, 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 # locations with replace-
ment among high surveillance locations. Then, we re-
estimated f§ 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 f 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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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

Identifying Locations with Imported SARS-CoV-2

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.

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
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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 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 setto 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.

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
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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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High Contagiousness and Rapid
Spread of Severe Acute Respiratory
Syndrome Coronavirus 2

Steven Sanche?, Yen Ting Lint, Chonggang Xu, Ethan Romero-Severson, Nick Hengartner, Ruian Ke

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 (R,) 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 R
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.

evere 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
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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 (R, 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 R 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

These first authors contributed equally to this article.
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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.
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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-Appl.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:/ /gianxi.
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 R and Effect of Intervention Strategies

We considered realistic distributions for the latent
and infectious periods to calculate R. We described
the methods we used to calculate R 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
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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% C18.0-17.3 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

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% Cls.
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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.

population [* in Wuhan, I*(f) = e*%, where I* in-
cludes infected persons who are asymptomatic or
symptomatic, r is the exponential growth rate, and ¢,
is the theoretical time of the exponential growth initi-
ation, so that I'(t)) = 1 in the deterministic model. We
call ¢, 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 ¢, 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 ¢, (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% CI1.9-3.3 days). t,is estimated to be December 20,
2019 (95% CI December 11-26). As we show later, there
exist larger uncertainties in the estimation of .
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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 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.

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
(t,) 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,
t,would 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
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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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Estimating R,

The basic reproductive number, R, 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, R is in general high and
the longer the latent and the infectious periods, the
higher the estimated R, (Appendix 2 Figure 6).

To derive realistic values of R, 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 R to
be 5.8 (95% C14.4-7.7) (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 R is 5.7 (95% CI of 3.8-8.9) (Figure
5, panel B). The estimated R 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

Figure 5. Estimation of the
basic reproductive number
(R,), derived by integ