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Outbreak of Nontuberculous
Mycobacteria Joint Prosthesis
Infections, Oregon, USA, 2010–2016
Genevieve L. Buser,1,2 Matthew R. Laidler,1 P. Maureen Cassidy,
Heather Moulton-Meissner, Zintars G. Beldavs, Paul R. Cieslak

We investigated a cluster of Mycobacterium fortuitum and
M. goodii prosthetic joint surgical site infections occurring
during 2010–2014. Cases were defined as culture-positive
nontuberculous mycobacteria surgical site infections that
had occurred within 1 year of joint replacement surgery performed on or after October 1, 2010. We identified 9 cases
by case finding, chart review, interviews, surgical observations, matched case–control study, pulsed-field gel electrophoresis of isolates, and environmental investigation; 6
cases were diagnosed >90 days after surgery. Cases were
associated with a surgical instrument vendor representative
being in the operating room during surgery; other potential
sources were ruled out. A tenth case occurred during 2016.
This cluster of infections associated with a vendor reinforces that all personnel entering the operating suite should follow infection control guidelines; samples for mycobacterial
culture should be collected early; and postoperative surveillance for <90 days can miss surgical site infections caused
by slow-growing organisms requiring specialized cultures,
like mycobacteria.

R

apidly growing environmental nontuberculous mycobacteria (NTM), including Mycobacterium abscessus,
M. chelonae, and M. fortuitum, are uncommon but recognized causes of difficult-to-eradicate implant-associated infections (1–3). NTM prosthetic joint surgical site infections
are associated with severe disease and require debridement,
prosthesis excision, and prolonged administration of intravenous and broad spectrum antimicrobial drugs before
prosthesis reimplantation (3,4). Such infections can result
from inoculation of the surgical field or prosthesis during
a surgical or medical procedure or from environmental
contamination during the early postoperative period (5). A
common potential source of infection, contaminated water,
is not always identified despite thorough investigation (6).
Author affiliations: Oregon Health Authority, Portland, Oregon,
USA (G.L. Buser, M.R. Laidler, P.M. Cassidy, Z.G. Beldavs,
P.R. Cieslak); Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (H. Moulton-Meissner)
DOI: https://doi.org/10.3201/eid2505.181687

A less common source of implant-associated infections is
transient NTM colonization of human hair and body sites
(7,8). Rahav et al. showed how a hirsute surgeon, colonized with M. jacuzzii through frequent hot tub use, shed
organisms during multiple breast implant surgeries (7).
The investigators halted the outbreak by decolonizing the
surgeon’s skin and hair and increasing operative infection
control barriers.
In Oregon, USA, nonpulmonary, non–Mycobacterium
avium complex NTM invasive isolates are uncommonly
identified. During 2005–2006, a statewide laboratory survey of clinical microbiology isolates identified 28 M. fortuitum–group and 3 M. goodii isolates (9). During 2011,
however, infection preventionists from 2 hospitals in the
same region of Oregon reported 2 M. goodii prosthetic hip
infections in close succession (cases 1 and 2; Table). A lack
of additional cases that year precluded finding a statistical
association with a common source. On January 1, 2014, extrapulmonary NTM isolates became reportable in Oregon
(10). In May 2014, the same 2 hospitals and a third hospital
in the region reported 4 M. fortuitum infections after prosthetic hip and knee implantations performed during July–
December 2013 (cases 3, 4, 6, and 7). Root-cause analysis
did not identify a common source. We launched an epidemiologic investigation to describe the cluster, determine
the infection source, and guide control measures.
Methods
Case Definition and Ascertainment

We reviewed surgical site infection cases reported by Oregon hospitals to the National Healthcare Safety Network
(NHSN) during January 2009–May 2014 (11). A case was
defined as a culture-positive NTM prosthetic joint surgical site infection within 1 year of joint replacement surgery
performed in an Oregon patient on or after October 1, 2010.
These authors were co-principal investigators and contributed
equally to this article.

1

Current affiliation: Providence Health and Services, Portland,
Oregon, USA.

2
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Table. Characteristics of 9 nontuberculous mycobacterial knee and hip prosthetic joint SSIs at multiple hospitals, Oregon, 2010–2014*
Case
Mycobacterium
Time to
SSI to
Time to
no.
Prosthesis type Procedure year
SSI type
species
SSI, d†
culture, d‡
culture, d§
1
Hip
2010
Unknown
M. goodii
157
0
157
2
Hip
2010
Organ space
M. goodii
35
35
70
3
Knee
2013
Deep incision
M. fortuitum
70
22
92
4
Knee
2013
Superficial incisional
M. fortuitum
85
0
85
5
Hip
2013
Organ space
M. fortuitum
78
54
132
6
Knee
2013
Organ space
M. fortuitum
69
34
103
7
Knee
2013
Organ space
M. fortuitum
69
30
99
8
Hip
2014
Suture abscess
M. fortuitum
86
14
100
9
Hip
2014
Organ space
M. fortuitum
83
1
84

*SSI identification date: National Health Safety Network event date, chart review, or specimen culture collection date. Case 10 not included in analysis.
SSI, surgical site infection.
†From time of surgery to SSI identification date. Median 78 d.
‡From time of SSI identification to mycobacterial specimen culture collection date. Median 22 d.
§From time of surgery to mycobacterial specimen culture collection date. Median 99 d.

NHSN uses standardized definitions to harmonize healthcare-associated infection surveillance across US medical
facilities. Oregon hospitals have been required to report
knee prosthesis infections since 2009 and hip prosthesis
infections since 2011. To identify cases not captured by
NHSN surveillance, we queried healthcare providers within Oregon by using the Oregon Health Alert Network (12)
and nationally by using Epi-X (13) and MedWatch (14).
Chart Review

Case medical charts were reviewed by epidemiologists
who used a modified version of the Centers for Disease
Control and Prevention (CDC) healthcare-associated infection chart abstraction form to identify common exposures
(e.g., hospital, surgery date, surgery type, prosthesis type
and brand, surgeon, anesthesiologist, surgical assistants,
vendor representatives, medications, surgical joint cement,
and location to which patient was discharged) (15,16). We
reviewed the following patient characteristics and exposures: municipal water source by address, postoperative
wound care, and rehabilitation facility. To delineate the
timeline of NTM surgical site infection identifications, we
calculated 1) time from implantation surgery date to surgical site infection identification date, 2) time from surgical
site infection identification date to mycobacterial culture
specimen collection date, and 3) total time from implantation surgery date to mycobacterial culture specimen collection date (Figure 1). Surgical site infection identification date was defined as 1) NHSN event date; 2) date of
clinical diagnosis as determined by chart review, if NHSN
event date unavailable; or 3) specimen collection date, if
information for the first 2 criteria was unavailable. Rapidly
growing NTM are typically detected after 7–10 days of incubation on mycobacterial growth media.

been performed. We observed 3 joint prosthesis surgeries to
assess general surgical procedures, generate hypotheses, and
identify potential sources of surgical site contamination.
Case–Control Study

To test associations between infection and exposures ascertained from chart review, including surgery records, we
performed a 1:4 matched case–control study. We matched
controls by hospital and type of prosthesis surgery (hip vs.
knee) and restricted controls to surgeries performed within
6 months of the matched-case surgery date. Variables evaluated included surgeon, other operating room staff, time of
day of surgery, patient age (>65 vs. <65 years), orthopedic
device manufacturer, and surgeon orthopedic practice. We
conducted analysis by using exact methods for matched
data (SAS version 9.3, https://www.sas.com).
Investigation of Clinical Specimens and Environment

Clinical isolates were available from all patients. Identification of isolates was confirmed by 16s rRNA gene sequencing. Pulsed-field gel electrophoresis (PFGE) was performed
at CDC (National Center for Emerging and Zoonotic Infectious Diseases, Division of Healthcare Quality Promotion) as
follows: chromosomal DNA was digested with the restriction endonuclease AseI (17), and restriction fragments were
separated with a CHEF Mapper XA Pulsed-Field Electrophoresis System (Bio-Rad Laboratories, http://www.bio-rad.
com) and analyzed for relatedness by BioNumerics software
(Applied Maths, http://www.applied-maths.com). Similarity of PFGE patterns was based on Dice coefficients, and a

Interviews and Observations

To ascertain surgical instrument sterilization and implant
inventory management practices, we interviewed infection
preventionists in the 4 hospitals where case surgeries had
850

Figure 1. Time interval definitions used in investigation of
mycobacterial prosthetic joint SSIs, Oregon, USA, 2010–2016.
SSI, surgical site infection.
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dendrogram was built by using the unweighted pair group
method. The Tenover criteria were used to classify comparisons of patient isolate PFGE patterns as indistinguishable
(100% similarity), closely related (1–3-band difference),
possibly related (4–6 band difference), or unrelated (>7 band
difference) (18). Environmental investigation was based on
investigation results, findings from published NTM investigations (7,8), and expert consultation with CDC.

identification was 35–157 (median 78) days (Table), from
surgical site infection identification to mycobacterial specimen collection was 0–54 (median 22) days, and from implantation to specimen collection for mycobacterial culture
was 70–157 (median 99) days. For 6 (67%) patients, >90
days elapsed between implantation and collection of the
specimen for mycobacterial culture that yielded NTM.

Results

NTM surgical site infections were significantly associated with implantation of a brand A prosthesis (unadjusted
matched odds ratio [mOR] 27.7, 95% CI 5.3–∞; p = 0.0002),
with surgeon A (mOR 15.4, 95% CI 2.3–∞; p = 0.016), and
with the presence of person A (a brand A vendor) in the
operating room during surgery (mOR 32.4, 95% CI 6.3–∞;
p = 0.0001). All case-patients had brand A prostheses implanted, but the devices and lot numbers differed. Surgeon A
was present at only 3 of the 9 surgeries and did not perform
any surgeries at 2 of the hospitals. Person A was the brand
A prosthesis vendor representative at all 4 hospitals, and operating room records documented person A’s presence at all
surgeries except that of case 5 (8 [89%] of 9 patients).

Descriptive Epidemiology

In addition to the 2 cases of unknown exposure source from
2011 and the 4 cases reported during May 2014, review of
NHSN data identified a previously unreported case of M.
fortuitum prosthetic hip infection from the same Oregon
healthcare region during 2013 (case 5). Queries of the Oregon
Health Alert Network, Epi-X, and MedWatch did not identify
additional cases or prosthesis recalls in Oregon or other US
states. Cases 8 and 9 occurred during the investigation (Table).
We identified a total of 7 M. fortuitum and 2 M. goodii
surgical site infections involving 4 knee and 5 hip prostheses; 5 were deep organ space infections. Patients were
46–79 (median 68) years of age, and 5 were female and 4
male; none had signs of infection at the time of prosthesis
placement. Surgeries were performed at 4 hospitals by 6 different surgeons. Surgeries were performed during October
2010–June 2014; corresponding infection onsets occurred
during January 2011–September 2014. Cases clustered in
July (3 cases) and October (3 cases); others occurred in
May, June, November, and December (1 case each) (Figure
2). Time from implantation surgery to surgical site infection

Case–Control Study

Interviews and Observations

During 3 observed surgeries (not attended by person A),
lapses in operating room infection control standards by other prosthesis vendor representatives were observed. Lapses
included uncovered arms, uncovered hair and beards, and
breaches of the vertical sterile field boundary over the surgical instrument table.
Infection preventionists reported that vendors regularly
transport loaner instruments for prosthetic surgeries between
Figure 2. Time intervals
between knee and hip
prosthetic joint surgery to
collection of surgical site
mycobacterial cultures yielding
related nontuberculous
mycobacteria, multiple
hospitals, Oregon, 2010–2014
(n = 9). Numbers indicate
total number of days from
surgery (black dots) to culture
collection (gray dots). Case 10
is not included.
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hospitals; hospital policies require, and infection preventionists confirmed, that before surgical use such instruments are
reprocessed according to each facility’s internal standards.
Person A reported similar loaner instrument practices and did
not report using or transporting other undocumented tools or
instruments into the surgeries involved in the outbreak reported here. None of the 4 hospitals reported failures of biological
indicators of sterilization during the period investigated.
Clinical Specimens

PFGE indicated that M. goodii isolates from cases 1 and 2
were closely related. M. fortuitum isolates from cases 7 and
9 were indistinguishable (100% similarity). Isolates from
cases 3, 4, 5, and 6 were closely related to isolates from
cases 7 and 9 (1–3 band differences, >89% similarity); and
the isolate from case 8 was possibly related to isolates from
cases 3, 4, 5, 6, 7, and 9 (4–6 band differences, >87% similarity) (Figure 3).
Environmental Specimens

On the basis of the above findings, on 1 day we collected
environmental and human samples from the home of person A. Environmental samples were collected from person
A’s hot tub water, filter, cover, and headrest; bathroom
showerhead and faucet aerators; washing machine; cell
phone; and touch computer screen. Human samples from
person A included skin; scalp hair; eyebrows; facial hair;
and swab specimens of nares, ears, and hands. Specimens
were shipped directly to CDC for immediate processing
and culture. Acid-fast isolates were identified by 16s rRNA
sequencing. On the same day as sample collection, a registered environmental health specialist reviewed person A’s
hot tub maintenance processes on site.
In total, we collected 16 environmental samples from
person A’s residence and 9 samples directly from person

A. M. fortuitum was isolated from person A’s hands, but
the strain was genetically unrelated to the outbreak isolates
(Figure 3). Culture of environmental samples yielded heavy
growth of non-NTM bacteria, and none yielded slow-growing NTM. Person A reported doing yard work and using
a personal outdoor hot tub daily; however, hot tub water
chlorination and pH were not routinely monitored. At the
time of specimen collection, hot tub water pH was >8.0
(optimal pH for chlorinated tubs is 7.4–7.6) (19).
Infection Control Response

When cases 8 and 9 were reported during the investigation,
the Oregon Health Authority Public Health Division recommended immediate sequestration of remaining unused, packaged brand A products and that person A complete infection
control training consistent with guidance from the Association of periOperative Registered Nurses before returning to
the operating suite (20). Hospitals involved in the outbreak
required infection control training for all persons entering
the operating rooms, including vendors. Operating room audits were increased to monitor guideline compliance of all
staff. Person A was advised to use hot tub disinfection and
chlorination practices consistent with the manufacturer’s
recommendations. Person A returned to work 2 months later.
Follow-Up

After 28 months of no reported outbreak cases, hospital B
identified an M. fortuitum superficial surgical site infection 37 days after a knee prosthesis replacement surgery
in which a brand B prosthetic was used (case 10). The new
isolate was closely related to that of the outbreak by PFGE
(3-band difference), suggesting epidemiologic linkage to
the outbreak cases (Figure 3). Surgeons other than those
involved in the original outbreak series performed the surgery; however, the vendor present was person A.

Figure 3. Dendrogram of 8 Mycobacterium fortuitum isolates associated with prosthetic joint surgical site infections, multiple hospitals,
Oregon, 2013–2016. Boxes indicate group relatedness according to pulsed-field gel electrophoresis: solid lines, indistinguishable (no
band difference); dashed lines, closely related (1–3 band difference); dotted lines, possibly related (4–6 band difference). Differences of
>7 bands indicate not related. Rep, representative.
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Discussion
Although we identified no common intraoperative water
or fomite source, this uncommon geotemporal and PFGElinked cluster of NTM prosthetic joint surgical site infections was statistically associated with the presence of a
non–hospital employee (the prosthetic joint vendor, person
A). Although the outbreak strain was not isolated from
person A, epidemiologic evidence suggests repeated introduction of the NTM outbreak strains into multiple knee
and hip prosthetic joint surgeries over 6 years and across
4 facilities. Other reports have suggested the possibility of
NTM human colonization—made possible by repeated exposure to hot tub water, which, when coupled with lapses
in infection control practices, leads to the entry of NTM via
squamous epithelial cells or body hair shed into the sterile field (7,8,21,22). Other hypotheses include an as-yetunidentified instrument fomite associated with person A,
for which the usual hospital policy for loaner instrument
sterilization was circumvented (23). However, sterilization
process failures were not identified at any of the facilities,
making simultaneous contamination of an instrument or instruments at 4 different hospitals implausible.
Most NTM surgical site infection investigations have
focused on contamination by nonsterile water but did not
identify a contaminated water source (4,6,24). Modern operating suites are constructed to avoid this known risk. Of
note, isolation of an NTM strain from person A’s hands
supports the biological plausibility of transmission via
healthcare worker contact. Persistent hand and skin colonization with NTM organisms could occur after contact
with soil and water sources and other outdoor activities.
Hot tubs are a known source of NTM infections, including M. fortuitum infections, presumably via water droplets
(25). There is evidence that NTM can be transmitted via
colonized persons, from contaminated water sources such
as hot tubs, to the sterile surgical field, leading to surgical
site infections (7,8). Of note, the pH of person A’s hot tub
water at the time of the environmental investigation was
>8, which is ineffective for disinfection (19).
Because NTM are widespread and colonization can
occur at any time, adherence to perioperative infection control guidelines by all operating suite personnel, including
vendors, is necessary (20,23). Vendors are active members
of the operating team and should be required to complete
infection control training that meets hospital standards for
other operating room personnel. Hospitals should consider
sharing surgical site infection rates with product vendors to
highlight their accountability in preventing surgical site infections. Even without direct patient contact, vendors could
be vectors that transmit pathogens into the operating room
environment via rectal or nasal colonization, spread shed
skin and hair cells via air currents, or transport contaminated fomites into the operating suite (26,27).

The unusual organisms involved enabled detection of
this outbreak of prosthetic joint–associated surgical site
infection and the subsequent search for a source. If the
pathogens had been more common surgical site infection–
associated skin colonizers, such as coagulase-negative
staphylococci, this outbreak could have remained undetected and persisted indefinitely. Indeed, it is possible that
more typical surgical site infections stem from the operating room presence of vendors or others for whom infection
prevention standards are overlooked.
Identifying and linking NTM surgical site infections is challenging for multiple reasons. Surgical teams,
including vendors, can rotate among multiple hospitals,
decreasing the likelihood that epidemiologically related
cases will be recognized as such. Although culture on
mycobacteria-specific media improves yield, mycobacterial cultures are often not sent until after the initial bacterial cultures are negative, resulting in an apparent delay
in identification of NTM surgical site infection; in 6 of
9 cases in this outbreak, mycobacteria were first grown
from specimens obtained >90 days postoperatively. In
2015, when NHSN shortened the postoperative infection
surveillance period after knee and hip prosthesis implantation surgeries from 365 to 90 days, surveillance may
have shifted toward detection of acute bacterial infections
and away from detection of slow-growing NTM infections, which require special culture media.
Since January 2014, Oregon has required laboratories to report extrapulmonary NTM infections, and cases
are routinely investigated by public health officials (10).
From January 2014 through December 2017, a total of
150 cases were reported, including 2 clusters: M. fortuitum infections associated with abdominoplasty in an ambulatory surgery center and M. haemophilum infections
associated with using water from a water cooler to dilute
tattoo ink before subcutaneous injection (28,29). To assist surveillance in other states and territories, in 2017 the
Council for State and Territorial Epidemiologists adopted
a standardized case definition for extrapulmonary NTM
infections (30). In the presence of a 90-day postoperative surveillance period, state surveillance of nonpulmonary NTM infections may provide a method for identifying these uncommon but medically complex surgical
site infections.
This investigation has several limitations. Cases might
have been missed despite NHSN surveillance before nonpulmonary NTM infections became reportable in Oregon in January 2014, because NHSN definitions do not include superficial
surgical site infections identified >30 days after surgery (e.g.,
case 10). The likelihood of missing cases during the investigation was small because of extensive case finding by multiple
methods, including mandatory reporting by Oregon laboratories and direct communication with infection preventionists.
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SYNOPSIS

Although early analysis indicated that the presence of surgeon A was significant, surgeon A did not have operating
privileges at 2 of the hospitals and therefore could not have
been a source of exposure for those cases. Although loaner
instrument storage is not regulated outside of the hospital, all
hospitals had strict reprocessing policies in place for cleaning and sterilizing trays received. In the case–control analysis,
the association between person A and surgical site infection
was confounded by brand A; no NTM surgical site infections
linked to the brand were reported elsewhere in Oregon or nationally, suggesting that brand A per se was not a factor in the
outbreak. In addition, case 10 occurred when person A was a
vendor for a different prosthetic company. Although unidentified fomites associated with person A can never be summarily
excluded without a direct microbiological link from an environmental source via person A to the surgical site, we believe
that the totality of the epidemiologic and observational evidence leaves the most likely source of these infections to be
human colonization.
All persons, including vendors, who enter operating suites should recognize that environmental exposures
(e.g., hot tub bathing, gardening, field work) can colonize
their hands, skin, and hair with infectious organisms such
as NTM, which can then cause surgical site infections.
All personnel and vendors in the operating suite should
adhere to published guidelines about perioperative infection prevention, surgical attire, and environmental
controls (20,23) and should be required to undergo annual infection control training. Infection preventionists
should regularly observe operating room staff to verify
compliance and to promptly apply any necessary corrective measures. When evaluating device-associated surgical site infections, clinicians should obtain mycobacterial
along with bacterial and fungal cultures. Extrapulmonary
NTM infection surveillance is an option for public health
jurisdictions to increase detection of these slow-moving,
but morbid, outbreaks. Finally, specialized measures like
environmental and human sampling to isolate fastidious
NTM organisms are recommended during investigations
and could reveal the elusive microbiological link.
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EID SPOTLIGHT
TOPIC

Tuberculosis
World TB Day commemorates the discovery of
the tuberculosis bacterium (Mycobacterium
tuberculosis) by Dr. Robert Koch on March 24,
1882. World TB Day is commemorated on this
date each year to raise awareness among the
public and policy makers that tuberculosis
remains an epidemic in most parts of the
world, and a public health problem in
developed countries, causing the deaths of
about one and a half million people each
year. Koch’s discovery opened the way toward
diagnosing and curing TB.
While great strides have been made to
control and cure TB, people still get sick and
die from this disease. Much more needs to be
done to eliminate this disease.
Click on the link below to access Emerging
Infectious Diseases articles and podcasts, and
to learn more about the latest information
and emerging trends in TB.

http://wwwnc.cdc.gov/
eid/page/world-tb-day
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Recurrent Cholera Outbreaks,
Democratic Republic of
the Congo, 2008–2017
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In 2017, the exacerbation of an ongoing countrywide cholera outbreak in the Democratic Republic of the Congo
resulted in >53,000 reported cases and 1,145 deaths. To
guide control measures, we analyzed the characteristics of
cholera epidemiology in DRC on the basis of surveillance
and cholera treatment center data for 2008–2017. The
2017 nationwide outbreak resulted from 3 distinct mechanisms: considerable increases in the number of cases in
cholera-endemic areas, so-called hot spots, around the
Great Lakes in eastern DRC; recurrent outbreaks progressing downstream along the Congo River; and spread along
Congo River branches to areas that had been cholera-free
for more than a decade. Case-fatality rates were higher in
nonendemic areas and in the early phases of the outbreaks,
possibly reflecting low levels of immunity and less appropriate prevention and treatment. Targeted use of oral cholera
vaccine, soon after initial cases are diagnosed, could contribute to lower case-fatality rates.

T

he Democratic Republic of the Congo (DRC) accounts for an estimated 189,000 (5%–14%) of the
1.34–4.01 million cholera cases worldwide annually
(1,2). Vibrio cholerae repeatedly reappeared in the DRC
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throughout the 1970s and became endemic around the
Great Lakes in eastern DRC in 1978, resulting in part
from favorable conditions for the bacterium’s environmental survival (3–6). Complex emergencies in eastern
DRC have since enabled the regular spread of cholera
along the lake banks and to surrounding health zones,
driven by water supply interruptions, high population
densities, and population movement (5,7–9). In 2017,
a countrywide cholera outbreak totaling >53,000 cases
and 1,145 deaths was reported in DRC, affecting 20 out
of 26 provinces, some of which had not seen cholera
cases for more than a decade (10).
Cholera prevention and control rely on rapid outbreak detection, access to clean water, safe sanitation,
dedicated treatment centers, and the targeted use of oral
cholera vaccines (OCV) (11). We describe major cholera outbreaks that occurred in DRC during 2008–2017
to explore possible drivers for the spread of cholera in
DRC and provide guidance for prevention and control
interventions.
Methods
Study Design

We performed a retrospective analysis of cholera outbreaks
from national cholera surveillance data and reference laboratory data collected from January (week 1) 2008 through
November (week 46) 2017. In addition, we analyzed case
management data collected during outbreaks in 2015–2017
from a selection of cholera isolation and treatment wards,
called cholera treatment centers (CTCs).
Surveillance Data

Cholera is a notifiable disease in DRC and is therefore included in the national Integrated Disease Surveillance and
1
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Response System (IDSRS). The IDSRS is a syndromic surveillance system that compiles weekly morbidity and mortality reports, aggregated at the health zone level. These
reports include weekly counts of suspected cholera cases
and deaths, stratified into 2 age categories, <5 years and
>5 years.
The IDSRS uses 2 case definitions for a suspected cholera case, depending on whether a cholera outbreak has been
declared by the Ministry of Health. During an outbreak, the
definition is acute watery diarrhea with or without vomiting
in a patient >1 year of age; in nonoutbreak situations, the
definition is severe dehydration or death following acute
watery diarrhea in a patient >5 years of age.

Other Definitions

The World Health Organization (WHO) defines cholera hot
spots as geographically limited areas where environmental,
cultural, or socioeconomic conditions make transmission
of disease easier and where cholera persists or reappears
regularly (11). In DRC, hot spots are defined at the health
zone level; 26 (5.0%) of 518 health zones across 6 of 26
DRC provinces are labeled as cholera hot spots according to
WHO classification (D. Legros, World Health Organization,
pers. comm., 2017 Nov 17). We considered a health zone’s
hot spot status to be stable throughout the study period. We
defined a hot spot province as a province that included >1
hot spot health zones (Figure 1, panel A). A non–hot spot
Figure 1. Hot spot and non–hot
spot locations for cholera and
number of suspected cases by
location, Democratic Republic of
the Congo, 2008–2017.
A) Locations of cholera hot spot
and non–hot spot provinces
and hot spot health zones
(2017 classification). B) Weekly
number of suspected cholera
cases. Case counts for 2017 are
through week 46.
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province was any province that did not contain any hot spot
health zones.
We generally defined an outbreak as follows: >1 laboratory-confirmed cholera case and an increase in the number of suspected cases for >3 consecutive weeks. In the 3
provinces that consistently reported cholera cases all year
(North Kivu, South Kivu, and Tanganyika), we applied a
minimum threshold of 1,000 cases/week for >3 consecutive weeks. In the 2 provinces where sampling for laboratory confirmation was lacking (Ituri and Haut Lomami), we
defined a major outbreak as any increase in the number of
suspected cases for >3 consecutive weeks, reported by >3
different health zones.
Microbiological Data

The DRC national cholera reference laboratory, located at
the Institut National de Recherche Biomédicale (INRB) in
Kinshasa, carried out routine culture confirmation testing
for national surveillance and outbreak confirmation purposes during the entire study period. Fecal samples or rectal swabs from patients with suspected cholera, which are
usually collected at the beginning or end of suspected cholera outbreaks (12), were placed in either Carry-Blair transport medium or on filter paper and transported to the INRB
for laboratory confirmation by culture. The following data
were extracted from the laboratory database at INRB for
each documented clinical sample: age, sex, health zone
of residence, date of symptom onset, date of sample collection, date of sample receipt at the reference laboratory,
and serotype result. Antimicrobial susceptibility testing
was performed, from 2011 onward, by disk-diffusion testing according to Clinical and Laboratory Standards Institute M45-Ed3 (13), with testing of erythromycin instead
of azithromycin and additional testing of fluoroquinolone
antimicrobial drugs. Intermediate-susceptible isolates were
grouped with resistant ones.
Case Management Data

Case management data were provided by 19 CTCs that Médecins sans Frontières had deployed in support of Ministry
of Health cholera outbreak response activities, all in non–
hot spot health zones, during 2015–2017. Médecins sans
Frontières defines a case as >3 liquid stools in the previous 24 hours. From these line lists, we extracted age, sex,
health zone of residence, date of symptom onset, date of
admission to the CTC, and treatment outcome.
Population Data

We used population estimates by health zone for 2006 and
2016 provided by the Expanded Programme of Immunization to extrapolate the population of individual health zones
for each year during 2008–2017, under the assumption of
stable population growth. To ensure comparability of our
858

data throughout the study period, we also used the DRC
administrative divisions that were adopted in 2015 (26
provinces, instead of the previous 11) for 2008–2014 data.
Data Analysis

We analyzed weekly trends in the number of suspected
cholera cases reported to the IDSRS, age and sex distributions, and case-fatality rates (CFRs) over the entire period,
stratified by cholera hot spot status. We also calculated age
and sex distributions for confirmed cases and cases admitted to CTCs, based on the reference laboratory register and
CTC data. CFRs for persons with suspected cholera and for
admitted patients were calculated with the cholera deaths
as numerator (IDSRS data) and the suspected or admitted
cholera cases as denominator (CTC data). We described the
geographic spread of suspected cholera cases over time by
mapping annual cumulative incidence rates by health zone.
All reported cumulative incidence rates were expressed as
suspected cholera cases per 100,000 population.
We performed data collation, cleaning, and analysis
using Microsoft Excel (Microsoft, http://www.microsoft.
com), Stata 12.0 (StataCorp LP, https://www.stata.com/
stata12), and R (The R Project for Statistical Computing,
https://www.r-project.org) software. Maps were generated
in QGIS 2.18 (Open Source Geospatial Foundation, https://
www.osgeo.org) using OpenStreetMap shapefiles.
Ethics Statement

We analyzed databases that contained routinely collected
and aggregated surveillance data and anonymized laboratory
and patient admission data. For the use of patient admission
data, we obtained ethics approval (ref. ESP/CE/034/2017)
from the Kinshasa University Ethics Committee.
Results
General Description of Cholera Cases

During January 1, 2008–November 19, 2017, a total of
270,852 suspected cholera infections and 5,231 cholerarelated deaths (CFR 1.9%) were reported in DRC in all 26
provinces. The largest cholera outbreaks were reported in
2008, 2009, late 2011 through 2012, early 2013, and late
2015 through 2017 (Table 1; Figure 1, panel B). Of the
9,510 (3.5%) suspected cholera cases for which the national reference laboratory received samples, 2,941 (30.9%), or
1.1% of all suspected cholera cases reported to the IDSRS,
were laboratory confirmed for cholera.
Almost half of all suspected cholera cases (127,642;
47.1%) were reported in the 26 hot spot health zones and
224,212 (82.8%) in hot spot provinces. Of the remaining
46,640 suspected cases that were reported in non–hot spot
provinces, 42,340 (90.8%) were reported during the outbreaks in 2011–2012 and 2015–2017.
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Table 1. Suspected cases reported and number of samples collected, tested, and confirmed, countrywide, during cholera outbreaks,
Democratic Republic of the Congo, 2008–2017
No. suspected cases
No. samples collected (% positive)
Serotype
Location
Period
Age <5 y Age >5 y
Total
Age <5 y
Age >5 y
Total
Inaba Ogawa Hikojima
DRC
Jan 2008–
66,008
204,483 270,852
2,028 (34) 7,482 (30) 9,510 (31)
2,612
274
7
Nov 2017
Reported outbreaks* in hot spot provinces
North Kivu,
Aug–Nov
1,935
9,641
11,652
20 (50)
189 (33)
209 (35)
11
63
0
South Kivu,
2009
Tanganyika
North Kivu,
Aug–Nov
6,653
14,709
21,362
5 (20)
41 (27)
46 (26)
5
7
0
South Kivu,
2017
Tanganyika
Haut Katanga
Jan–Mar
1,278
4,712
5,990
3 (67)
16 (50)
19 (53)
7
0
0
2008
Haut Katanga
Jan–Apr
1,935
6,504
8,441
1 (100)
11 (55)
12 (58)
4
3
0
2013
Haut Lomami
Jan–Dec
1,285
3,359
4,644
0
0
0
0
0
0
2014
Ituri
Jan–Sep
828
3,868
4,696
0
0
0
0
0
0
2012
Reported outbreaks* in non–hot spot provinces
Congo River
Jan 2011–
2,809
11,878
14,686
89 (30)
578 (26)
667 (27)
179
0
0
Dec 2012
Congo River
Sep 2015–
4,991
20,330
25,422
123 (7)
633 (19)
756 (17)
118
10
0
2017
Kwilu, Kwango,
Jul–Nov
374
2,123
2,497
0
10 (20)
10 (20)
1
1
0
Kasai, Lomami,
2017
Sankuru
*Defined as >1 laboratory-confirmed cholera cases with evidence of local transmission and an increase in the number of suspected cases for >3
consecutive weeks, or weekly incidence >1,000 cases for >3 consecutive weeks for provinces reporting cases all year round, or increasing number of
suspect cases for >3 consecutive weeks if no cholera samples were submitted to the national reference laboratory for testing.

Demographic Characteristics of Cholera Case-Patients

In hot spot health zones, 33,477 (26.2%) suspected cholera cases and 589 (28.4%) confirmed cholera cases were
in children <5 years of age. In this age group, 23,615
(24.4%) suspected and 44 (14.4%) confirmed cases were
reported in non–hot spot health zones in hot spot provinces and 8,916 (19.1%) suspected and 48 (10.8%) confirmed
cholera cases in non–hot spot provinces. The median age
of patients with confirmed cholera was 10 (interquartile
range [IQR] 4–26) years in hot spot health zones, 20 (IQR
8–32) years in non–hot spot health zones in hot spot provinces, and 22 (IQR 10–36) years in non–hot spot provinces. Among CTC admissions in non–hot spot provinces,
median age of the patients was 17 (IQR 5–32) years; 23%
of those patients were <5 years of age. We observed an increase in the proportion of children <5 years of age admitted to a CTC: 19.0% in the first 4 weeks of the outbreak,
>24.7% in weeks 5–8, 27.1% in weeks 9–12, and 34.5%
in weeks 13–15. Male patients accounted for 51.4% of
confirmed cholera cases and 50.2% of CTC admissions.
CFRs

The CFR among suspected cholera cases was higher in
non–hot spot provinces (4.5%) than in hot spot health zones
(1.1%) and non–hot spot health zones located in hot spot
provinces (1.8%). The CFR for suspected cases was lower
for patients <5 years of age (911/66,008; 1.4%) than for

those >5 years of age (4,331/204,483; 2.1%). We observed
comparable distributions in CFRs by age for suspected cases when stratified by hot spot status (Table 2). Among CTC
admissions in non–hot spot provinces, CFRs increased by
age, from 2.4% (43/1,759) among children <5 years of age
to 4.3% (32/752) among patients >50 years of age. CFRs
decreased throughout an outbreak, from 5.1% (23/452)
among CTC admissions in the first week of an outbreak
to 4.4% (35/793) in the fifth week and 0.7% (3/429) in the
tenth week.
Geographic Spread in Hot Spot Provinces

Suspected cholera cases were reported all year in 3 of 6
hot spot provinces: North and South Kivu and Tanganyika,
along Kivu and Tanganyika Lakes. Major outbreaks occurred in these provinces in 2009 and 2017. Both outbreaks
started in August, peaked 6–8 weeks later, and decreased
in intensity until the regions went back to baseline levels
5 months after the peak. Hot spot health zones constituting the lakeside cities of Goma (North Kivu) and Kalémie
(Tanganyika) were first to report increasing case numbers, followed by adjacent non–hot spot health zones. The
highest annual cumulative incidence among hot spot
health zones was reported in Goma in 2017 (1,015 cases/
100,000 inhabitants).
In the other 3 hot spot provinces, Ituri, Haut Lomami,
and Haut Katanga, more sporadic outbreaks occurred.
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Table 2. Case-fatality rate among suspected cholera cases, 2008–2017, and among patients admitted to a cholera treatment center,
2015–2017, Democratic Republic of the Congo
Case-fatality
Criterion and location
Patient age, y
No. deaths
No. (%) cases
rate, %
Suspected cholera cases
Overall
5,231
270,852 (100)
1.9
Hot spot health zones
Total
1,407
127,642 (100)
1.1
<5
292
33,477 (26)
0.9
>5
1,116
94,082 (74)
1.2
Non–hot spot health zones in hot spot provinces
Total
1,745
96,570 (100)
1.8
<5
301
23,615 (24)
1.3
>5
1,440
72,777 (75)
2.0
Non–hot spot provinces
Total
2,079
46,640 (100)
4.5
<5
318
8,916 (19)
3.6
>5
1,775
37,624 (81)
4.7
CTC admissions
Overall
267
9,076 (100)
2.9
Non–hot spot health zones in hotspot provinces
Total
3
1,294 (100)
0.2
<5
0
357 (28)
0.0
5–19
1
625 (48)
0.2
20–49
1
241 (19)
0.4
>50
1
63 (5)
1.6
Non–hot spot provinces
Total
264
7,782 (100)
3.4
<5
43
1,759 (23)
2.4
5–19
68
2,442 (31)
2.8
20–49
104
2,609 (34)
4.0
>50
32
752 (10)
4.3

The largest outbreaks were observed in Haut Katanga
in 2008 and 2013. Both outbreaks occurred during January–March; the 2008 outbreak counted 5,990 suspected
cases and the 2013 outbreak 7,533 suspected cases. In
both instances, most outbreak cases were reported in
non–hot spot zones, in the cities of Lubumbashi and
Likasi: 5,645 (94%) in 2008 and 6,534 (87%) in 2013.
Haut Lomami Province reported smaller, but more frequent, outbreaks (every year, except in 2011); the number
of suspected cases varied from 690 in 2009 to 4,644 in
2014. Of the 19,975 suspected cases reported in Haut Lomami Province, 17,043 (85%) were from hot spot health
zones around Upemba Lake. In 2017, non–hot spot health
zones along the Lualaba River, a tributary of the Congo,
also started to report cases. Ituri Province experienced a
large outbreak during January–September 2012. Initial
cases were reported in hot spot health zones along Lake
Albert, followed by marked case increases in neighboring
health zones.
Geographic Spread in Non–Hot Spot Provinces

In non–hot spot provinces, 2 major recurrent outbreaks
occurred along the Congo River, the first in 2011–2012
and the second in 2015–2017. The outbreaks started in
2 different towns located in eastern, upstream provinces
through which the Congo River flows: Kisangani (Tshopo) in March 2011 and Kindu (Maniema) in August 2015.
From there, both outbreaks gradually progressed downstream in a westerly direction, consecutively reaching
860

health zones in the provinces of Mongala, Equateur, MaiNdombe, Kinshasa, and Kongo Central (Figure 2). The
elapsed time between the first reported outbreak cases in
upstream provinces and those reported in Kongo Central,
at the mouth of the Congo River, was 11 months for the
2011–2012 outbreak and 14 months for the 2015–2017
outbreak. Several provinces affected by the 2 outbreaks
experienced a second, less intensive peak in suspected
cholera cases approximately 1 year after the initial outbreak peaks. This dynamic was observed in several non–
hot spot provinces: Tshopo in March 2011 and April
2012, Equateur in June 2011 and April 2012, and MaiNdombe in June 2011 and March 2012. Maniema Province experienced 2 such postoutbreak increases following
an initial outbreak peak in September 2015: the first in
January 2017 and a second in September 2017.
In 2017, in addition to the downstream spread along
the Congo, suspected cholera cases were reported in inland
non–hot spot provinces where no cases had previously been
reported during the study timeframe (Figures 2. 3). In July
2017, cases were reported in Kwango Province, followed
by Kasaï, Lomami, and Sankuru Provinces, upstream along
the Kasaï and Sankuru Rivers.
Along the Congo River, we observed the highest annual
cumulative incidence rates in 3 different locations in 3 different years. The first came in 2011 in Bolobo (Mai-Ndombe,
1,107/100,000 population), the second in 2015 in Alunguli
(Maniema, 1,088/100,000 population), and the last in 2017
in Kimpese (Kongo Central, 1,335/100,000 population).
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Figure 2. Weekly number of suspected cholera cases for non–hot spot provinces, Democratic Republic of Congo, 2011–2013 (A) and
2015–2017 (B). Colors differentiate provinces and correspond to the colors used in the overlaid map. Case counts for 2017 are through
week 46.

Distribution of Cholera Serotypes

Serotyping data were available for 2,893 (98.4%) laboratoryconfirmed samples. Overall, Inaba was the most common
serotype (90.3%), followed by Ogawa (9.5%) and Hikojima (0.2%) (Table 1). In the 2009 cholera outbreak in North
and South Kivu and Tanganyika, the Ogawa serotype was
detected in 84.0% of confirmed samples; in the 2017 outbreak, the Ogawa serotype was detected in 58.3% of confirmed samples. In the non–hot spot province outbreaks,
the Inaba serotype was detected in 96.4% of confirmed
samples. Although Inaba was the dominant serotype in the
2015–2017 nationwide cholera outbreak, Ogawa serotype
cases were identified from August 2016 onward, initially in
the upstream Maniema Province, followed by reports further
downstream in Tshopo Province in October 2016 and Kinshasa in July 2017.
Antimicrobial Resistance

Antimicrobial resistance testing yielded the following results: 99.2% (2,011 of 2,028 tested) were susceptible to
doxycycline, 32.6% (642/1,993) to erythromycin, 99.1%
(1,628/1,642) to tetracycline, 0.4% (8/2,029) to cotrimoxazole, and 96.9% (2,009/2,024) to ciprofloxacin. Of the 15

isolates that were resistant to ciprofloxacin, 14 were reported during 2016–2017.
Discussion
This 10-year retrospective analysis established 3 mechanisms of geographic spread contributing to the acute escalation of cholera in DRC in 2017: strong increases in the
number of cases in cholera-endemic areas, the so-called hot
spots, around the Great Lakes in eastern DRC; recurrent
outbreaks spreading downstream along the Congo River;
and the spread along branches of the Congo River that had
been cholera free for at least the preceding 10 years. The
observed geographic spread supports the hypothesis that
the increased numbers of cases in cholera hot spots located
along the Great Lakes functioned as incubators for major
countrywide outbreaks (14–17). Coordinated and sustained
cholera control interventions in these hot spot areas could
be crucial for achieving cholera prevention, control, and
elimination in DRC.
The 2011–2012 and 2015–2017 outbreaks followed a
similar pattern: a spread from hot spots in the Great Lakes
region to major cities located in the upstream section of the
Congo River, then progressively spreading downstream,
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eventually reaching the country’s densely populated capital of Kinshasa and Kongo-Central Province at the mouth
of the Congo River. These outbreaks recurred in the same
health zones over several years with peaks 1 year apart.
Cholera propagation along major rivers has also been
observed in Mali, Niger, Sudan, and the Central African
Republic (17). Population movement and seasonal activities that increase human traffic and trade along the Congo
River, and on the Great Lakes in particular, are likely to be
key factors in such spread (16–18).

The range of circulating cholera strains in DRC, their
origin, and their contribution to the epidemic remain unclear. During the 2011–2012 outbreak in nonendemic areas
along the Congo River, fecal samples collected 1 year apart
belonged to a single serotype and multilocus variable number tandem repeat analysis haplotype (19), suggesting that
this outbreak was caused by a single cholera strain. Samples
collected during the first year of the 2015–2017 outbreak
affecting the same areas along the Congo River belonged
to one serotype. The different serotype isolated 1 year later,
Figure 3. Annual cumulative
incidence of suspected
cholera cases reported per
health zone, Democratic
Republic of the Congo,
2008–2017. Case counts for
2017 are through week 46.
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which followed the same downstream spread to reach Kinshasa only after a year, probably suggests reintroduction
of V. cholerae, rather than continued presence of the original V. cholerae through asymptomatic human carriers or
an environmental reservoir in each of these communities
living along the Congo River. In the hot spot provinces of
DRC, several V. cholerae serotypes were simultaneously
identified throughout the study period (Table 1), and isolates from several years grouped in 2 distinct multilocus
variable-number tandem-repeat analysis haplotypes (19).
This finding confirms the presence and role in these provinces of a V. cholerae reservoir, either the lakes or potential
asymptomatic human carriers (7). In addition to gaining
further insight into V. cholerae circulation, whole-genome
sequencing studies could elucidate whether diversification
of circulating strains contributed to the intensification of
cases in cholera-endemic areas in 2017.
Our findings indicated that cholera outbreaks more
disproportionately affected young children, particularly
in hot spot provinces where preexisting immunity in the
older population was possible. We also found that, although outbreaks along the Congo River affected all ages
at the start of the outbreak, the adult population became
gradually less affected in the subsequent weeks compared
with young children. This finding might suggest that children continued to be exposed more intensely than adults,
that fewer adults remained susceptible to become ill after
being infected, or that the case definition was less specific for children with watery diarrhea of other origin
(non-Vibrio).
In a 2017 position paper, WHO recommended the targeted use of OCV in cholera-endemic regions, in humanitarian crises, and during outbreaks (11). The use of OCV in
DRC has been limited so far to small-scale interventions:
120,000 persons in Kalémie (Tanganyika) in 2015 and
375,000 persons in 5 health zones along the Congo River
in Kinshasa in 2016, attaining 90.0% vaccination coverage
after a single OCV dose (A. Blake, Epicentre, Paris, pers.
comm., 2017 Nov 14). OCV could be considered in several
situations in DRC: in cholera hot spot health zones that report a notable increase in reported cases; in non–hot spot
health zones adjacent to hot spot health zones, when such
increases occur; in health zones along the Congo River,
when surveillance reports cholera in upstream communities; during acute emergencies in non–cholera endemic
areas of DRC where suspected cases are reported and confirmed; and in settings with particularly poor water and
sanitation conditions. In 2015, only 31% of the population
in rural DRC used a drinking water source protected from
outside contamination, and 29% used sanitation facilities
(20); targeted OCV can provide an effective additional
means to control cholera in areas without good water and
sanitation conditions.

Antimicrobial resistance testing results support the
continued use of doxycycline to treat severe cholera (21)
but indicate that cotrimoxazole and erythromycin (and
probably azithromycin), which are alternate treatment
choices, are unlikely to be very effective treatment options.
Ciprofloxacin remains an alternate option to treat children
(22), but the recent emergence of ciprofloxacin resistance
needs to be monitored.
Some limitations apply to our study. Although the reporting of suspected cholera likely does not accurately reflect the full burden of cholera in DRC, it does allow for the
documenting of trends and outbreaks. Zero case reporting
is not required in the IDSRS, possibly leading to an underestimation of suspected cholera in our analysis, particularly for non–cholera endemic areas where health services
might not as readily clinically diagnose and report cholera. Logistical constraints, the lack of an established and
systematically implemented national sampling protocol,
and limited resources (including an inconsistent availability of transport media) resulted in variable sampling and
laboratory confirmation rates over time and place. A more
systematic sampling and laboratory confirmation protocol
could be developed on the basis of existing international
guidelines (23) and possibly through the implementation
of a decentralized cholera confirmation laboratory network.
Our study considered hot spots to be stable throughout 10
years. When observing the affected provinces over the
years, we found no indications that hot spots at the province
level changed. However, at the health zone level, hot spots
could have changed, which could have influenced some of
our findings.
Focusing control efforts in DRC on hot spots would
be an effective approach to reach elimination only if it can
be done rapidly and effectively. Considering the context of
conflict and instability in some of the hot spot health zones,
a critical portion of the population in the hot spots may continue to be infected, and traveling of cases to nonendemic
health zones will then give rise to new outbreaks every few
years. Our study was able to identify several such highly
vulnerable health zones that are at risk of recurrent outbreaks that could be avoided through the use of OCV, providing population immunity.
In conclusion, 2017 was characterized by an intensified epidemic along the Great Lakes of DRC, recurrence
of an outbreak downstream of the Congo River, and an
unexpected increase in cholera cases in inland regions
of DRC where no cases had been reported for 15 years.
Furthermore, ongoing conflicts in the cholera-endemic
provinces remain a concern, hampering control efforts at
the presumptive origins of outbreaks. Surveillance data
adequately describe geographic spread and differences in
CFRs, which can be used for targeting of cholera prevention and control actions. A policy for targeted vaccination
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of at risk populations is needed. Epidemiologic and phylogenetic studies of historical and circulating cholera strains
could provide further insight into how cholera spreads from
one community to others.
This study was financed by the Outbreak Research Team of
the Institute of Tropical Medicine, Antwerp, Belgium, and the
ECDC Fellowship Programme.
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Lassa Virus Targeting of
Anterior Uvea and Endothelium
of Cornea and Conjunctiva in
Eye of Guinea Pig Model
Joy M. Gary, Stephen R. Welch, Jana M. Ritter, JoAnn Coleman-McCray, Thanhthao Huynh,
Markus H. Kainulainen, Brigid C. Bollweg, Vaunita Parihar, Stuart T. Nichol,
Sherif R. Zaki, Christina F. Spiropoulou, Jessica R. Spengler

Lassa virus (LASV), a hemorrhagic fever virus endemic to
West Africa, causes conjunctivitis in patients with acute disease. To examine ocular manifestations of LASV, we histologically examined eyes from infected guinea pigs. In fatal
disease, LASV immunostaining was most prominent in the
anterior uvea, especially in the filtration angle, ciliary body,
and iris and in and around vessels in the bulbar conjunctiva
and peripheral cornea, where it co-localized with an endothelial marker (platelet endothelial cell adhesion molecule).
Antigen was primarily associated with infiltration of T-lymphocytes around vessels in the anterior uvea and with new
vessel formation at the peripheral cornea. In animals that
exhibited clinical signs but survived infection, eyes had little
to no inflammation and no LASV immunostaining 6 weeks
after infection. Overall, in this model, LASV antigen was restricted to the anterior uvea and was associated with mild
chronic inflammation in animals with severe disease but
was not detected in survivors.

L

assa virus (LASV) is the etiologic agent of Lassa fever (LF), a viral hemorrhagic fever endemic to West
Africa. Incidence of LF in areas to which it is endemic is
≈100,000–300,000 cases annually, of which ≈5,000 are
fatal (1). After an incubation period of 7–21 days (2,3),
disease onset is gradual and includes fever, weakness, myositis, and ulcerative pharyngitis that may progress to myocarditis, pneumonitis and pleuritis, and encephalopathy and
hemorrhage (2). The most well-documented sequela of LF
is hearing loss (4–8).
Ocular involvement in acute LF includes conjunctivitis and conjunctival edema (9). In addition, transient blindness has been described in humans recovering from LASV
infection (3,10). The extent of viral presence in the eye, the
Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
DOI: https://doi.org/10.3201/eid2505.181254

ocular structures targeted by LASV, and the clinical implications of ocular infection are unknown.
In viral hemorrhagic fever disease, ocular manifestations are not limited to LF and are well described for infection with Ebola virus (EBOV) (11,12), Marburg virus (13),
and Rift Valley fever virus (RVFV) (14–16). Recently, the
implications of viral persistence in the eye and other immunoprivileged sites have been highlighted in Ebola virus disease (EVD) (12,17). The possibility of LASV persistence
in the eye is unknown, as is the extent of chronic pathologic
changes secondary to infection that could result in longterm functional abnormalities.
Inbred Strain 13 guinea pigs almost uniformly die of
disease after LASV infection with the prototypic 1976
Josiah strain without requiring serial adaptation (18).
In addition, we recently described nonlethal disease in
Strain 13 guinea pigs infected with a 2015 isolate from
a person with LF imported to New Jersey, USA, from
Liberia (LASV 812673-LBR-USA-2015, or LASVNJ2015 [19]). To investigate ocular manifestations
of LASV infection in animals that died of or survived
infection, we collected samples from animals infected
with either LASV-Josiah or LASV-NJ2015. LASV loads
and distribution, and associated ocular histopathology,
were assessed in these animals.
Material and Methods
Ethics Statement

All animal procedures were approved by the Centers
for Disease Control and Prevention (CDC; Atlanta, GA,
USA) Institutional Animal Care and Use Committee (IACUC; #2833SPEGUIC) and conducted in accordance
with the Guide for the Care and Use of Laboratory Animals (20). CDC is fully accredited by the Association
for Assessment and Accreditation of Laboratory Animal
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Care International. Procedures conducted with LASV or
LASV-infected animals were performed in the CDC Biosafety Level 4 laboratory.
Virus

Recombinant LASV-Josiah, based on the sequence of an
isolate obtained in 1976 from the serum of a 40-yearold man hospitalized at Songo Hospital in Sebgwena,
Sierra Leone (21,22), was rescued in BSR-T7/5 cells
and passaged twice in Vero-E6 cells (GenBank accession nos. HQ688673.1, HQ688675.1). Recombinant
LASV 812673-LBR-USA-2015 (LASV-NJ2015), based
on the sequence of an isolate obtained in 2015 from a
55-year-old man who died of LF in New Jersey after
returning from Liberia, was rescued in BSR-T7/5 cells
and passaged twice in Vero-E6 cells (19) (GenBank accession nos. MG 812650, MG812651). We determined
focus-forming units and 50% tissue culture infectious
dose (TCID50) titers in Vero-E6 cells by immunofluorescence assays using an in-house anti-LASV monoclonal
antibody mix targeting nucleoprotein and glycoprotein 2
(SPR628), with TCID50 titers calculated using the method of Reed and Muench (23).
Guinea Pig Infections

Sixteen strain 13/N guinea pigs (8 male, 8 female, 6 months
to >3 years of age) were obtained from our breeding colony at CDC. Age- and sex-matched 13/N guinea pigs were
inoculated subcutaneously with 104 focus-forming units
(equivalent to ≈2 × 104 TCID50) of LASV, either LASVJosiah (10 animals) or LASV-NJ2015 (6 animals). Four
animals infected with LASV-Josiah served as unvaccinated
controls in parallel studies (24). All animals were housed
individually and given daily fresh vegetable enrichment,
hay, commercial guinea pig chow, and water as desired.
Experienced CDC veterinarians or animal health technicians assessed animal health. Animals were humanely euthanized with isoflurane vapors and sodium pentobarbital
(SomnaSol Euthanasia-III solution; Henry Schein Animal
Health, https://www.henryscheinvet.com) once clinical
illness scores (including piloerection, ocular discharge,
weight loss >25%, changes in mentation, ataxia, dehydration, dyspnea, or hypothermia) indicated the animal was in
the terminal stages of disease, or at the completion of study
41 days postinfection (dpi).
Quantitative Reverse Transcription PCR

RNA was extracted from blood and homogenized tissue
samples using the MagMAX-96 Total RNA Isolation Kit
(Thermo Fisher Scientific, https://www.thermofisher.com)
on a 96-well ABI MagMAX extraction platform with a
DNase-I treatment step, according to the manufacturer’s
instructions. RNA was quantified by a quantitative reverse
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transcription PCR (qRT-PCR) targeting a strain-specific
nucleoprotein gene sequence (primer and probe sequences
available on request from the authors), and normalized to
18S RNA levels. We determined viral small (S) segment
copy numbers using standards prepared from in vitro–transcribed S segment RNA.
Histochemical Staining and
Immunohistochemical Analysis

Tissue specimens were fixed in 10% neutral buffered formalin and subjected to gamma irradiation (2 × 106 rad).
Formalin-fixed tissues from all guinea pigs were routinely
processed, embedded in paraffin, sectioned at 4 µm, and
stained with hematoxylin and eosin. A veterinary pathologist visually assessed inflammation within the eye as minimal (few scattered lymphocytes around vessels), mild
(small clusters of lymphocytes around vessels or within
the filtration angle), or moderate (noticeably more intense
infiltrates of lymphocytes within the eye). A marked response, which we did not observe in these animals, would
have comprised tissue architecture disrupted by inflammatory cells.
We conducted immunohistochemical (IHC) assays
using indirect immunoalkaline phosphatase detection on
4-µm sections. Colorimetric detection of attached antibodies was performed using the Mach 4 AP polymer kit
(Biocare Medical, https://biocare.net) at room temperature,
except for heat-induced epitope retrieval. Using either Reveal or EDTA buffer, we conducted heat-induced epitope
retrieval using the NxGen decloaker (Biocare Medical) at
110°C for 15 min. All slides were blocked in Background
Punisher (Biocare Medical) for 10 min and incubated with
primary antibody for 30 min. Antibodies used were antiCD3 (diluted 1:100 in EDTA buffer [#NCL-L-CD3–565;
Leica Biosystems, https://www.leicabiosystems.com), anti-CD79a (1:100, EDTA buffer [#NCL-L-CD79a-22; Leica
Biosystems]), and a mouse monoclonal antibody targeting
LASV glycoprotein 2 at 1:1,000 (CDC). Mach 4 Probe was
applied for 10 min, followed by Mach 4 AP polymer for 15
min (Biocare Medical). The antibody/polymer conjugate
was visualized by applying Fast Red Chromogen dissolved
in Naphthol Phosphate substrate buffer to tissue sections
for 20 min (Thermo Fisher Scientific). Appropriate negative control serum was run in parallel. Slides were counterstained with Mayer’s hematoxylin (Poly Scientific, https://
www.polyrnd.com) and blued in lithium carbonate (Poly
Scientific). Positive controls included formalin-fixed, paraffin-embedded Vero-E6 cells infected with LASV, tissue
from a human with LF, and guinea pig spleen and liver (for
inflammatory cell and cell lineage markers). A veterinary
pathologist scored IHC staining on a scale of 0 (no IHC
staining seen) to 4 (abundant, intense IHC staining within
structures in the eye).
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Table. Summary of ocular LASV staining and histopathologic findings in LASV-infected guinea pigs in study of LASV targeting of
anterior uvea and endothelium of cornea and conjunctiva in eye*
Guinea pig Age at D0/sex
dpi
Viral RNA†
IHC distribution
IHC score
H&E
Jos-1‡
3 y 10 mo/F
14
Conjunctival endothelium and
+++/
Mild conjunctivitis and anterior
4.55  105
anterior uvea; eyelid epithelium
++++
uveitis
and endothelium
Jos-2
3 y 10 mo/M
41
None
Mild perivascular mononuclear
2.50  101

inflammation, sclera
Jos-3‡
2 y 5 mo/F
20
Anterior uvea, peripheral
++
Neovascularization at corneal
1.32  105
corneal endothelium
margin, mild conjunctivitis
Jos-4‡
2 y 4 mo/F
17
Endothelium, conjunctiva, and
+++
Neovascularization at corneal
7.87  105
peripheral cornea; anterior
margin, mild conjunctivitis
uvea
Jos-5‡
0 y 6 mo/M
17
Anterior uvea
++
Mild anterior uveitis
1.02  106
Jos-6‡
0 y 6 mo/M
18
Anterior uvea
+
Mild neovascularization at
5.32  105
corneal margin
Jos-7‡
3 y 7 mo/F
23
Conjunctival endothelium and
++
Neovascularization at corneal
5.23  106
anterior uvea
margin, mild conjunctivitis,
anterior uveitis
Jos-8‡
3 y 3 mo/F
21
Anterior uvea, peripheral
++
Neovascularization at corneal
2.02  106
corneal endothelium
margin, anterior uveitis
Jos-9‡
3 y 6 mo/M
20
Conjunctival and peripheral
+++
Neovascularization at corneal
6.71  106
corneal endothelium and
margin, moderate
anterior uvea, eyelid and
conjunctivitis, anterior uveitis
lacrimal gland
Jos-10‡
>2 y/M
23
Conjunctival and peripheral
++
Mild neovascularization at
2.26  106
corneal endothelium and
corneal margin, minimal
anterior uvea
anterior uveitis
NJ2015-1
3 y 11 mo/F
41
BLD
None
Minimal heterophilic infiltrate at

corneal margin
NJ2015-2
3 y 8 mo/M
41
BLD
None
NSF

NJ2015-3
2 y 5 mo/F
41
BLD
None
NSF

NJ2015-4
2 y 4 mo/F
41
BLD
None
NSF

NJ2015-5
0 y 6 mo/M
41
None
Minimal heterophilic infiltrate at
1.54  102

corneal margin, minimal
chronic anterior uveitis
NJ2015-6
0 y 6 mo/M
41
None
Mild anterior uveitis
4.28  102


*All survivors were euthanized at end of study (41 dpi). BLD, below limit of detection (<5 copies); D0, day 0; dpi, days postinfection; H&E, hematoxylin
and eosin staining; IHC, immunohistochemical; Jos, guinea pig infected with recombinant LASV-Josiah; LASV, Lassa virus; NJ2015, guinea pig infected
with recombinant LASV 812673-LBR-USA-2015; NSF, no significant findings; , negative results at staining; +, mild immunostaining; ++, moderate
immunostaining; +++/++++, abundant immunostaining.
†LASV small segment copies in the eye quantified per millileter of eluted RNA.
‡Guinea pig euthanized because of disease.

We performed double staining of antigens after heat-induced epitope retrieval using the EnVision G|2 Doublestain
System Rabbit/Mouse (DAB+/Permanent Red; Agilent,
https://www.agilent.com) according to the manufacturer’s
instructions. We incubated slides in Endogenous Enzyme
block for 5 min, primary antibody for 30 min, horseradish peroxidase-polymer for 10 min, and diaminobenzidine
(DAB) working solution for 10 min. Double-stain block
was then applied for 3 min, and the second stain procedure
consisted of applying the other primary antibody for 30
min, followed by addition of the Rabbit/Mouse Link, APPolymer, and Permanent Red working solution for 10 min
each. Slides were double-stained with the LASV monoclonal antibody (labeled in Permanent Red) and platelet endothelial cell adhesion molecule (PECAM; 1:10 dilution
in EDTA buffer [#MU241-UC; BioGenex, https://www.
biogenex.com]; labeled with DAB). Appropriate negative
control serum was run in parallel. Slides were counterstained, and coverslips were applied.

Results
Detection of LASV in Eyes of Animals with
Terminal Disease but Not in Survivors

All animals from which samples were obtained demonstrated >1 clinical signs of LASV infection, including elevated body temperature, weight loss, hunched posture,
ruffled fur, and altered mentation. Swollen, red conjunctiva with associated ocular discharge was observed in
most of the animals, coinciding with onset of clinical
signs. To determine whether LASV infects the eye, we
collected 1 eye from each of 16 guinea pigs (10 infected
with LASV-Josiah and 6 infected with LASV-NJ2015)
for PCR to detect viral nucleic acids. The other eye from
each animal was used to create full ocular sections that
were IHC stained to assess presence and localization of
viral antigens.
We detected viral nucleic acids in the eyes of all guinea pigs that died of infection (9 of 10 guinea pigs infected
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Figure 1. Lassa virus (LASV)
localization in guinea pigs that
died of or survived infection
with LASV-Josiah in study of
LASV targeting of anterior uvea
and endothelium of cornea and
conjunctiva in eye. Primary
diagram at top shows major
structures of the eye; smaller
diagrams detail the general
regions in which LASV antigen
(red circles) was detected in
the eye of each animal by
immunohistochemical analysis.
All animals were euthanized
because of disease (14–23
days postinfection) except Jos2, which did not exhibit overt
clinical signs (no weight loss
or elevated body temperature)
and was euthanized at
study completion (41 days
postinfection).

with LASV-Josiah), ranging from 1.32 × 105 to 6.71 × 106
S-segment copies per µL of eluted RNA. Three of the 7
surviving animals, 1 infected with LASV-Josiah (Jos-2)
and 2 infected with LASV-NJ2015, had detectable viral
RNA within the eye, ranging from 2.50 × 101 to 4.28 × 102
copies per µL of eluted RNA. Viral RNA was below the
limit of detection in the remaining survivors (4 guinea pigs
infected with LASV-NJ2015).
We saw no IHC staining in the eyes of any animals
that survived infection and detected little to no viral RNA
within the eye, including in 1 animal infected with LASVJosiah (Jos-2) and all animals infected with LASV-NJ2015
(infection confirmed by serology [19]). In contrast, IHC
staining revealed LASV antigen in the eyes of all animals
that died of infection and had detectable viral RNA in the
range of 105–106 viral copies. LASV antigen staining was
primarily concentrated within anterior regions of the eye
(Table; Figures 1, 2). Specifically, we saw staining in the
anterior uvea, mostly in the trabecular meshwork at the filtration angle (in 9/9 animals; Figure 2, panels A, D); in
the iris, particularly in the pigmented epithelium along the
posterior margin, as well as along the anterior margin (in
9/9 animals; Figure 2, panels A, F); and multifocally in the
ciliary body epithelium (in 7/9 animals; Figure 2, panels A,
E). In addition, we observed perivascular and endothelial
staining within the sclera (5/9 animals) and bulbar conjunctiva (5/9 animals) and occasionally in new vessels forming
868

at the peripheral cornea (5/9 animals) (Figure 2, panels
A–C). In 5 animals, we noted patchy IHC staining in the
corneal endothelium deep to Descemet’s membrane. In 2
animals (Jos-1 and -9), patchy but strong LASV staining
was observed in epithelial cells in the surface epithelium of
the eyelid, as well as within the dermal vessels, and within acini of the lacrimal glands (Figure 2, panels G, H). In
animal Jos-5, we saw staining around scleral vessels at the
midline of the eye, in association with mild inflammation.
LASV Infection in Endothelial Cells in the Eye

The distribution of IHC staining in animals with severe
disease indicated a predilection for LASV infection of endothelial cells (in the cornea, sclera, conjunctiva, and deep
to Descemet’s membrane) and in cells of neural crest and
mesenchymal origin (in the iris, ciliary body, and filtration angle [25]); we noted viral antigen in endothelial cells
and perivascular connective tissues in the conjunctiva and
sclera of 5 of 9 animals with terminal disease. In 8 of the
9 animals, we observed mild new vessel formation at the
peripheral cornea, with minimal associated inflammation
(Figure 2, panel B; Figure 3, panels A–C); LASV staining
was noted in endothelial cells of the new vessels in 5 of
these guinea pigs (Jos-3, Jos-4, Jos-8, Jos-9, and Jos-10;
Figure 2, panels A, B).
To confirm that LASV targets endothelial cells within
the eye, we conducted IHC costaining with an anti-PECAM
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(anti-CD31) antibody and the anti-LASV antibody. In 50%
of animals tested (3/6), we observed viral antigen and PECAM co-staining within vessels in the bulbar conjunctiva
and in the newly formed vessels in the peripheral cornea
(Figure 4).
Lymphocytic Ocular Inflammation Caused by
LASV Infection

On histopathologic investigation, 56% (5/9) of animals
that reached endpoint criteria had mild mononuclear anterior uveitis, with perivascular inflammation composed of

lymphocytes primarily in the pars plana of the ciliary body,
located near the iridoscleral junction, and scattered within
the margins of the trabecular meshwork of the filtration
angle (representative animal Jos-1; Table; Figure 3, panels
D, H). Inflammation rarely extended into the stroma of the
iris. Another prominent feature in 6 of 9 animals that died
of LASV infection was mild to moderate lymphocytic inflammation around vessels in the bulbar conjunctiva and
the anterior sclera, especially at the corneoscleral junction,
and adjacent to the filtration angle (Figure 3, panels D, E).
Mild conjunctival hemorrhage was noted in these animals
Figure 2. Detection of Lassa virus
(LASV) antigen in the anterior
uvea and endothelium within the
eye of guinea pigs infected with
LASV-Josiah and in the epithelium
of structures adjacent to the eye
in study of LASV targeting of
anterior uvea and endothelium of
cornea and conjunctiva in eye. A)
Anterior uvea with LASV antigen
immunolabeled (red) within the
peripheral CO and CJ vessels, the
FA, CB, and I. Original magnification
×4. B) Immunohistochemical (IHC)
staining in the endothelium and
adjacent stroma of the corneal
margin (asterisk) and in the
endothelium deep to Descemet’s
membrane (arrowhead). Original
magnification ×20 with 1.25 Optivar.
C) Perivascular and endothelial
staining in the bulbar conjunctiva.
Original magnification ×63. D)
IHC staining in the filtration angle.
Original magnification ×20. E)
Photomicrograph of the ciliary
body highlighting the labeling in the
pigmented epithelium (arrowheads)
and stroma. Original magnification
×30. F) Photomicrograph of the
iris showing IHC staining of LASV
antigen in the stroma, smooth
muscle (dilator muscle, white
asterisk) and posterior pigmented
epithelium (arrowheads). Original
magnification ×40. G) IHC staining
in eyelid epithelium (asterisk)
and dermal vessels in the eyelid.
Representative animal Jos-9.
Original magnification ×15. H)
IHC staining for LASV antigen
in the acini of the lacrimal gland
(asterisks). Representative animal
Jos-9. Original magnification ×5.
Representative animals: A–F, Jos4; F, G, Jos-9. CB, ciliary body;
CJ, conjunctival; CO, corneal;
FA, filtration angle; I, iris; IHC,
immunohistochemical.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

869

RESEARCH
Figure 3. Mild mononuclear
anterior uveitis in eyes of guinea
pigs infected with Lassa virus
(LASV) Josiah by hematoxylin
and eosin stain in study of
LASV targeting of anterior uvea
and endothelium of cornea
and conjunctiva in eye. A)
Anterior uvea, conjunctiva, and
cornea highlighting the mild
inflammation and new vessel
formation in the peripheral
cornea. Original magnification
×4. B) New vessel formation
of the peripheral cornea.
Original magnification ×12.
C) New vessel formation
within the cornea highlighting
the endothelial swelling and
mixed inflammation. Original
magnification ×20. D) The
ciliary body, filtration angle,
peripheral cornea, and a
portion of the conjunctiva
with mixed, mild, primarily
lymphocytic inflammation in
the filtration angle and around
vessels in the conjunctiva,
peripheral cornea, and sclera.
Representative animal Jos-1.
Original magnification ×6. E)
Inflammation around conjunctival
vessels at the margin of the cornea. Original magnification ×20. F) Mononuclear inflammation in the filtration angle and at the base
of the ciliary body. Original magnification ×20. Representative animals: A–C, Jos-3; D–F, Jos-1.

histologically. Almost all (8/9) animals with terminal disease had mild, mixed inflammation composed of heterophils and lymphocytes at the peripheral cornea, as well as
mild peripheral corneal neovascularization (representative
animal Jos-4; Figure 3, panels A–C); 4 of these animals
had a small amount of associated necrotic nuclear debris
(Figure 3, panel C). The lymphocytic inflammation in the
anterior uvea was most prominent in Jos-1, the guinea pig
that had the most acute clinical course and died 14 dpi.
To characterize the inflammatory cell populations in
animals with terminal disease, we conducted IHC staining
targeting CD3+ T-lymphocytes and CD79a+ B-lymphocytes. The composition of inflammatory cells varied based
on disease duration. The inflammatory milieu comprised
T-lymphocytes and B-lymphocytes in Jos-1, which died of
disease 14 dpi (Figure 5, panels A, B), but consisted primarily of T-lymphocytes in all animals that died >17 dpi
(representative animal Jos-5; Figure 5, panels C–F). Tlymphocytes were most abundant in the trabecular meshwork and in the perivascular connective tissue in the sclera
and bulbar conjunctiva. Scattered T-lymphocytes also were
seen in the peripheral corneal stroma and epithelium in animals with corneal neovascularization (Figure 5, panel E).
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Despite the absence of detectable viral antigen, we observed inflammation in all animals infected with LASVNJ2015, but not in Jos-2, which survived LASV-Josiah infection. However, the degree of inflammation in surviving
animals was notably less than in animals with terminal disease. Survivors demonstrated minimal to mild lymphocytic
inflammation in the eye, compared with mild to moderate
inflammation in animals with terminal disease. The lymphocytic inflammation in the eyes of surviving animals was
accompanied by minimal heterophilic infiltrate around vessels of the peripheral cornea in 2 animals (NJ2015-1 and -5;
Table). In addition, mild lymphocytic anterior uveitis was
seen in NJ2015-6, which had the highest viral RNA copy
number among surviving animals.
Discussion
Long-term ocular manifestations are not well described in
LASV infection, but given the importance and persistence
of ocular lesions after infection with other hemorrhagic
fever viruses, the pathogenesis of LASV in immuneprivileged sites such as the eye must be fully characterized. In the few reported cases of ocular involvement in
acute LF, clinical findings have primarily been described
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Figure 4. Lassa virus (LASV)
targeting endothelial cells
in the eye in study of LASV
targeting of anterior uvea and
endothelium of cornea and
conjunctiva in eye. Co-staining
for LASV antigen (red) and
platelet endothelial cell adhesion
molecule (an endothelial marker,
brown) in vessels at the margin
of the cornea and within the
conjunctiva show co-localization
of LASV and endothelial
antigens (arrowheads). Original
magnification ×10; insets
enlarged to ×63.

as conjunctivitis and conjunctival edema (9), although
uveitis resulted in transient blindness in 1 case (3). In this
study, we observed conjunctivitis and conjunctival edema
clinically in infected guinea pigs, as described in human
patients with acute disease. LASV RNA was detected by
PCR in the eye, and LASV antigen was detected by IHC
within the anterior uvea of animals that died of infection,
particularly in the endothelium and perivascular stromal
cells, and occasionally within epithelium. Similar LASV
immunostaining was previously noted in other tissues in
this animal model, as were the histologic features of mild
lymphocytic inflammation and rare cell death (26).
Other animal models of LF also demonstrate infection in the eye. For example, the aqueous humor of the
anterior chamber of the eye was found to be heavily
infected in rhesus macaques that died of experimental
LASV infection (27). Perivascular infiltrates of plasma
cells and lymphocytes were described in the choroid,
sclera, iris, filtration angle, and ciliary body of most
of the animals, similar to what we observed here in
guinea pigs.
In contrast to the findings in humans with LF and in
animal models of LF, ocular manifestations during infection with several other hemorrhagic fever viruses, including filoviruses and phenuiviruses, include a broader tissue tropism in the eye and some viral persistence within
the eyes of survivors. During the most recent EVD outbreak, infectious virus was detected months after clinical

resolution in the intraocular aqueous humor of 1 person
(11), and uveitis was reported in 18% of a group of EVD
survivors in Sierra Leone (12). Uveitis, both anterior and
posterior, was described in a series of survivors of the 1995
EVD epidemic in the Democratic Republic of the Congo
(12,28). Anterior uveitis was also described after infection
with the related Marburg virus, and the virus was subsequently cultured from the aqueous fluid of this patient (13).
Macular, paramacular, or extramacular retinal lesions,
with hemorrhage, edema, vasculitis, and retinitis, often
occurring bilaterally, have been reported in association
with RVFV infection. Patients were monitored during a
6-month convalescence after RVFV infection, and though
lesions were resorbed, approximately half of the patients
permanently lost visual acuity (15,16). Subsequent studies
from an RVFV outbreak in Saudi Arabia in 2000 reported
similar findings (14).
Recent studies have focused heavily on ocular involvement in EVD, resulting in detailed clinical descriptions in
patients and prioritization for evaluation in animal models.
In primates with an acute course of disease that resulted in
death, EBOV RNA was not detected in the parenchymal
ocular tissues but was consistently detected in the blood
vessels of the choroid or ciliary processes or in the optic
nerve leptomeninges (29). In this nonhuman primate EVD
model, EBOV persisted in the vitreous humor, in cells attached to the retinal inner limiting membranes, and in the
ciliary body, with a predilection for CD68+ macrophage/
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Figure 5. T-lymphocyte
inflammation predominant in
the eyes of animals that died
of Lassa virus (LASV) infection
>17 days postinfection in study
of LASV targeting of anterior
uvea and endothelium of
cornea and conjunctiva in eye.
CD3+ (left) and CD79a+ (right)
lymphocyte antigens targeted
by immunohistochemical
(IHC) analysis are stained
red. A) Inflamed filtration
angle and sclera highlighting
CD3+ T-lymphocytes.
Original magnification ×10.
B) Inflamed filtration angle
and sclera highlighting the
predominant population of
CD79a+ B-lymphocytes.
Original magnification ×10.
C) Mildly inflamed filtration
angle and sclera showing
the predominance of CD3+
T-lymphocytes within the
region. Original magnification
×10. D) Absence of CD79a+
B-lymphocytes. Original
magnification ×10. E) New
vessel formation at the margin of
the cornea, indicating scattered
CD3+ T-lymphocytes. Original
magnification ×20. F) Minimal
CD79a+ B-lymphocytes.
Original magnification ×20.
Representative animals: A, B,
Jos-1; C–F, Jos-5.

monocytes, and with associated uveitis, retinitis, and vitritis (29). In contrast, we found that guinea pigs that died of
LASV infection had viral antigen only in anterior regions
of the eye, whereas surviving animals did not have LASV
antigen and only showed minimal inflammation within
the eye.
One major site of viral localization in this study was
within endothelial cells in the conjunctiva and peripheral
cornea. This finding correlated with studies describing the
ability of LASV to replicate to high levels in endothelial cells and alter cytokine expression in cell culture (30).
Another feature of ocular LASV infection noted in this
study was the associated chronic inflammation, composed
primarily of T-lymphocytes, in the anterior uvea, conjunctiva, and cornea in animals that died at later time points
in the infection (>17 dpi). Lymphocytic anterior uveitis
has been described in ocular infections with other viruses
(e.g., rubella virus, cytomegalovirus, herpes simplex virus,
and chikungunya virus) and can indicate a secondary immune response to viral antigens (31,32), although the pyknotic debris and swollen endothelium in the new vessels
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at the corneal margin in LASV-infected guinea pigs suggest a more acute insult. A predominantly T-lymphocyte
response has been documented as a particularly important
component of the systemic immune response to LASV infection (33).
Our studies in the strain 13/N guinea pig model indicate that LASV is present in the eye and elicits an inflammatory response primarily during acute clinical disease
that is only minimally detected in convalescence. These
features echo clinical findings in LF survivors, in whom
ocular disease has not been described. The lack of reported
ocular disease in LF survivors, along with the presence of
only minimal or mild pathology in surviving animals, suggests less frequent or less severe ocular sequelae of LF than
described in other viral hemorrhagic fever diseases. However, because similar mild inflammation has been associated with iris atrophy and ocular hypertension in other viral
infections (31,32), the low degree of inflammation seen
in our study is not necessarily innocuous. Although these
data and the few clinical reports of ocular involvement in
survivors of human LF disease support minimal long-term
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effects on vision, careful ophthalmologic observation of
LF survivors is warranted, along with further longitudinal
studies in the subpopulation of animal models that survive
LASV infection despite clinical signs. These studies would
aid in determining whether the presence of LASV and the
resultant inflammation, even after clearance, produce longterm sequelae in the eye.
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Staphylococcus aureus bacteremia (SAB) is a major cause
of illness and death worldwide. We analyzed temporal trends
of SAB incidence and death in Denmark during 2008–2015.
SAB incidence increased 48%, from 20.76 to 30.37 per
100,000 person-years, during this period (p<0.001). The
largest change in incidence was observed for persons >80
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years of age: a 90% increase in the SAB rate (p<0.001).
After adjusting for demographic changes, annual rates increased 4.0% (95% CI 3.0–5.0) for persons <80 years of
age, 8.4% (95% CI 7.0–11.0) for persons 80–89 years of
age, and 13.0% (95% CI 9.0–17.5) for persons >90 years
of age. The 30-day case-fatality rate remained stable at
24%; crude population death rates increased by 53% during
2008–2015 (p<0.001). Specific causes and mechanisms
for this rapid increase in SAB incidence among the elderly
population remain to be clarified.

taphylococcus aureus is the most frequent grampositive bacterium to cause invasive bloodstream infection (1). S. aureus bacteremia (SAB) is associated with
considerable illness and death, yielding a case-fatality rate
of 20%–25% (2). The occurrence of SAB has changed
over time (3–5). Increasing incidence rates of SAB have
been reported worldwide throughout the past few decades
(3,5). However, more recent studies have reported stable or
decreasing rates of SAB, as well as improved short-term
death rates (1,2,4,6). As a result of demographic changes,
including a rapidly increasing elderly population, contemporary analysis of the epidemiology of SAB is necessary to
prioritize and allocate healthcare resources. Because concurrent conditions are more common with age, the changing demographics are of particular concern; older age and
concurrent conditions are strongly associated with an increased risk for SAB (2,4,7).
Population-based studies are necessary to obtain valid epidemiologic data regarding SAB (8). Using surveillance data from the ongoing national registration of SAB
in Denmark, we conducted a nationwide cohort study of
temporal changes in SAB. The aims of this study were
2-fold. First, we analyzed temporal changes in SAB incidence; second, we assessed short-term death rates and
associated risk factors.

S

Methods
Study Setting

We conducted a nationwide study of SAB in Denmark during 2008–2015. The population of Denmark comprised
5,475,791 residents in 2008 and 5,659,715 residents in
2015; all had free access to tax-financed healthcare. This
study was approved by the Danish Data Protection Agency
(approval nos. 2009-41-4179 and 2014-41-3376). Legislation in Denmark does not require informed consent for
register-based studies.
Study Population

We identified cases of SAB using data from the continuous
national SAB surveillance in Denmark (5). Inclusion in the
register was based on the identification of S. aureus in >1
876

blood culture. We defined cases in the study as those in
patients with a first-time episode of SAB recorded during
January 1, 2008–December 31, 2015.
Data Sources

The unique civil registration number assigned to residents
of Denmark by the Civil Registration System tracks information on vital and immigrant status and enables linkage
of nationwide administrative healthcare registers on an individual level (9). The registry is updated daily.
The Danish National Patient Registry contains discharge diagnoses (from the International Classification of
Diseases, 10th Revision) for residents regarding all hospital contacts (inpatient and outpatient) (10). The Danish
National Bureau of Statistic provides data on the resident
population and number of hospital admission and days in
the hospital. The Danish Microbiology Database has conducted national surveillance on infectious diseases and microorganisms since 2010 (11).
Variables of Interest

We analyzed and stratified age by 11 age groups: <1, 1–9;
10–19; 20–29; 30–39; 40–49; 50–59; 60–69; 70–79; 80–89
and >90 years. We used the Charlson Comorbidity Index
(CCI) was used as a general measure of concurrent conditions; this index has previously been validated for SAB
(12). We categorized CCI score into 3 levels: no concurrent
conditions (CCI score = 0), intermediate (CCI score = 1–2),
or high (CCI score >3) (2).
Recent hospital contact within 90 days before SAB
was applied as a proxy of healthcare- and hospital-acquired
SAB. We have previously validated this approach with a
positive predictive value of 83% of distinguishing between
healthcare/hospital- and community-associated SAB (13).
Statistics

We reported counts by median and interquartile range
(IQR). We computed crude incidence rates of SAB overall and by age, sex, and calendar year and calculated the
incidence rates as the number of SAB cases per 100,000
person-years at risk and estimated person-years at risk
assuming a uniform death rate throughout the year in the
background population. We assessed temporal trends by
comparing the incidence rate ratio (IRR) in 3 time periods,
2008–2010, 2011–2012, and 2013–2015. In addition, we
used a Poisson regression model to evaluate the association
of calendar year and incidence of SAB and added all available variables to the model hypothesized as confounders
for the outcome in question. We validated the model assumptions using a quasi-Poisson model.
We performed several sensitivity analyses to assess
whether changes in SAB incidence were associated with
the rate of S. aureus isolates per 10,000 blood cultures,
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per 100,000 hospital admissions, or per 100,000 hospital
days; changes in the relative difference of CCI score during
2008–2014 between cases and the population controls, by
randomly matching 10 population controls by age and gender to each SAB case; and the proportion of SAB cases during 2008–2014 with hospital contact within 90 days before
the diagnosis of SAB. We reported all-cause death rates for
SAB cases as a 30-day case-fatality rate (CFR) and deaths
as a percentage of the number of cases. In addition, we calculated crude population death rates as deaths of SAB cases per 100,000 person-years in the background population
and applied a mortality rate ratio (MRR) to assess temporal
trends in death rates. We used logistic regression models
to identify any association between risk factors and 30-day
death rates and adjusted for the following covariates: age,
gender, calendar year, CCI score, and 90-day prior hospital contact. We present risk estimates as odds ratio (OR)
with 95% CIs, and for all analyses, we considered a p value
<0.05 to be significant. We performed statistical analyses
using R software version 3.2.3 (R Project for Statistical
Computing, https://www.r-project.org).
Results
Demographics

We identified a total of 11,054 incident cases of SAB during
the study period. Demographics of the study population are
provided in Table 1. In brief, the median age was 68 years
(IQR 56–79 years); 62% of patients were male and 38% female. More than 75% of SAB case-patients had >1 concurrent condition recorded before the SAB episode. Methicillinresistant S. aureus (MRSA) accounted for 1.3% of cases.
Incidence Rates

The number of patients with SAB increased from 1,131 in
2008 to 1,731 in 2015, corresponding to a 48% increase
in incidence, from 20.76 (95% CI 19.57–22.01) to 30.73
(95% CI 29.30–32.21) (IRR 1.48 [95% CI 1.37–1.59]),
compared with an average annual incidence rate of 24.93
(95% CI, 24.47–25.40) cases/100,000 person-yeras. The
highest incidence rates were observed among male patients, the elderly, and infants <1 year of age (Table 2; Figure 1; Appendix Tables 1–3, http://wwwnc.cdc.gov/EID/
article/25/5/18-1733-App1.pdf).
For persons ≥80 years of age, the incidence rate increased consistently throughout the 8-year study period
(Figure 1). As such, during 2008–2015, the relative proportion of cases in persons >80 years of age increased from
19.72% (95% CI 17.40–22.04) to 26.17% (95% CI 24.10–
28.24) of all cases. Further, the age-specific incidence rate
increased significantly, by an estimated 56% (IRR 1.56
[95% CI 1.41–1.72]) for persons 80–89 years of age and
92% (IRR1.92 [95% CI 1.57–2.37]) for patients ≥90 years

of age in 2013–2015 compared with 2008–2010. For persons <80 years of age, only rates for patients 50–79 years
of age increased in 2013–2015 compared with 2008–2010
(50–59 years, IRR 1.24 [95% CI 1.09–1.40]; 60–69 years,
IRR 1.20 [95% CI 1.10–1.32]; 70–79 years, IRR 1.26
[95% CI 1.15–1.38]) (Appendix Table 1). For 2011–2012,
the incidence rate for persons <80 years of age did not differ compared with the rates for 2008–2010. Gender did
not affect the age-specific trends in SAB rate (Appendix
Tables 2, 3).
Regression analysis indicated that age was strongly associated with SAB incidence (Table 2). Additionally, male
case-patients had a 2-fold higher risk (IRR 2.00 [95% CI
1.92–2.08]) of acquiring SAB than female case-patients.
After adjustment for demographic changes, the estimated
annual rates of SAB increased by 4% (IRR 1.04 [95% CI
1.03–1.05]) for persons <80 years of age, 8% (IRR 1.08
[95% CI 1.07–1.11]) for persons 80–89 years of age, and
13% (IRR 1.13 [95% CI 9.0–17.5]) for persons >90 years
(Figure 2; Appendix Figure 1).
Blood Culture Activity, Hospital Admission,
and Hospital Stays

The number of blood cultures performed in the healthcare
system in Denmark increased from 367,884 in 2010 to
480,892 in 2015. The positivity rate of S. aureus per 10,000
blood cultures increased from 33.43 (95% CI 31.59–35.36)
to 36.00 (95% CI 34.32–37.73) during that period, corresponding to an increase of 8% (95% CI 0%–16%) (Appendix Table 4). The rate of SAB cases per 10,000 blood
Table 1. Demographic characteristics of patients with
Staphylococcus aureus bacteremia, Denmark, 2008–2015*
Characteristic
Value
Sex
F
4,161 (37.6)
M
6,893 (62.4)
Age, y
<1
282 (2.6)
1–9
157 (1.4)
10–19
208 (1.9)
20–29
204 (1.8)
30–39
374 (3.4)
40–49
792 (7.2)
50–59
1,326 (12.0)
60–69
2,486 (22.4)
70–79
2,561 (23.2)
80–89
2,121 (19.2)
>90
543 (4.9)
Median (IQR)
68 (56.0–79.0)
Mean (SD)
64 (63.9–64.7)
CCI score
0
2,599 (23.5)
1–2
4,171 (37.7)
>3
4,284 (38.8)
MSSA
10,911 (98.7)
MRSA
143 (1.3)

*Values are no. (%) patients except as indicated. CCI, Charlson
Comorbidity Index; IQR, interquartile range; MRSA, methicillin-resistant S.
aureus; MSSA, methicillin-susceptible S. aureus.
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Table 2. Incidence rate and incidence rate ratio of Staphylococcus aureus bacteremia stratified by sex and age, Denmark, 2008–
2015*
Characteristic
IR, SAB/100.000 PY (95% CI)
IRR (95% CI)†
p value
Sex
F
18.62 (18.06–19.19)
Referent
NA
M
31.35 (30.61–32.10)
2.00 (1.92–2.08)
<0.001
Age, y
<1
57.96 (51.28–65.12)
17.37 (14.28–21.13)
<0.001
1–9
3.35 (2.84–3.91)
Referent
NA
10–19
3.75 (3.26–4.30)
1.12 (0.91–1.38)
0.281
20–29
3.84 (3.33–4.41)
1.15 (0.91–1.38)
0.199
30–39
6.50 (5.85–7.19)
1.96 (1.63–2.34)
<0.001
40–49
12.21 (11.37–13.09)
3.66 (3.09–4.34)
<0.001
50–59
22.92 (21.70–24.18)
6.88 (5.84–8.12)
<0.001
60–69
46.14 (44.35–47.99)
13.93 (11.86–16.36)
<0.001
70–79
81.26 (78.15–84.47)
24.93 (21.23–29.28)
<0.001
80–89
145.17 (139.05–151.45)
40.02 (33.35–48.03)
<0.001
>90
197.03 (180.80–214.32)
49.97 (39.19–63.72)
<0.001
Period, per-year increment
NA
1.04 (1.03–1.05)
<0.001
*IR, incidence rate; IRR, incidence rate ratio; NA, not applicable; PY, person-years; SAB, Staphylococcus aureus bacteremia.
†Adjusted for sex, age, and period.

cultures remained stable for all age groups across the study
period (Appendix Figure 2, Table 5). Annual hospital admissions increased from 1,175,452 to 1,347,563, but the
total number of hospital days admitted decreased from
4,854,060 to 4,067,222 during 2008–2015. After adjustment, the number of SAB cases per 100,000 hospital admissions increased by 33% (95% CI 24%–44%) and SAB
cases per 100,000 hospital days increased by 83% (95% CI
69%−97%) (Appendix Table 4).
Concurrent Conditions and Recent Hospital
Contact before SAB

Patients with SAB had significantly more concurrent conditions than the matched population controls (mean CCI 2.43
for case-patients compared with 0.81 for population controls; p<0.001). SAB case-patients and population controls
both had increasingly more concurrent conditions during
the study period, but the changes over time were similar
for case-patients and population controls overall and stratified by age (Appendix Figure 3). Approximately 75% (n =
6,707) of case-patients had had hospital contact within 90

Figure 1. Temporal changes in Staphylococcus aureus
bacteremia incidence (cases per 100,000 person-years), by age
group and years, Denmark, 2008–2015.
878

days before their SAB diagnosis. The proportion of SAB
cases with recent hospital contact remained unchanged over
the years (Appendix Figure 4, panel A). Stratification by
age did not affect this result (Appendix Figure 4, panel B).
CFR, Population Death Rate, and Associated
Risk Factors

In the 8-year study period, 30-day all-cause deaths increased from 271 in 2008 to 428 in 2015. The population
death rate for SAB rose significantly, from 4.97 (95% CI
4.40–5.60) to 7.60 (95% CI 6.90–8.35), corresponding to
an estimated increase of 53% (MRR 1.53 [95% CI 1.31–
1.78]) (Figure 3, panel A). Stratification by age group
showed great variation in trends of the age-specific death
rate, with the most rapid increase in death rate for the oldest age groups (Figure 3, panel B). For persons <80 years
of age, the death rate increased by 25% (MRR 1.25 [95%
CI 1.03-1.51]).
The overall 30-day CFR for the study period was
24% (95% CI 23%–25%) and remained unchanged over
the years (Table 3; Figure 3, panel A). A higher 30-day
CFR was observed with increasing age and CCI score, and
for female compared with male case-patients (Table 3;
Appendix Table 6). The 30-day CFR did not differ over
time by gender or age (Appendix Figures 5, 6). Multivariate analysis indicated that age was strongly associated with
30-day CFR (Table 3). Any concurrent condition before
SAB was also associated with higher risk of death. Compared with persons with no concurrent conditions, the risk
for death increased for persons with increasing CCI scores
(OR 1.32 [95% CI 1.14–1.55] for CCI score 1–2 and OR
1.67 [95% CI 1.43–1.94] for CCI score >3). Female sex
was an independent risk factor for death compared with
male sex (OR 1.20 [95% CI 1.08–1.33]). In contrast, prior
hospital contact and time period were not associated with
30-day CFR.
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Discussion
In this nationwide study, we evaluated trends of SAB incidence in the population of Denmark in an 8-year period, corresponding to >40 million patient-years. We report a 48%
increase in SAB incidence during 2008–2015. Although
the short-term death rate remained unchanged throughout
the period, population-based death rates increased more
than 50% because of the increase in SAB incidence.
The reported increase in SAB incidence was, in particular, a result of the major and consistent increase among
persons >80 years of age: the SAB rate among the oldest old
(>80 years) rose with an alarming 90% during 2008–2015,
corresponding to an estimated annual increase of 8%–13%
in incidence rate. In comparison, a 36% increase in the incidence rate was found for persons <80 years of age.
The differential increase in the SAB rate among age
groups stresses the importance of comprehensive data that
enable age-stratified analyses when investigating temporal
trends in infectious diseases. Significant changes in death
and incidence rates within subgroups of a population may
otherwise not be apparent.
The increasing incidence rate observed in this study is
contrary to most other recent studies. Stable or decreasing
rates of SAB were reported in several large observational
studies (2,4–6,14,15). However, increasing rates of both
community- and healthcare-acquired SAB were reported
in a recent study in Finland (16). A higher occurrence of
SAB is somewhat to be expected in an increasingly elderly
population. However, our data showed an increase in SAB
occurrence that exceeded contemporary changes in the
population demographic profile.
Multiple factors may have influenced the changes in
SAB incidence. Concurrent conditions form a strong risk
factor associated with development of SAB; the increasing burden of concurrent conditions associated with aging
could explain the higher SAB rate among the oldest elderly
(2). The study population generally developed more concurrent conditions during the study period; thus, the number of persons at risk of acquiring SAB increased. However, because concurrent conditions increased similarly for

Figure 2. Increase in incidence of Staphylococcus aureus
bacteremia for persons >80 years of age compared with younger
persons, Denmark, 2008–2015.

SAB cases and population controls, the increasing incidence of SAB could not be explained solely by an increase
in these conditions.
A more liberal use of invasive hospital procedures
and immune modulating treatments may also contribute
to a higher occurrence of SAB. Although the proportion
of SAB cases with 90-day prior hospital contact remained
unchanged throughout the study, we do not know whether rates of invasive procedures and immune-suppressive
medication increased in the same period. Thus, rates of
hospital contacts might not be an accurate measure; recent
reports showed an increasing use of chemotherapy and invasive procedures over time, in particular among the elderly (17,18).
The average life expectancy in Denmark increased
during the study period, leading to an increasingly older
and potentially more fragile population (19). There may be
biologic risk factors of infectious diseases associated with
aging that have not yet been identified. Physiologic agedependent changes, such as immunological senescence, are
likely attributable, in part, to the higher vulnerability to infectious diseases among elderly persons (20,21).
Higher rates of hospitalization and test activity and
longer in-hospital stays may be other potential explanations
for the increasing SAB rate (22). Blood culture activity

Figure 3. Staphylococcus aureus bacteremia deaths, Denmark, 2008–2015. A) Overall population death rate and 30-day CFR. B)
Population death rates for persons >80 years of age compared with younger persons. PY, person-years.
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Table 3. CFR and associated risk of Staphylococcus aureus bacteremia, Denmark, 2008–2015*
Characteristic
30-d CFR (95% CI)
Multivariate OR (CI 95%)
Sex
M
21.88 (20.79–23.01)
Referent
F
26.92 (25.36–28.54)
1.20 (1.08–1.33)
Age, y
<1
6.74 (4.06–10.52)
4.68 (1.05–20.85)
1–9
2.55 (0.69–6.52)
Referent
10–19
1.92 (0.52–4.92)
1.71 (0.31–9.50)
20–29
2.94 (1.08–6.40)
2.22 (0.44–11.20)
30–39
2.13 (0.92–4.21)
1.36 (0.28–6.64)
40–49
9.47 (7.45–11.87)
6.37 (1.54–26.34)
50–59
16.44 (14.33–18.77)
10.79 (2.64–44.06)
60–69
19.79 (18.08–21.62)
13.00 (3.19–52.89)
70–79
27.80 (25.80–29.92)
19.69 (4.85–79.94)
80–89
38.10 (35.51–40.82)
32.26 (7.94–131.03)
>90
51.93 (46.05–58.36)
58.48 (14.26–239.82
CCI score
0
14.20 (12.79–15.72)
Referent
1–2
23.90 (22.44–25.43)
1.32 (1.14–1.55)
>3
29.46 (27.86–31.13)
1.67 (1.43–1.94)
Hospital contact within 90 d
No
22.21 (20.34–24.23)
Referent
Yes
23.98 (22.82–25.18)
1.10 (0.97–1.24)
Period, per-year increment
NA
0.99 (0.97–1.01)
*CCI, Charlson Comorbidity Index; CFR, case-fatality rate; NA, not applicable; OR, odds ratio.

increased by 31% during the study period but the increase
in the SAB positivity rate was 8%, suggesting that the
increase in activity alone could not explain the observed
changes. Further, a systematic increase in culture activity
or higher sensitivity of culture systems would not explain a
differential increase in incidence among age groups. Higher
test rates would likely lead to the identification of milder
cases of SAB. If so, a contemporary decline in the overall
30-day CFR would be expected, given higher survival rates
among the less severe cases, but this was not the case.
Annual hospital admission rates increased by 15% and
the number of days hospitalized declined by 16% during the
study period, suggesting that changes in hospitalizations
did not explain the increased rates of SAB. The increase in
rates of SAB remained after adjustment for hospitalizations
and hospital days. An increase in hospital-acquired infections is an unlikely explanation for the increased SAB rates
because the proportion of SAB patients with and without
90-day prior hospital contact remained unchanged throughout the study.
A recent study found that the increase in sepsis rates
and decline in death rates in California were associated with
up-capture of less severely ill patients after introduction of
guidance on coding based on the International Classification of Diseases, Ninth Revision (23). Our study, however,
relied on blood culture positive cases of SAB; therefore,
changes in coding practices are an unlikely explanation of
our finding. Further, death rates were unchanged over time
in our study.
In spite of a recent report of a decline in death associated
with infectious diseases in general, SAB survival has not improved markedly during the past decades (24). The 30-day
880

p value
NA
<0.001
0.043
NA
0.538
0.333
0.705
0.011
<0.001
<0.001
<0.001
<0.001
<0.001
NA
<0.001
<0.001
NA
0.130
0.044

CFR of 24% found in our study is in line with other reports
(25–27). However, the population death rate rose 1.5-fold, to
7.60/100,000 person-years by 2015, because of the contemporary increase in SAB incidence. Thus, population death
rates may represent a more accurate measure of the actual
disease burden, as changes in incidence are reflected despite
an unchanged 30-day CFR. Few studies have reported SAB
death rates as population death rates for comparison and
none have reported age-specific death rates (28,29). Tom et
al. reported a death rate from community-acquired SAB of
3.4/100,000 person-years (28). A recent study from Norway
on bloodstream infections found a death rate for SAB similar
to ours, of 7/100,000 person-years (29).
A particular finding in our study was the close association between the changes in the overall death rate and the increase in the age-specific death rate for the oldest age groups.
The higher incidence rates for the oldest age groups were directly reflected by higher population death rates. Death rates
from SAB will likely increase even more over the next decades owing to the increasingly older population, which may
also be the case for other invasive bloodstream infections.
However, temporal population death rates from nonstaphylococcal bloodstream infections have not been reported; further studies are warranted to address this matter.
Contrary to the case with most bloodstream infections,
female sex has been associated with an inferior outcome
in SAB (25). In agreement with several previous observations, we found a significantly higher death rate among
women compared with men (7,25,30,31). The mechanisms
underlying the observed gender differences in SAB death
rates are not fully understood; a recent study did not find
any gender-specific differences in clinical management,
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patient characteristics, or severity of the disease between
men and women (32).
This study benefits from the large number of observational years, nationwide settings, and standardized registration. Nonetheless, some limitations must be noted. First,
the increasing life expectancy during the study period could
have led to an increasing median age within age groups
and, consequently, an underestimation of the effect of age
on incidence rates, in particular for the oldest persons. Second, the SAB definition was based solely on microbiological findings and not related to criteria of clinical infection
such as systemic inflammatory response syndrome and
sequential organ failure assessment score. Thus, we cannot preclude that a minor proportion of the positive blood
cultures may be from contamination rather than clinical
infection. Still, this possibility does not explain the age-dependent increase in SAB. Third, we were not able to stratify SAB origin by community-, healthcare-, and hospitalacquired infections, because these data were not accessible.
Instead, we used a validated approach to access temporal
changes in healthcare/hospital- and community-acquired
infections. Fourth, data on blood culture activity were not
available for 2008–2009; thus, we were not able to analyze
trends in culture rates for the whole study period. Finally,
we did not have access to clinical data regarding the primary focus of the infection, the severity of the disease, and the
applied treatment strategies, as well as the effect of these
potential risk factors on SAB death.
MRSA bacteremia is infrequent in Denmark (1.3%
of all SAB cases), which could theoretically limit the validity of the results of this study to settings with higher
MRSA prevalence. Nevertheless, in most populations,
methicillin-susceptible S. aureus (MSSA) bacteremia has
remained prevalent despite the emergence of MRSA and,
as such, several studies have concluded that MRSA bacteremia adds to the total burden of SAB rather than replacing
MSSA bacteremia (16,33). Thus, we believe that the observed changes in MSSA bacteremia in our study may be
applicable to other populations.
In conclusion, SAB incidence in Denmark increased
by 48% during 2008–2015. SAB rates increased the most
among the oldest age group, for whom the age-specific incidence rate nearly doubled and where increases in rates
exceeded the contemporary changes in the population demographic profile. Furthermore, the short-term prognosis
of SAB did not improve within the study period and, combined with the increasing incidence, population death rates
rose significantly. Our results stress that infection prevention initiatives and improved care are warranted to reduce
SAB incidence and improve outcomes. In addition, examinations of the burden of bloodstream infections caused by
MSSA must be prioritized in future research; a specific focus should be on the frail elderly population.
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Bacillus cereus is associated with foodborne illnesses
characterized by vomiting and diarrhea. Although some
B. cereus strains that cause severe extraintestinal infections and nosocomial infections are recognized as serious
public health threats in healthcare settings, the genetic
backgrounds of B. cereus strains causing such infections
remain unknown. By conducting pulsed-field gel electrophoresis and multilocus sequence typing, we found that
a novel sequence type (ST), newly registered as ST1420,
was the dominant ST isolated from the cases of nosocomial infections that occurred in 3 locations in Japan in
2006, 2013, and 2016. Phylogenetic analysis showed that
ST1420 strains belonged to the Cereus III lineage, which
is much closer to the Anthracis lineage than to other Cereus lineages. Our results suggest that ST1420 is a prevalent ST in B. cereus strains that have caused recent nosocomial infections in Japan.

acillus cereus causes foodborne illness that is characterized by vomiting because of production of emetic
toxin and diarrhea because of production of enterotoxin
(1). In addition to foodborne illness, B. cereus causes severe nongastrointestinal infections, such as bacteremia (2),
endocarditis (3), meningoencephalitis (4), and pneumonia
(5). Severe infections occur particularly in immunocompromised patients, sometimes resulting in nosocomial infections. Such nosocomial infections with B. cereus have
been reported to be associated with B. cereus contamination of ventilator equipment (6), intravenous catheters (7),
and linens (8).
Multilocus sequence typing (MLST) is a molecular
typing technique based on 7 housekeeping genes (9). The
phylogenetic tree of isolates of B. cereus group species,
which include B. anthracis, B. thuringiensis, and several
B. cereus subspecies (10), clusters into clades 1, 2, and 3.
Clade 1 consists of 4 lineages defined by Priest et al. (9).
Previous MLST studies have shown that clinical isolates of
B. cereus are phylogenetically diverse and clustered mainly
in clades 1 and 2 (11), suggesting that specific clones or
lineages of B. cereus are associated with specific illnesses
and severe infections. For example, Zhang et al. showed
that isolates from outbreaks of nosocomial infections were
closely related to B. anthracis by phylogenetic analysis using MLST (12).
There have been only a few reports on MLST analysis
of B. cereus isolates that have caused nosocomial infections (12,13). The objective of our study was to elucidate
the genetic characteristics of B. cereus strains that were isolated from recent nosocomial infections in 4 hospitals in Japan during 2006, 2012, 2013, and 2016. A novel sequence
type (ST) was dominant in isolates from 3 of the hospitals,
suggesting a strong association of the ST with recent nosocomial infections in Japan.

B
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Materials and Methods
Bacterial Strains

We used 4 groups of B. cereus strains in our study (Table 1,
https://wwwnc.cdc.gov/EID/article/25/5/17-1890-T1.htm;
Table 2, https://wwwnc.cdc.gov/EID/article/25/5/17-1890T2.htm; Tables 3, 4). A total of 69 strains were isolated
from equipment and patients in a hospital in Tokyo that had
B. cereus infections in 2013. These strains were designated
Tokyo strains. Two blood cultures were prepared per patient.
A patient was considered to have bacteremia when a B. cereus
strain was isolated from both cultures. A patient was designated as having pseudobacteremia when a B. cereus strain was
isolated from only 1 of the 2 cultures. A total of 65 strains were
isolated from equipment and patients in a hospital in Tochigi
that had B. cereus infections in 2006. These strains were designated Tochigi strains (14). During 2012, four strains were
isolated from patients in hospitals in Kochi. These strains were
designated Kochi strains. During 2016, ten strains were isolated from patients in hospitals in Tottori. These strains were designated Tottori strains. The Tokyo, Tottori, and Kochi strains
were isolated by medical institutions in Japan (Tokyo, Tottori,
and Kochi, respectively), and the Tochigi strains were isolated
by Jichi Medical University (Tochigi, Japan).
Pulsed-Field Gel Electrophoresis

We performed pulsed-field gel electrophoresis (PFGE) for
the Tokyo, Tochigi, and Tottori strains to determine their
genetic relatedness. DNA was digested with SmaI. We
used the CHEF Mapper Pulsed Field Electrophoresis Systems (Bio-Rad Laboratories, https:///www.bio-rad.com) for
electrophoresis. We analyzed resulting photographic images by using the GelCompar II software (Applied Maths,
http://www.applied-maths.com). Isolates with a PFGE fingerprint similarity >80% were clustered into the same PFGE
cluster type (15).
Repetitive-Element PCR

We isolated DNA by using the Ultraclean Microbial DNA
Isolation Kit (MO BIO Laboratories, https://mobio.com)
and performed DNA amplification by using a DiversiLab
Bacillus Fingerprinting Kit (bioMérieux, https://www.
biomerieux.com). We separated repetitive-element PCR
(rep-PCR) amplicons in a microfluidics DNA chip by using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Inc., https://www.agilent.com) and performed analysis
by using DiversiLab version 3.4 software (bioMérieux),
which uses the Pearson product-moment correlation and
the unweighted pair group method with arithmetic averages. Isolates with a rep-PCR fingerprint similarity >96%
were categorized as being in the same rep-PCR cluster
type (16).
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Table 3. Sequence types and source of 10 Bacillus cereus
Tottori strains, Japan*
Sequence type
Sample name
1420†
Tottori_ID2
Tottori_ID4_#2‡
Tottori_ID5
Tottori_ID6
Tottori_ID8
1431†
Tottori_ID3
1828†
Tottori_ID1
163
Tottori_ID4_#1‡
368
Tottori_ID7
953
Tottori_ID9
*All strains were isolated from patient blood.
†Sequence types found in this study.
‡Samples isolated from the same patients at different time points.

Multilocus Sequence Typing

For the Tokyo, Kochi and Tottori strains, 7 sets of primers in the B. cereus MLST database (http://www.pubmlst.
org/bcereus) were used to perform PCR analysis for the
7 MLST gene loci (glpF, gmk, ilvD, pta, pur, pycA, and
tpi). We purified PCR products by using QIAquick PCR
Purification (QIAGEN, https://www.qiagen.com), followed by sequencing with the 3130xl Genetic Analyzer
(Life Technologies, https://www.thermofisher.com),
after performing a reaction using the BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies).
Sequences of the 7 genes were trimmed to the lengths
described in the database. Each unique sequence was assigned an allele number according to the B. cereus MLST
database. We determined the ST by combining the allele
numbers for all 7 loci. For the Tochigi strains, we determined STs by using results of whole-genome sequencing with the Illumina MiSeq Platform (Illumina, https://
www.illumina.com). Sequences were de novo assembled
by using Platanus_B version 1.1.0) (17). STs were determined from the de novo assembled genomes by using
MLST2.0 (18).
We constructed phylogenetic trees by using MEGA7
(19) and aligned sequences produced by concatenating the
sequence of each locus for MLST by using the neighborjoining method (19,20). Branch quality was evaluated by
using a bootstrap test with 1,000 replicates. We obtained
sequences of each locus in the representative strains of
B. cereus, B. anthracis, B. thuringiensis, B. mycoides, B.
pseudomycoides, and B. weihenstephanensis from the B.
cereus MLST database and used as references.
Table 4. Sequence types and source of 4 Bacillus cereus Kochi
strains, Japan*
Sequence type
Sample name
1432†
Kochi_ID3
368
Kochi_ID1_#1‡
Kochi_ID1_#2‡
427
Kochi_ID2
*All strains were isolated from patient blood.
†Sequence type found in this study.
‡Samples isolated from the same patients at different time points.

Results
Genotype Profile of Tokyo Strains

During June–August 2013, a hospital in Tokyo had nosocomial infections attributed to B. cereus that caused bacteremia in 13 patients and led to the death of 2 patients. To genetically characterize B. cereus isolated from patients and
equipment in the hospital, which we named Tokyo strains,
we performed PFGE analysis and rep-PCR fingerprinting.
Among the Tokyo strains, we detected 19 PFGE cluster
types and 11 rep-PCR cluster types. We found by PFGE
analysis that more than one third of the Tokyo strains were
in a single PFGE cluster, which was denoted cluster e (Figure 1). Rep-PCR fingerprinting showed results consistent
with those of PFGE analysis, in which all but 1 of the isolates in cluster e identified by PFGE were in the same cluster type identified by rep-PCR (Figure 1).
MLST Analysis of Tokyo, Tochigi, Tottori,
and Kochi Strains

To identify the genetic characteristics of the Tokyo
strains, we performed MLST analysis for the Tokyo
strains. For the 69 isolates, Tokyo strains had 18 distinct
STs, including 7 novel STs (Table 1). The strains in the
largest cluster, which was based on PFGE and rep-PCR
analyses, were all determined to have the same novel ST
that had been newly registered as ST1420. Therefore, results indicated the presence of a major cluster in the Tokyo strains (Figure 1).
Thirteen strains from blood samples isolated from 12
patients with bacteremia had the following 4 STs: 1420,
1421, 1428, and 368 (Table 1). Nine isolates with ST1420
were isolated from 8 of the 12 patients. We observed that
strains that caused bacteremia were identified as ST1420
at a significantly high rate (p = 0.03 by Fisher exact test),
suggesting an association between ST1420 and bacteremia
cases with Tokyo strains.
To evaluate the relationship between ST1420 and
other B. cereus isolates associated with nosocomial infections, we performed MLST for the Tochigi, Tottori
and Kochi strains. The strains were also isolates from
nosocomial infections by B. cereus in Japan but occurred
in different prefectures and different years. The Tochigi
strains were determined to have 19 distinct STs (Table
2), 8 of which were novel. Fifteen isolates from blood
samples of 9 patients with bacteremia had the following
5 STs: 1420, 1425, 167, 365, and 368. Eight strains with
ST1420 were isolated from 4 of 9 patients with bacteremia. The Tottori strains, all isolated from blood samples
of patients with bacteremia, had the following 6 STs:
1420, 1431, 163, 368, 953, and 1828 (Table 3). ST1420
was isolated from 5 patients. ST1420 was also a dominant ST among isolates from patients with bacteremia
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involving the Tochigi and Tottori strains, similar to that
for the Tokyo strains. The Kochi strains, which were
also isolated from 4 blood samples of 3 patients with

bacteremia, had the following 3 STs: 1432, 368, and 427
(Table 4). Although it was not possible to rule out the
likelihood that strains with other STs were associated
Figure 1. PFGE of the Tokyo
strains of Bacillus cereus isolates,
Japan. The 80% similarity cutoff for
PFGE cluster typing is shown as
a vertical line in the phylogenetic
tree. Red letters and numbers
represent samples isolated from
patients with bacteremia.
Rep-PCR cluster type and MLST
sequence types are also shown.
The Tokyo_ID31 strain was not
analyzed. Scale bar indicates
percent similarity. MLST, multilocus
sequence typing; PFGE, pulsedfield gel electrophoresis; Rep-PCR,
repetitive-element PCR.
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with the bacteremia cases in Kochi, in general, samples
from different hospitals suggested a significant relationship between ST1420 and bacteremia (p = 0.0006
by Fisher exact test) even when the Kochi strains were
taken into account.
ST1420 was a novel ST that had a new tpi allele number, registered as 210 (Table 5). ST1420 had a combination
of allele numbers that was the most similar to that of ST366
in the MLST database. ST1420 and ST366 had the same allele numbers at 5 (glpF, gmk, pta, pur, and pycA) of 7 loci
used in the MLST analysis. Allele tpi 210 of ST1420 differed
from tpi allele 83 of ST366 by only 1 nt. In addition, a search

of genome sequences of B. cereus strains in the National
Center for Biotechnology Information (https://www.ncbi.
nlm.nih.gov/) database showed that ST1420 had an allele
profile closest to B. cereus strain 2M5. ST1420 and B. cereus
strain 2M5 had the same allele numbers at 6 loci (glpF, gmk,
ilvD, pta, pur, and tpi), including the tpi allele 210 detected
in this study.
To determine if ST1420 strains isolated from the different hospitals were derived from a single clone, we performed PFGE analysis for ST1420 strains from the Tochigi
and Tottori strains and compared the results with those
for Tokyo strains (Figure 2). All ST1420 strains formed
Figure 2. Pulsed-field gel
electrophoresis (PFGE) results of
the ST1420 strains of A) Tochigi
strains and B) Tottori strains of
Bacillus cereus isolates, Japan.
The 80% similarity cutoff for
PFGE cluster typing is shown as
a vertical line in the phylogenetic
tree. Names of strains of sequence
type 1420 are indicated in red.
The Tochigi_ID31_#3 was not
analyzed. ID, identification. Scale
bars indicate percent similarity.
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Table 5. Allele profiles of ST1420 and similar sequence types of Bacillus cereus, Japan*
Gene allele
Strain
ST
glpF
gmk
ilvD
pta
ST1420 strains found in this study
1420†
62
1
93
109
BC1
366
62
1
113
109
2M5
NA
62
1
93
109
*NA, not available; ST, sequence type.
†ST found in this study.
‡New alleles in the Multilocus Sequencing Typing Database (https://pubmlst.org).

a single cluster but some differences were observed in
the band pattern. Therefore, although the ST is the same,
these strains are not derived from a recently emerged
single clone.

pur
55
55
55

pycA
102
102
37

tpi
210‡
83
210‡

Country of
origin
Japan
Japan
Burkina Faso

Phylogenetic Analysis

To investigate the relationship between B. cereus isolates
in the present study and other strains of the B. cereus group,
we constructed phylogenetic trees by using concatenated

Figure 3. Multilocus sequence typing (MLST)–based phylogenetic trees of strains and STs of Bacillus cereus isolates, Japan. Reference
sequences were obtained from the MLST database (https://pubmlst.org). Definitions of clades and lineage names followed those
of Priest et al. (9). A) Phylogenetic tree of isolates from patients with bacteremia. Blue indicates Tokyo strains, red indicates Tochigi
stains, orange indicates Tottori strains, and green indicates Kochi strains. B) Phylogenetic tree of STs detected in Tokyo and Tochigi
strains. Blue indicates STs detected in Tokyo strains, and red indicates STs detected in Tochigi strains. Scale bars indicates nucleotide
substitutions per site. Ba, B. anthracis; Bc, B. cereus; ID, identification; ST, sequence type.
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sequences from 7 housekeeping genes used in MLST.
ST1420 was classified into the Cereus III lineage, which
is more closely related to the Anthracis lineage than to Cereus I and II lineages (Figure 3, panel A). Most strains isolated from patients with bacteremia were grouped into the
Cereus III lineage, suggesting closer relationships with B.
anthracis. Among Tokyo and Tochigi strains, isolates from
patients with bacteremia were classified only into clade I,
which includes Cereus I, Cereus II, Cereus III, and Anthracis lineages, whereas isolates from the environment were
distributed not only in clade I but also in clade II (Figure
3, panel B).
Discussion
We performed MLST analysis to identify genotypic characteristics of B. cereus clinical isolates from recent nosocomial infections in Japan. We established that ST1420,
which has a novel combination of allele numbers of the
7 loci used in MLST, was the major ST in strains isolated
from patients with bacteremia. The strains were isolated
from hospitals in different prefectures of Japan in which
nosocomial infections by B. cereus occurred during 2006,
2012, and 2016. Our analyses suggested that ST1420 is
a high-risk clone that has a major association with recent
nosocomial infections and bacteremia cases caused by B.
cereus in Japan.
Tokyo and Tochigi are in the greater Tokyo area. However, the distance between the 2 hospitals in these cities is
so large that nosocomial case-patients with the same B. cereus ST are rarely found. Nosocomial infections in Tochigi
were associated with contaminated hospital linens (14).
However, the linen suppliers are often quite localized, and
it is unlikely that hospitals in Tochigi and Tokyo had the
same suppliers. Although ST1420 was not found in Kochi
strains, further studies are required to investigate the distribution of ST1420 clones in Japan by testing more strains of
nosocomial infections in various places and years.
Phylogenetic relationships among reference strains of
the B. cereus group showed that ST1420 strains were found
in the Cereus III lineage. The Cereus III lineage is closely
related to the Anthracis lineage, suggesting a close genetic
background with B. anthracis. In a previous report, clinical
isolates classified into the Cereus III lineage were also associated with systemic diseases (11); B. cereus 03BB102 (ST11),
which was isolated from a patient who died from pneumonia,
and B. cereus D4214 (ST62), which was isolated from a patient with septicemia, belonged to the Cereus III lineage. B.
cereus strains isolated from other severe infection outbreaks
in hospitals have been found to belong to the Cereus III lineage (12,21). The fact that ST1420, which is believed to be
associated with bacteremia, belongs to the Cereus III lineage
is consistent with the previously reported relationships between B. cereus strains causing severe symptoms.

To determine relationships between B. cereus strains
belonging to the Cereus III lineage and B. anthracis, we
analyzed isolates from our study for a genetic marker for B.
anthracis. Ba813 is a 277-bp chromosomal DNA sequence
present in B. anthracis and has been used for differentiation of B. anthracis from B. cereus (22). However, it has
been reported that some B. cereus strains contain Ba813
(12,23). We found that some of the B. cereus isolates in
our study were in the Cereus III lineage, including ST1420,
contained Ba813. These results indicate close relationships
among some B. cereus strains belonging to the Cereus III
lineage with B. anthracis and suggest that Ba813 is not a
suitable chromosomal genetic marker for identification of
B. anthracis.
For other STs, ST167, ST365, and ST368 were detected in bacteremia cases in Tochigi. ST368 was also detected
in strains isolated from patients with bacteremia in Tokyo,
Tottori, and Kochi. ST167 has been reported in patients
with bacteremia, ST365 has been reported in patients with
sepsis, and ST368 has been reported in patients with pyrexia in Japan (13,24). ST365 and ST368 have been reported
in a person with a nosocomial infection (13). In previous
studies, some pathogenic B. cereus isolates associated with
emetic illness were classified as ST26, and some isolates
associated with pneumonia were classified as ST78 (11).
Our findings suggest that specific STs are associated with
nosocomial infections or severe infections.
In conclusion, we have shown that B. cereus ST1420,
a novel ST, was a major ST among nosocomial infections and bacteremia cases in Japan that occurred in different hospitals and different years. ST1420 could be a
prevalent ST in recent B. cereus nosocomial infections in
Japan. Further investigations are required to elucidate
its distribution.
Acknowledgments
We thank Yoshitoshi Ogura, Rei Kajitani, and Keisuke Katsura
for their advice regarding bioinformatics analysis.
This study was supported by the Program for Leading Graduate
Schools, Ministry of Education, Culture, Sports, Science and
Technology and partly supported by the Japan Initiative for
Global Research Network on Infectious Diseases.
About the Author
Ms. Akamatsu is a PhD student at Hokkaido University,
Sapporo, Japan. Her research interests include genomics and
pathogenesis of the B. cereus group.
References
1.

Bottone EJ. Bacillus cereus, a volatile human pathogen. Clin
Microbiol Rev. 2010;23:382–98. http://dx.doi.org/10.1128/
CMR.00073-09

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

889

RESEARCH
2.

3.

4.

5.

6.

7.

8.
9.

10.

11.

12.

13.

14.

890

Schaefer G, Campbell W, Jenks J, Beesley C, Katsivas T,
Hoffmaster A, et al. Persistent Bacillus cereus bacteremia in 3
persons who inject drugs, San Diego, California, USA.
Emerg Infect Dis. 2016;22:1621–3. http://dx.doi.org/10.3201/
eid2209.150647
Thomas BS, Bankowski MJ, Lau WK. Native valve Bacillus
cereus endocarditis in a non-intravenous-drug-abusing patient.
J Clin Microbiol. 2012;50:519–21. http://dx.doi.org/10.1128/
JCM.00657-11
Marley EF, Saini NK, Venkatraman C, Orenstein JM. Fatal
Bacillus cereus meningoencephalitis in an adult with acute
myelogenous leukemia. South Med J. 1995;88:969–72.
http://dx.doi.org/10.1097/00007611-199509000-00017
Hoffmaster AR, Ravel J, Rasko DA, Chapman GD, Chute MD,
Marston CK, et al. Identification of anthrax toxin genes in a
Bacillus cereus associated with an illness resembling inhalation
anthrax. Proc Natl Acad Sci U S A. 2004;101:8449–54.
http://dx.doi.org/10.1073/pnas.0402414101
Bryce EA, Smith JA, Tweeddale M, Andruschak BJ, Maxwell MR.
Dissemination of Bacillus cereus in an intensive care unit. Infect
Control Hosp Epidemiol. 1993;14:459–62. http://dx.doi.org/
10.2307/30145517
Hernaiz C, Picardo A, Alos JI, Gomez-Garces JL. Nosocomial
bacteremia and catheter infection by Bacillus cereus in an
immunocompetent patient. Clin Microbiol Infect. 2003;9:973–5.
http://dx.doi.org/10.1046/j.1469-0691.2003.00682.x
Barrie D, Hoffman PN, Wilson JA, Kramer JM. Contamination of
hospital linen by Bacillus cereus. Epidemiol Infect. 1994;113:
297–306. http://dx.doi.org/10.1017/S0950268800051724
Priest FG, Barker M, Baillie LW, Holmes EC, Maiden MC.
Population structure and evolution of the Bacillus cereus group.
J Bacteriol. 2004;186:7959–70. http://dx.doi.org/10.1128/
JB.186.23.7959-7970.2004
Zwick ME, Joseph SJ, Didelot X, Chen PE, Bishop-Lilly KA,
Stewart AC, et al. Genomic characterization of the Bacillus cereus
sensu lato species: backdrop to the evolution of Bacillus
anthracis. Genome Res. 2012;22:1512–24. http://dx.doi.org/
10.1101/gr.134437.111
Hoffmaster AR, Novak RT, Marston CK, Gee JE, Helsel L,
Pruckler JM, et al. Genetic diversity of clinical isolates of Bacillus
cereus using multilocus sequence typing. BMC Microbiol.
2008;8:191. http://dx.doi.org/10.1186/1471-2180-8-191
Zhang J, van Hung P, Hayashi M, Yoshida S, Ohkusu K, Ezaki T.
DnaJ sequences of Bacillus cereus strains isolated from outbreaks
of hospital infection are highly similar to Bacillus anthracis. Diagn
Microbiol Infect Dis. 2011;70:307–15. http://dx.doi.org/10.1016/
j.diagmicrobio.2011.02.012
Dohmae S, Okubo T, Higuchi W, Takano T, Isobe H,
Baranovich T, et al. Bacillus cereus nosocomial infection from
reused towels in Japan. J Hosp Infect. 2008;69:361–7.
http://dx.doi.org/10.1016/j.jhin.2008.04.014
Sasahara T, Hayashi S, Morisawa Y, Sakihama T, Yoshimura A,
Hirai Y. Bacillus cereus bacteremia outbreak due to contaminated

15.

16.

17.

18.

19.
20.
21.

22.

23.

24.

hospital linens. Eur J Clin Microbiol Infect Dis. 2011;30:219–26.
http://dx.doi.org/10.1007/s10096-010-1072-2
McDougal LK, Steward CD, Killgore GE, Chaitram JM,
McAllister SK, Tenover FC. Pulsed-field gel electrophoresis
typing of oxacillin-resistant Staphylococcus aureus isolates from
the United States: establishing a national database. J Clin
Microbiol. 2003;41:5113–20. http://dx.doi.org/10.1128/
JCM.41.11.5113-5120.2003
Fluit AC, Terlingen AM, Andriessen L, Ikawaty R, van Mansfeld R,
Top J, et al. Evaluation of the DiversiLab system for detection
of hospital outbreaks of infections by different bacterial species.
J Clin Microbiol. 2010;48:3979–89. http://dx.doi.org/10.1128/
JCM.01191-10
Kajitani R, Toshimoto K, Noguchi H, Toyoda A, Ogura Y,
Okuno M, et al. Efficient de novo assembly of highly heterozygous
genomes from whole-genome shotgun short reads. Genome Res.
2014;24:1384–95. http://dx.doi.org/10.1101/gr.170720.113
Larsen MV, Cosentino S, Rasmussen S, Friis C, Hasman H,
Marvig RL, et al. Multilocus sequence typing of total-genomesequenced bacteria. J Clin Microbiol. 2012;50:1355–61.
http://dx.doi.org/10.1128/JCM.06094-11
Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary
Genetics Analysis Version 7.0 for Bigger Datasets. Mol Biol Evol.
2016;33:1870–4. http://dx.doi.org/10.1093/molbev/msw054
Saitou N, Nei M. The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol Biol Evol. 1987;
4:406–25.
Ogawa H, Fujikura D, Ohnuma M, Ohnishi N, Hang’ombe BM,
Mimuro H, et al. A novel multiplex PCR discriminates Bacillus
anthracis and its genetically related strains from other Bacillus
cereus group species. PLoS One. 2015;10:e0122004.
http://dx.doi.org/10.1371/journal.pone.0122004
Ramisse V, Patra G, Garrigue H, Guesdon JL, Mock M.
Identification and characterization of Bacillus anthracis by
multiplex PCR analysis of sequences on plasmids pXO1
and pXO2 and chromosomal DNA. FEMS Microbiol Lett.
1996;145:9–16. http://dx.doi.org/10.1111/j.1574-6968.1996.
tb08548.x
Ramisse V, Patra G, Vaissaire J, Mock M. The Ba813 chromosomal
DNA sequence effectively traces the whole Bacillus anthracis
community. J Appl Microbiol. 1999;87:224–8. http://dx.doi.org/
10.1046/j.1365-2672.1999.00874.x
Vassileva M, Torii K, Oshimoto M, Okamoto A, Agata N,
Yamada K, et al. Phylogenetic analysis of Bacillus cereus isolates
from severe systemic infections using multilocus sequence
typing scheme. Microbiol Immunol. 2006;50:743–9.
http://dx.doi.org/10.1111/j.1348-0421.2006.tb03847.x

Address for correspondence: Hideaki Higashi, Research Center for
Zoonosis Control, Hokkaido University North 20, West 10, Kita 20,
Nishi 10, Kita-ku, Hokkaido, Sapporo, 001-0020, Japan; email:
hidea-hi@czc.hokudai.ac.jp

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

Infectious Dose of African
Swine Fever Virus When Consumed
Naturally in Liquid or Feed
Megan C. Niederwerder, Ana M.M. Stoian, Raymond R.R. Rowland, Steve S. Dritz,
Vlad Petrovan, Laura A. Constance, Jordan T. Gebhardt, Matthew Olcha,
Cassandra K. Jones, Jason C. Woodworth, Ying Fang, Jia Liang, Trevor J. Hefley

African swine fever virus (ASFV) is a contagious, rapidly
spreading, transboundary animal disease and a major
threat to pork production globally. Although plant-based
feed has been identified as a potential route for virus introduction onto swine farms, little is known about the risks
for ASFV transmission in feed. We aimed to determine the
minimum and median infectious doses of the Georgia 2007
strain of ASFV through oral exposure during natural drinking and feeding behaviors. The minimum infectious dose of
ASFV in liquid was 100 50% tissue culture infectious dose
(TCID50), compared with 104 TCID50 in feed. The median infectious dose was 101.0 TCID50 for liquid and 106.8 TCID50
for feed. Our findings demonstrate that ASFV Georgia 2007
can easily be transmitted orally, although higher doses are
required for infection in plant-based feed. These data provide important information that can be incorporated into risk
models for ASFV transmission.

A

frican swine fever virus (ASFV) is an emerging threat
to swine production in North America and Europe.
During the past decade, ASFV has spread into Eastern Europe and Russia (1,2) and most recently into China (3,4)
and Belgium (5). Disease caused by ASFV is characterized
by severe disseminated hemorrhage, and case-fatality rates
approach 100% (6). The virus is a member of the Asfarviridae family and is the only known vectorborne DNA
virus (7). Challenges to disease control include the lack of
available vaccines and the potential for ASFV to become
endemic in feral swine and ticks (8). Because no effective
vaccine or treatment exists, preventing ASFV introduction
is the primary goal of disease-free countries. Mitigation
strategies during an African swine fever (ASF) outbreak
are centered around restricting pig movement and conducting large-scale culling of infected herds. It is estimated that
the introduction of ASFV into the United States would cost
producers >$4 billion in losses (9).
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Historical outbreaks, including the introduction of
ASFV into the Caucasus region in 2007 and subsequent
spread into Russia, have been attributed to feeding contaminated pork products (1) or direct contact with pigs
(10). ASFV survives in meat and blood at room temperature for several months (11,12) and is resistant to temperature and pH extremes (13). Molecular characterization of the more recent ASFV incursions into China (4)
and Siberia (14) demonstrate similarity in viral isolates to
the Georgia 2007 strain of ASFV. These outbreaks have
occurred in herds separated by thousands of kilometers
(15). For example, ASFV spread ≈2,100 km from the city
Shenyang in northern China to the city Wenzhou, south of
Shanghai, in ≈3 weeks (16). Also, an ASFV incursion has
been reported recently in a large-scale, high-biosecurity
farm in Romania (17). Contaminated water from the Danube River has been implicated in introducing ASF onto
the ≈140,000-pig breeding farm (18). Contaminated feed
as a transmission vehicle for introducing transboundary
animal diseases onto high-biosecurity swine operations
has been recognized as a major risk factor since the introduction of porcine epidemic diarrhea virus into the United
States in 2013 (19–24). The lesson learned from porcine
epidemic diarrhea virus underscores the need to quantitate
the risk that feed plays in the introduction of other transboundary animal diseases. Nonetheless, data defining the
risk for ASFV transmission through feed or feed ingredients are limited.
In 2014, the introduction and spread of ASFV in Latvia was associated with the feeding of virus-contaminated
fresh grass or crops to naive pigs (25). Furthermore, recent
work has demonstrated that ASFV survives in feed ingredients, such as conventional soybean meal, organic soybean
meal, soy oil cake, and choline, under conditions simulating trans-Atlantic shipment from Eastern Europe to the
United States (21). These reports suggest that the spread of
ASFV might be attributed to less-recognized transmission
routes, such as feed or water.
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ASFV can be transmitted experimentally through several routes, including intramuscularly, oronasally, or through
direct contact (6). In many of the studies on oronasal transmission, however, ASFV was placed directly in the mouth or
on the tonsils. The infectious dose of ASFV in plant-based
feed or liquid consumed naturally is lacking; moreover, nothing has been reported regarding ASFV Georgia 2007 transmission in feed. Although field-based epidemiologic reports
provide information suggesting routes of transmission, they
provide little information about infectious dose. Thus, our
objectives were to 1) define the relationship between infection probability and dose, 2) identify the minimum infectious
dose (MID) or lowest dose required to result in ASFV infection of >1 pig, and 3) identify the median infectious dose
(ID50) or dose required to result in ASFV infection of 50%
of pigs for ASFV Georgia 2007 when consumed naturally in
contaminated feed or liquid.
Materials and Methods
ASFV Inoculum Preparation

We used an ASFV Georgia 2007/1 isolate (2) for this study.
Viral stocks were created from spleen tissue collected from
pigs during acute infection with ASFV Georgia 2007 (26).
We minced splenic tissue and passed it through a cell strainer
in the presence of phosphate-buffered saline (PBS) supplemented with penicillin/streptomycin and fungizone. We centrifuged the suspension at 4,000 × g for 30 min and stored
the supernatant at 4°C. We then resuspended the pellet in
sterile PBS with antibiotics and antimycotics and obtained
additional virus by 3 freeze-thaw cycles. The suspension was
centrifuged and clarified supernatant stored at 4°C.
For virus titration, we collected porcine alveolar macrophages (PAMs) by using lung lavage of 3–5-week-old pigs.
We cultured PAMs for 2 days in RPMI media supplemented
with 10% fetal bovine serum and antibiotics in a 37°C 5%
CO2 incubator. We then prepared 10-fold serial dilutions of
virus in triplicate and added the dilutions to PAMs in a 96-well
plate. After 3 days at 37°C, cells were fixed by using 80% acetone for 10 min. Cells were stained using a p30 monoclonal
antibody (27) diluted 1:6,000. We incubated the plate at 37°C
for 1 h and washed it 3 times with PBS. Bound antibody was
detected by using a goat-antimouse antibody (AlexaFluor 488;
Thermo Fisher Scientific, https://www.thermofisher.com)
diluted 1:400 and incubated for 1 h at 37°C. We observed
stained cells under an inverted fluorescence microscope (Evos
FL; Thermo Fisher Scientific) and calculated the log10 50%
tissue culture infectious dose per milliliter (TCID50/mL) according to the method of Reed and Muench (28).
We made dilutions of the clarified ASFV Georgia
2007 splenic homogenate by using RPMI media, with doses ranging from 100 TCID50 to 108 TCID50 added to a final
volume of 100 mL RPMI or 100 g complete feed. The feed
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was a typical corn soybean meal-based diet formulated
to be nutritionally adequate according to the National Research Council recommendations for pigs weighing 10–25
kg (29). The diet did not contain any animal-based feed
ingredients. For mixing virus with feed, we allowed 10 mL
of virus to absorb onto 100 g of feed in a 500 mL, widemouth, high-density polyethylene round bottle (Nalgene,
Thermo Fisher Scientific) for 30 s before homogenization
by rolling and gently mixing the bottle by hand.
Animals and Housing

The use of pigs and viruses in research was performed in
accordance with the Federation of Animal Science Societies Guide for the Care and Use of Agricultural Animals in
Research and Teaching and the US Department of Agriculture’s Animal Welfare Act and Animal Welfare Regulations. The research was approved by the Kansas State University Institutional Animal Care and Use Committee and
the Institutional Biosafety Committee.
We obtained 84 crossbred pigs (average age, 51.8 +
2.2 days) from a single high-health commercial source.
Pigs were housed in 3 identical 66 m2 rooms at the Kansas
State University Biosecurity Research Institute and maintained under Biosafety Level 3 agriculture containment
conditions. Rooms were environmentally controlled, and
complete exchange of air occurred 14.5 times/hour in each
room. Pigs were maintained individually in 1.9 m2 pens,
and each pen was separated by >1.5 m in the room. The
stainless-steel pens were raised and contained slotted fiberglass flooring. Three sides of the pen were solid, with a
fourth side consisting of bars and a gate. All efforts were
made to prevent aerosol spread of virus. Negative control
pigs were maintained in the room as a means to monitor the
potential for cross-contamination between pens.
Experimental Design

We adapted the experimental design and approach for determining the median infectious dose of ASFV Georgia 2007
from previous work on porcine reproductive and respiratory
syndrome virus (30,31). We conducted 7 replicates for both
liquid and feed, each composed of 6 pigs for liquid and 6
pigs for feed. In each replicate for feed or liquid, we administered 5 pigs a specific dose of ASFV; 1 pig served as the
negative control. An adaptive study design was incorporated
throughout the course of the experiment to result in the most
precise estimate of the ID50 while maximizing the information gained from the trial (32,33). The most likely ID50 was
based on a review of the available literature (34–40). We
used this information to identify the initial infectious dose
tested of 103 TCID50 for liquid and 104 TCID50 for feed. After completion of the first replicate, we used the continual
reassessment method to update the ID50 estimate (32,33).
The results of each replicate were used to select dosages for
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subsequent replicates; in general, this process resulted in
liquid doses decreasing and feed doses increasing after the
initial replicates were completed. All replicates and pig numbers for each dose are shown in Table 1.
For drinking, pigs consumed ASFV mixed in a 100mL volume of RPMI media. Liquid was provided through
a gravity-fed restricted-flow nipple drinker (Arato 76 Piglet
Drinker; Ag Works International, http://www.agworksintl.
com) attached to an adjustable galvanized wall bracket
(1.3 cm × 61 cm pipe; SMB Manufacturing, https://www.
smbmfg.com). If pigs became averse to drinking from a
nipple, liquid medium was placed in a small stainless-steel
bowl for pigs to drink. For feeding, pigs consumed ASFV
mixed in a 100-g volume of complete feed provided in a 23cm stainless-steel creep feeder (Vittetoe Inc., http://www.
vittetoe.com). Infectious titers of each virus dilution were
back-titrated on PAMs by endpoint titration assay (TCID50/
mL) to confirm accurate dosing. Negative control pigs received the same volumes of sterile media or complete feed
without virus.
Pigs were acclimated to the drinkers or feeders for 3–4
days before ASFV inoculation. During this acclimation
period, water and feed (drinking) or feed alone (feeding)
were withheld for 10–14 hours before liquid media or feed
was offered. Pigs were monitored during the drinking or
eating process. Once pigs had consumed the specified volume of liquid or feed, pigs were given unrestricted access
to feed and water until the next withholding period. After
acclimation, 5 pigs in each replicate were offered the same
substrate containing a specific dose of ASFV followed by
unrestricted access to feed and water.
We evaluated the pigs for clinical signs of ASF twice
daily and collected blood from each pig at 0 and 5 days
postinoculation (dpi). Pigs showing clinical signs before 5
dpi were humanely euthanized, and blood and tissues were
collected. The remaining pigs were humanely euthanized
on 5 dpi, and complete necropsies were performed. We determined infection status on the basis of real-time PCR detection of ASFV in the serum or spleen and virus isolation

from the spleen. We constructed dose-response curves and
calculated ID50, as described further in this article.
ASFV PCR

We extracted nucleic acid from serum or splenic homogenate by using the MagMAX-96 Viral RNA Isolation Kit
(Thermo Fisher Scientific). For nucleic acid isolation, we
combined 50 μL of sample with 20 μL of Bead mix (containing lysis/binding solution, carrier RNA, and 100% isopropanol) on a U-bottom 96-well plate. Cells were lysed by
using 130 μL lysis/binding solution and mixed for 5 minutes on a shaker. The beads were captured on a magnetic
stand and washed twice using 150 μL Wash Solution 1 and
2 with a final elution volume of 50 μL.
We performed PCR amplification of p72 according to
King et al. (41). The primer and probe mixture was commercially synthesized by using PrimeTime Mini qPCR Assay (IDT Technologies, https://www.idtdna.com): probe
(5′-[6-FAM]- CCA CGG GAG ZEN GAA TAC CAA CCC
AGT G-3′-[IBFQ]), sense primer (5′-CTG CTC ATG GTA
TCA ATC TTA TCG A-3′), and anti-sense primer (5′-GAT
ACC ACA AGA TCR GCC GT-3′). The 15 μL PCR mixture consisted of 10 μL 2X iTaq Universal Probes Supermix (Bio-Rad Laboratories, http://www.bio-rad.com), 1 μL
1X PrimeTime Mini (500 nM primers and 250 nM probe),
and 4 μL nuclease-free water. We dispensed this mastermix
into a Hard-Shell optical 96-well reaction plate (Bio-Rad
Laboratories), added DNA samples, and briefly centrifuged
the plate to remove air bubbles. We then performed realtime PCR on a CFX96 Real-Time System (Bio-Rad Laboratories) under the following conditions: 95°C for 2 min,
followed by 45 cycles of 94°C for 30 s, 58°C for 1 min, and
60°C for 30 s. We performed data analysis by using CFX96
software and reported results as cycle threshold values.
Data Analysis

We assessed infectivity by using 3 diagnostic methods (PCR
of spleen, PCR of serum, and virus isolation of spleen),
which resulted in 3 binary response variables (i.e., positive

Table 1. Replicates of pigs orally exposed to ASFV in liquid or feed based on a sequential adaptive experimental design to determine
the infectious dose of ASFV when consumed naturally*
Liquid media replicates, no. tested (no. positive)
Plant-based feed replicates, no. tested (no. positive)
Dose ASFV,
TCID50
1
2
3
4
5
6
7
1
2
3
4
5
6
7
100
–
–
–
–
3 (3)
–
5 (0)
–
–
–
–
–
–
–
101
–
–
5 (3) 5 (1)†
–
–
–
–
–
–
–
–
–
–
102
–
4 (2)
–
–
2 (2)
2 (2)
–
–
–
–
–
–
–
–
103
5 (5)
1 (0)
–
–
–
–
–
–
5 (0)
–
–
–
–
–
4
10
–
–
–
–
–
3 (3)
–
5 (2)
–
–
–
–
–
–
105
–
–
–
–
–
–
–
–
–
5 (2) 5 (2)†
–
–
–
106
–
–
–
–
–
–
–
–
–
–
–
3 (0)
–
5 (2)
107
–
–
–
–
–
–
–
–
–
–
–
2 (0)
3 (2)
–
108
–
–
–
–
–
–
–
–
–
–
–
–
2 (1)
–

*Data are shown for the 5 infected pigs. In each replicate, 1 negative control pig was present. ASFV, African swine fever virus; TCID50, 50% tissue culture
infectious dose; –, no pigs tested.
†One pig in each of these replicates died before 5 days postinoculation for causes other than ASF and was eliminated from the data analysis.
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or negative) for each individual pig. We categorized ASFV
infection as positive if >1 diagnostic test indicated evidence
of infection. We analyzed all binary responses simultaneously to account for imperfect test agreement (42–44).
Without assuming a functional form for the relationship
between dose and probability of infection, we used a constrained spline regression model. The constraints used were
limited to the assumptions that infection probability increases as dose increases and that the relationship is continuous.
We used a constrained regression spline within a Bayesian
hierarchical model to estimate the infection probability at
each dose for a single exposure based on the results of the
3 diagnostic methods. On the basis of the single exposure,
we also modeled repeated exposures, assuming repeated
exposures are independent events. Thus, we calculated the
infection probability for multiple exposures as 1 – (1 – p)q,
where p is the single-exposure infection probability and q is
the number of exposures. Repeated exposures can be viewed
interactively online (https://trevorhefley.shinyapps.io/asfv).
We used previously described algorithms for statistical model implementation (45,46) by using the cgam package in R
(47). We have provided a tutorial with the computational details, annotated computer code to assist readers implementing similar models, and the necessary code to reproduce results and figures related to the analysis (Appendix, https://
wwwnc.cdc.gov/EID/article/25/5/18-1495-App1.pdf).
Results
A summary of the infection results is shown in Table 2. A
total of 68 pigs were included in the study. No evidence
of ASFV infection was detected in the 14 negative control pigs. Therefore, adequate biosecurity was maintained
throughout the study. Of the 32 pigs with evidence of
ASFV infection, 16 (50%) were positive on virus isolation
and PCR of spleen, 8 (25%) were positive on virus isolation of spleen alone, and 8 (25%) were positive on all 3
tests. The 34 pigs in the feeding trial consumed the 100 g
of feed in a mean + SD of 14.8 + 5.5 min (minimum 7 min,
maximum 30 min). For the liquid trial, the 34 pigs consumed the 100 mL of ASFV-inoculated media in a mean
+ SD of 21.1 + 18.2 min (minimum 3 min, maximum 63

min). A small number of pigs (3/34 [8.8%]) averse to the
restricted-flow nipples consumed media from a bowl.
Overall, the probability of infection increased as the
dose increased for both feed and liquid (Figure 1). Reported as the lowest dose required to result in ASFV infection of >1 pig, the MID after liquid consumption was
100 TCID50, whereas 104 TCID50 was the MID required to
result in infection after consumption of contaminated complete feed. For a single exposure, liquid had a higher infection probability compared with feed at doses up to 107.5
TCID50 where the 95% CIs overlap (Figure 1, panel A). At
the highest dose tested in liquid (104 TCID50), 100% of pigs
were infected with ASFV; in contrast, no feed dose resulted
in a 100% infection rate in this experiment.
When multiple exposures are considered, the infection
probability increases at all dose levels for both liquid and
feed (Figure 1, panels B and C). By 10 exposures with liquid,
the probability of infection increases to near 1 at the lowest
dose of 1 TCID50 ASFV. For feed with multiple exposures,
we observed an increase in the width of the 95% CI at the
lower dosages, indicating that with repeated exposures, the
uncertainty in the infection probability increased. This result
was attributable to fewer pigs being infected with lower doses
and the lower infection probability for a single exposure. The
distribution of plausible doses that could produce infection in
50% of pigs is shown in Figure 2. The ID50 was 101.0 (95%
CI 100–102.3) for liquid and 106.8 (95% CI 104.6–108+) for feed.
Discussion
Our study confirms the efficient transmission of ASFV
by the oral route in liquid and feed lacking contaminated
pork products and provides quantitative data for the Georgia 2007 strain. Early studies indicated a minimum dose of
105 50% hemadsorption doses (HAD50) of ASFV KWH/12
was required to cause infection when administered orally
in milk (38). Later, Howey et al. (35) determined the infectious potential of 3 doses of ASFV Malawi 1983 delivered
intraoropharyngeally to commercial pigs. Although a low
dose of 102 HAD50 did not induce infection (0/2), moderate
(104 HAD50) and high (106 HAD50) doses were sufficient to
cause infection in 100% of the pigs (4/4) (35). More recently,

Table 2. Summary of results for pigs orally exposed to ASFV in liquid or feed to determine the infectious dose of ASFV when
consumed naturally*
Liquid media
Plant-based feed
Dose ASFV,
TCID50
No. tested
No. positive
% Positive
No. tested
No. positive
% Positive
100
8
3
37.5
–
–
–
101
9
4
44.4
–
–
–
102
8
6
75
–
–
–
103
6
5
83.3
5
0
0
4
10
3
3
100
5
2
40
105
–
–
–
9
4
44.4
106
–
–
–
8
2
25
7
10
–
–
–
5
2
40
108
–
–
–
2
1
50
*ASFV, African swine fever virus; TCID 50, 50% tissue culture infectious dose; –, no pigs tested.
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a study demonstrated that even lower doses of a contemporary ASFV isolate related to ASFV Georgia 2007 was capable of inducing infection. Specifically, Pietschmann et al.
(34) showed that oronasal doses as low as 3 and 25 hemadsorption units of ASFV Armenia 2008, when delivered in
2 mL of splenic suspension, caused infection in wild boar.
Increased susceptibility was demonstrated in wild boar described as weak with poor condition (34).
In our study, we confirmed the high infectivity of
ASFV Georgia 2007 through liquid by the oral route. Of
note, the pigs in our study consumed the contaminated liquid naturally through drinking and were considered healthy
and robust. Productive infection resulted in almost 40% of
the pigs exposed to an ASFV liquid inoculum containing as
little as 1 TCID50. The low infectious dose of ASFV through
natural liquid consumption should be considered as a possible factor in the spread of ASF through water, consistent
with the epidemiologic evidence linking the Danube River
with ASF spread in Romania (18).
ASFV delivered through liquid by the oronasal or intraoropharyngeal route might result in infection because of
virus exposure of the nasopharynx, including the tonsils, or
of the gastrointestinal tract. Because of the high stability of
ASFV in a wide range of pH values (from 4 to 10) (13),
survival in the acidic gastric environment is possible but unlikely. More likely is that liquid medium provides an ideal
substrate for virus contact with the tonsils, where primary
virus replication occurs after natural exposure to ASFV (38).
Reports documenting experimental ASFV infection
through contaminated feed involve consumption of tissues
from infected animals. As early as 1954, it was reported
that transmission of ASFV by oral feeding required a minimum dose of 105 (40). Parker et al. failed to infect pigs with
homogenized tissues from warthogs containing 103.7–106.1
HAD50 of ASFV administered in solid feed (37). In contrast, Colgrove et al. (39) successfully infected domestic
pigs by adding 50 g of minced spleen and liver from an
infected pig to solid feed. Each gram of tissue contained
107.0–107.5 HAD50 of ASFV isolate Hinde WH II (39). Our
experimental studies using the contemporary isolate Georgia 2007 show that ASFV infection through the consumption of plant-based feed requires a higher dose compared
with liquid. Compared with liquid media, feed might stimulate salivary proteases that degrade virus integrity. Furthermore, the feed matrix might inhibit tonsillar contact,
reducing virus exposure to lymphoid and epithelial tissues
before gastrointestinal entry (36).
Despite the higher MID in feed compared with liquid
observed in this study, we hypothesize that feed might actually pose a higher risk compared with water sources in
modern swine production systems. Feed delivery is a highfrequency event, and feed production is highly centralized;
thus, contaminated feed can be easily distributed across

a substantial number of pig farms. Pigs would also likely
consume the contaminated feed in higher volumes (>100 g)
and at higher frequencies (>1 exposure) than what was tested in our study. The likelihood of productive infection after
consumption of ASFV-contaminated complete feed increases significantly after 3 or 10 exposures (Figure 1, panels B, C). Therefore, despite infection after consumption
of ASFV in contaminated feed being a lower-probability
event compared with liquid, the high frequency of exposure
might make feed a more important risk factor for transmission. Adding to this risk is the fact that highly centralized
feed mills use ingredients from a global distribution supply chain. For example, inventory from a midwestern US

Figure 1. Estimated liquid (blue line) and feed (black line) infection
probability at different oral doses of ASFV based on experimental
data to determine the infectious dose of ASFV when consumed
naturally. Data are shown for 1 exposure (A), 3 exposures (B),
and 10 exposures (C). Shading indicates 95% CIs. Numbers of
individual pig dosages are represented by the blue and black tick
marks above the horizontal axis. Repeated exposures can be
viewed interactively online (https://trevorhefley.shinyapps.io/asfv).
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During 2003–2011, we recruited 1,065 patients of all ages
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had infections with emerging pathogens: viruses in 16.2%
(mainly Japanese encephalitis virus [8.8%]); bacteria in
16.4% (including Orientia tsutsugamushi [2.9%], Leptospira
spp. [2.3%], and Rickettsia spp. [2.3%]); and Cryptococcus
spp. fungi in 6.6%. We observed no significant differences
in distribution of clinical encephalitis and meningitis by bacterial or viral etiology. However, patients with bacterial CNS
infection were more likely to have a history of diabetes than
others. Death (26.3%) was associated with low Glasgow
Coma Scale score, and the mortality rate was higher for
patients with bacterial than viral infections. No clinical or
laboratory variables could guide antibiotic selection. We
conclude that high-dependency units and first-line treatment with ceftriaxone and doxycycline for suspected CNS
infections could improve patient survival in Laos.

C

entral nervous system (CNS) infections, which can
be caused by a number of different viruses, bacteria,
fungi, and parasites, cause substantial disease and death in
Southeast Asia (1). The etiologies of these infections are
usually confirmed in <50% patients globally (2,3). Conventionally, most CNS infections are classified as meningitis or
encephalitis by using a diverse set of clinical and laboratory
definitions. The main causes of meningitis reported in Asia
are Mycobacterium tuberculosis, Streptococcus pneumoniae, Streptococcus suis, Neisseria meningitidis, and Cryptococcus spp. (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/25/5/18-0914-App1.pdf). Physicians rarely
consider rickettsial and leptospiral pathogens, but interest
in these reemerging treatable etiologies is resurfacing (4).
Emerging viruses are important causes of CNS infections
1

Deceased.
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in Asia. Japanese encephalitis virus (JEV) causes ≈68,000
cases of encephalitis a year (5), and dengue virus is increasingly reported as a cause of neurologic disease, occurring
in 0.5%–6.2% of dengue patients (6–9). Other common viral causes of encephalitis include enterovirus and herpes
simplex viruses (HSVs) 1 and 2 (10).
Few data globally are available to guide policy on the
prevention, diagnosis, and treatment of CNS infections,
and the diversity of definitions for different CNS infection
syndromes is confusing (11); some case definitions use
clinical criteria only (12,13), and others include additional
laboratory variables (10,14). Meningitis (i.e., meningeal
infection) and encephalitis (i.e., parenchymal infection)
presumably represent a continuum, but the diversity of
clinical and laboratory features and etiologies across this
wide spectrum is poorly understood. The standard for differentiating encephalitis from meningitis is histopathology,
but biopsies and autopsies are rarely performed in Asia.
In Laos, the only comprehensive routine cerebrospinal fluid (CSF) diagnostic service available is in the capital
city, Vientiane, at Mahosot Hospital (15–17). After a publication reporting rickettsial and leptospiral pathogens as
important causes of CNS infections in Laos (4), we present
the results of the full investigation conducted on the causes
of CNS infection in this hospital to guide public health policy and treatment guidelines.
Methods
Study Site and Patient Recruitment

This study was prospectively conducted (January 2003–
August 2011) with inpatients on all wards of Mahosot
Hospital in Vientiane (17.959431°N, 102.613144°E, 188
m above mean sea level), an ≈400-bed hospital providing
primary, secondary, and tertiary care and admitting ≈2,000

patients/month. We recruited inpatients of all ages for
whom diagnostic lumbar puncture was indicated for suspicion of CNS infection because of altered consciousness
or neurologic findings and for whom lumbar puncture was
not contraindicated. For patient inclusion, we used no formal definition for CNS infection; patient recruitment was at
the discretion of the responsible physician, reflecting local
clinical practice. We recorded patient history and examination findings on standardized forms.
Ethics Statement

We obtained verbal (2003–2006) or written (2006–2011)
informed consent from all recruited patients or close relatives. Ethics clearance was granted by the Ethical Review
Committee of the Faculty of Medical Sciences, National
University of Laos (Vientiane, Laos), and the Oxford University Tropical Ethics Research Committee (Oxford, UK).
Encephalitis and Meningitis Clinical Case Definitions

We classified febrile patients meeting the World Health
Organization (WHO) criteria for encephalitis or meningitis (Figure 1) (18) as patients with WHO clinical CNS
(hereafter WHO CNS) infection. Because of the overlapping WHO case definitions for encephalitis and meningitis,
which both include a Glasgow Coma Scale (GCS) score
<15 as criteria, we created additional classifications for
febrile patients: those with stiff neck; reduced GCS score
(<15), seizures, or both; stiff neck and reduced GCS score,
seizures, or both; no stiff neck but reduced GCS score, seizures, or both; and stiff neck, a GCS score of 15, and no
seizures (Table 1).
Laboratory Tests

Cerebrospinal fluid (CSF) was collected from patients (≈8
mL for adults [defined as patients >15 years of age], ≈3.5
Figure 1. WHO encephalitis
and meningitis case definitions.
*Definitions from WHO (18).
†Defined here as a Glasgow
Coma Scale score <15. ‡Not
“with sudden onset of fever
>38.5°C” as recommended
by the WHO because we saw
patients, especially young
children, with meningitis but
with temperatures below the
WHO temperature criterion.
§Patients with history of fever
or documented fever (>37.5°C).
¶History of neck stiffness or neck
stiffness on examination. WHO,
World Health Organization.
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Table 1. Classifications of febrile patients with clinical central nervous system infection (n = 771), Laos, January 2003–August 2011*
Additional classification, %
Clinical sign
GCS score <15, seizure, or both Stiff neck + GCS
WHO classification, %†
Stiff
GCS
No. (%)
Stiff
No stiff
score 15 + no
neck score <15 Seizure
patients
MEN
E
ME
neck
All
Stiff neck
neck
seizure
+
191 (24.8) 96.2
83.5
24.8
+
+
244 (31.6)
75.2
71.5
75.2
58.8
+
+
+
171 (22.2)
+
+
38 (4.9)
+
+
57 (7.4)
16.5
+
41 (5.3)
+
29 (3.8)
*Each line of the table corresponds to a given combination of criteria presented on the left side of the table. Each combination is then assigned (shaded
cell) to >1 classifications (WHO and additional classifications) as defined in the Methods section. Green-shaded cells are the additional classifications
used throughout our study. E, encephalitis; GCS, Glasgow Coma Scale; ME, meningoencephalitis; MEN, meningitis; WHO, World Health Organization; +,
clinical sign present.
†Definitions of WHO classification provided in Figure 1.

mL for children 1–14 years of age, and ≈2.5 mL for children <1 year of age), and opening pressure was recorded.
Venous blood (≈18.5 mL for adults, 10 mL for children
1–14 years of age, and 5.5 mL for children <1 year of age)
was drawn on the same day. We aimed to collect ≈2 mL
follow-up serum 7–10 days after lumbar puncture. Specimens were transported to the laboratory within ≈30 minutes,
and we aliquoted and immediately tested or stored them
at −80°C. We submitted all patient samples for a panel of
laboratory tests: complete blood count; biochemistry panel;
culture; and serologic and molecular assays for a range of
bacteria, viruses, parasites, and fungi (Table 2; Appendix).
HIV-1 and HIV-2 rapid diagnostic tests were performed
when indicated by the physician. Computed tomography
brain scan was available starting in 2002 but rarely used,
especially for intensive care patients, because of difficulties transferring patients. Magnetic resonance imaging and
electroencephalographic facilities were not available.
Interpretation

The confirmed etiology was determined by the results of
a panel of diagnostic tests (Table 2), which included tests
for the direct detection of pathogens in CSF or blood,
specific IgM in CSF, seroconversion, or a 4-fold rise in
antibody titer between admission and follow-up serum
samples. Pathogen detection was confirmed after critical
analysis of test results to rule out possible contamination.
When evidence of >1 pathogen was obtained for a patient,
we defined the confirmed etiology as detection by direct
tests over indirect tests (antibody-based tests) and prioritized CSF detection over blood detection (39). We defined
a confirmed co-infection as the direct (or indirect, if only
indirect tests were positive) detection of >1 pathogen in the
same matrix (CSF or blood).
Statistical Analyses

We compared patients with confirmed bacterial infection (including co-infections involving only bacteria)
and patients with confirmed viral infection (including
900

co-infections involving only viruses) with all other patients, excluding those with mixed co-infections (i.e. coinfections with fungi or infections with both bacteria and
viruses). We investigated the factors associated with death
(died in hospital or discharged moribund), bacterial infection, or viral infection by univariate analysis using the χ2
or Fisher exact test for categorical variables or the MannWhitney U test for continuous variables. We analyzed the
independent predictors of death, bacterial infection, and
viral infection using multivariate logistic regression models. In multivariate analyses, we included all factors having a p value <0.010 in the univariate analysis.
For variables with 6%–20% of the values missing, we
executed multiple imputation models using chained equations and used a number of imputations that exceeded the
highest proportion of missing values (40). We added age
and sex to imputation models as auxiliary variables. We
specified the imputation methods as linear for continuous
normally distributed variables, logistic for binary variables,
ordered logistic for ordinal variables, and predictive mean
matching for continuous skewed variables. We performed
logistic regression with the dependent variable (death, bacterial or viral infection) and all relevant covariates on each
imputed data set and combined results using Rubin rules to
take into account the variability in estimates among imputed
data sets (41). Only variables that were significant (p<0.050)
were retained in the final models. For comparison of analysis methods, we provided the results using the corresponding complete case analysis. We conducted analyses using
Stata/SE version 14.0 (StataCorp, https://www.stata.com).
Results
Patients

In total, 1,065 inpatients with suspected CNS infection consented to study participation (Appendix Figure 1); 80% were
recruited from the pediatric and adult intensive care wards
and adult infectious disease ward. On each ward, ≈8 physicians were in charge of patient recruitment. All were general
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hospital or infectious disease physicians; none were neurologists. We collected information on patient demographics,
clinical presentation, and blood and CSF parameters (Table
3–4; Figure 2). More patients were recruited during the rainy

season (Figure 3). The median time between admission and
follow-up blood collection was 9 (interquartile range [IQR]
6–16) days. One third (33.6%, 358/1,065) were children <15
years of age (Table 3; Appendix Table 2).

Table 2. Diagnostic laboratory tests used to confirm etiology in patients with suspected central nervous system infection, by sample
type, Laos, January 2003–August 2011*
Pathogens tested
Cerebrospinal fluid†
Blood
Malaria pathogens
None
Giemsa thick and thin smear (if patient from
endemic area)
Leptospira spp.
Hydrolysis probe real-time PCR (19)
Culturing of blood clot on EMJH medium;
microscopic agglutination test of admission and
follow-up serum samples (4-fold rise considered
positive result) (20); hydrolysis probe real-time
RT-PCR from buffy coat (19)
Cryptococcus spp.
Indian ink stain; if HIV suspected, Cryptococcus
None
Antigen Latex Agglutination Test (IMMY,
http://www.immy.com); if Indian ink positive and
HIV suspected, culture on Sabouraud agar
Mycobacterium tuberculosis
Lowenstein-Jensen culture; auramine and ZiehlNone
Neelsen stains
Rickettsia spp.‡
Hydrolysis probe real-time PCR (21,22)
Hydrolysis probe real-time and conventional PCR
from buffy coat (21,22); sequencing
R. typhi, Orientia
Hydrolysis probe real-time PCR (21,23)
Hydrolysis probe real-time PCR on buffy coat
tsutsugamushi‡
(21,23); IgM and IgG indirect immunofluorescent
assay of admission and follow-up serum samples
(4-fold rise considered positive result) (24)
Community-acquired bacterial
Gram stain; culture in blood agar and chocolate
Blood culture bottle
infection
agar
Streptococcus pneumoniae,
Culture on blood agar, chocolate agar, and
Blood culture bottle
Streptococcus suis,
MacConkey plates (for patients <1 year of age);
Haemophilus influenzae,
hydrolysis probe real-time RT-PCR (25–27)
Neisseria meningitidis
Dengue virus
Hydrolysis probe real-time RT-PCR (28); NS1
Hydrolysis probe real-time RT-PCR on serum
ELISA (Dengue Early ELISA, Panbio,
samples (28); NS1 ELISA on serum samples;
https://www.alere.com); ELISA IgM (Japanese
ELISA IgM on admission and follow-up serum
Encephalitis/Dengue IgM Combo ELISA, Panbio)
samples (assessed seroconversion)
JEV§
Enterovirus, West Nile virus,
influenza viruses A and B,
Henipavirus
Flavivirus¶
Herpes simplex virus 1 and 2,
Varicella zoster virus, human
cytomegalovirus
Measles virus, mumps virus

HIV

ELISA IgM (Japanese Encephalitis/Dengue IgM
Combo ELISA, Panbio)
Hydrolysis probe real-time RT-PCR (29–31) (in
house)

ELISA IgM on admission and follow-up serum
samples (assessed seroconversion)
Hydrolysis probe real-time RT-PCR on serum
samples (29–31) (in house)

SYBR Green real-time RT-PCR (32,33)

SYBR Green real-time RT-PCR on serum
samples (32,33)
None

Hydrolysis probe real-time RT-PCR (34–36)
Hydrolysis probe real-time RT-PCR (37,38); if
seropositive in blood sample, IgM ELISA with
Enzygnost Anti-Measles Virus/IgM or Enzygnost
Anti-Parotidis/IgM kits (Dade Behring,
https://www.healthcare.siemens.com)
None

Hydrolysis probe real-time RT-PCR on serum
samples (37,38); IgM and IgG ELISAs:
Enzygnost Anti-Measles Virus/IgM, Enzygnost
Anti-Measles Virus/IgG, Enzygnost AntiParotidis/IgM, and Enzygnost Anti-Parotidis/IgG
kits (Dade Behring) (assessed seroconversion)
Determine HIV-1/2 Combo (Alere,
https://www.alere.com) or Uni-Gold HIV (Trinity
Biotech, https://www.trinitybiotech.com)

*See Appendix (https://wwwnc.cdc.gov/EID/article/25/5/18-0914-App1.pdf) for further details on methods. Cerebrospinal fluid and serum samples were
inoculated on Vero and buffalo green monkey kidney cells for viral isolation. The median (interquartile range) interval between admission and follow-up
serum sample collection was 9 (6–16) days. EMJH, Ellinghausen-McCullough-Johnson-Harris; JEV, Japanese encephalitis virus; NS1, nonstructural
protein 1; RT-PCR, reverse transcription PCR.
†Contraindications for lumbar puncture included focal neurologic signs on examination, clinical evidence for raised intracranial pressure, skin or soft
tissue sepsis at the proposed puncture site, severe coagulopathy, or severe thrombocytopenia.
‡Buffy coats were inoculated on Vero and L929 cells for O. tsutsugamushi and Rickettsia sp isolation.
§Detection of JEV IgM in a single sample of serum is considered as laboratory confirmation according to World Health Organization criteria. However, in
this study, to be conservative and consistent with interpretation of other test results, a single detection of JEV IgM in serum was not counted as confirming
JEV central nervous system infection.
¶Flavivirus RT-PCR would have likely detected the main flaviviruses circulating in Laos.
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Of 476 adults tested for HIV, 118 (24.8%) were seropositive; of 227 children tested, 1 (0.4%) was seropositive.
More than half (61.9%, 590/953) of patients had a history
or hospital chart evidence of antibiotic use before lumbar
puncture. Most (90.8%, 962/1,059) patients had a history of fever or documented admission fever. The median
length of fever at admission was 4 (IQR 2–8) days. The
most frequent symptoms and signs were headache (88.1%,
787/893); neck stiffness (64.2%, 683/1,064); confusion
(57.4%, 608/1,060); GCS score <15 (52.6%, 551/1,047);
and vomiting, diarrhea, or both (54%, 575/1,064). All
symptoms and signs were more frequent in children than
adults (p<0.05), except headache, which was more frequent
in adults (p = 0.023). Most (93.6%, 832/889) patients had

CSF findings outside reference ranges (elevated CSF white
cell count, elevated CSF lactate, elevated CSF protein, low
CSF glucose, or any combination of these parameters) (Table 4; Appendix Table 3, Figure 2).
Etiology was confirmed in 450 (42.3%) patients; 413
(38.8%) had monoinfections and 37 (3.5%) co-infections
(Appendix Tables 4–8). The identified monoinfections were
JEV (8.8%, 94/1,065), Cryptococcus spp. (6.6%, 70/1,065;
9 C. gattii), Orientia tsutsugamushi (2.9%, 31/1,065),
dengue virus (2.5%, 27/1,065), Leptospira spp. (2.3%,
25/1,065), Rickettsia spp. (2.3%, 24/1,065), S. pneumoniae
(2.1%, 22/1,065), M. tuberculosis (1.9%, 20/1,065), HSV1 or HSV-2 (1.4%, 15/1,065), human cytomegalovirus
(1.1%, 12/1,065), enterovirus (0.9%, 10/1,065), varicella

Table 3. Demographic and clinical data at admission of patients with suspected CNS infection, by age group and etiology, Laos,
January 2003–August 2011*
Etiology
Age group
None
Confirmed Confirmed
All,
Children,
Adults,
Confirmed, confirmed,
viral,
bacterial,
Characteristic
n = 1,065
n = 358
n = 707
n = 450
n = 615
n = 172
n = 175
Demographic
M
666 (62.5)
207 (57.8) 459 (64.9)
288 (64.0) 378 (61.5) 111 (64.5) 117 (66.9)
F
399 (37.5)
151 (42.2) 248 (35.1)
162 (36.0) 237 (38.5) 61 (35.5)
58 (33.1)
Age, y, median (IQR)
23 (8–38)
3 (0.41–8) 32 (24–47)
23 (10–38) 24 (6–40) 16 (7–28) 23 (9–45)
History
HIV seropositive, n = 703
119 (16.9)
1 (0.4)
118 (24.8)
75 (27.1)
44 (10.33)
8 (8.0)
6 (6.2)
Diabetes, n = 850
24 (2.8)
0
24 (4.2)
12 (3.5)
12 (2.4)
1 (0.8)
10 (7.5)
Antibiotic use before lumbar
590 (61.9)
238 (71.9) 352 (56.6)
252 (64.0) 338 (60.5) 109 (69.9) 100 (62.5)
puncture, n = 953
Signs and symptoms
Days of fever at admission,
4 (2–8)
4 (2–6)
5 (2–10)
5 (3–10)
4 (1–7)
5 (3–7)
5 (3–8)
median (IQR), n = 1,058
Fever, n = 1,059
962 (90.8)
340 (95.2) 622 (88.6)
425 (94.9) 537 (87.9) 162 (95.3) 171 (97.7)
Headache,† n = 893
787 (88.1)
155 (83.3) 632 (89.4)
369 (92.5) 418 (84.6) 139 (90.9) 135 (91.2)
Hearing loss,† n = 893
51 (5.7)
10 (5.4)
41 (5.8)
20 (5.0)
31 (6.3)
8 (5.2)
7 (4.7)
Dysuria,† n = 891
28 (3.1)
4 (2.2)
24 (3.4)
10 (2.5)
18 (3.7)
3 (2.0)
3 (2.0)
Visual loss,† n = 885
66 (7.5)
14 (7.7)
52 (7.4)
23 (5.8)
43 (8.8)
11 (7.2)
5 (3.4)
Diplopia,† n = 889
36 (4.1)
4 (2.2)
32 (4.5)
15 (3.4)
21 (4.3)
6 (4.0)
6 (4.1)
Photophobia, n = 850
52 (5.8)
14 (7.4)
38 (5.4)
23 (5.8)
29 (5.9)
7 (4.6)
10 (6.8)
Focal neurologic signs, n = 939
22‡ (2.3)
5 (1.6)
17 (2.7)
8 (2.1)
14 (2.5)
1 (0.7)
6 (4.1)
Neck stiffness, n = 1,064
683 (64.2)
245 (68.4) 438 (62.0)
316 (70.2) 367 (59.8) 130 (75.6) 128 (73.1)
Confusion, n = 1,060
608 (57.4)
232 (65.5) 376 (53.3)
254 (56.7) 354 (57.8) 114 (66.3) 103 (59.5)
Convulsions, n = 1,063
319 (30.0)
233 (65.3)
86 (12.2)
119 (26.5) 200 (32.6) 65 (37.8)
44 (25.3)
GCS score, median (IQR), n = 1,010 14 (11–15) 14 (10–15) 15 (11–15)
15 (11–15) 14 (10–15) 13 (10–15) 14 (11–15)
GCS score <15,§ n = 1,047
551 (52.6)
220 (63.4) 331 (47.3)
225 (50.5) 326 (54.2) 101 (59.4) 94 (54.0)
WHO clinical CNS infection,¶
771 (74.1)
313 (90.7) 458 (65.9)
341 (77.0) 430 (72.0) 143 (85.1) 140 (80.9)
n = 1,040
Outcome
Days of hospitalization, n = 846,
9 (5–14)
8 (5–13)
10 (5–15.5)
11 (6–17)
8 (5–13)
10 (6–14) 11 (7–17)
median (IQR)
Death,# n = 893
235 (26.3)
70 (22.5)
165 (28.4)
94 (25.0)
141 (27.3) 23 (15.7)
43 (27.9)

*Values are no. (%) unless indicated otherwise. We defined children as patients <15 years of age and adults >15 years of age. History or physical
examination or both, were taken into account for confusion, neck stiffness, photophobia, fever (history of fever or >37.5ºC during physical examination). In
total, 8 women in the patient population were pregnant; 26 (2.4%) patients had computed tomography brain scans, and 2 of these scans demonstrated
brain abscesses. The confirmed viral group includes patients infected with multiple viruses, and the confirmed bacterial group includes patients infected
with multiple bacteria. CNS, central nervous system; GCS, Glasgow Coma Scale; IQR, interquartile range; WHO, World Health Organization.
†Data from children <3 years of age were considered not reliable and were thus excluded from analysis.
‡Of these patients, 7 had hemiplegia, 11 had limb weakness, and 1 had paraplegia; 13 patients had admission or discharge diagnoses of Guillain-Barre
syndrome. Retrospective evaluation of the likelihood of this diagnosis by using the Brighton system suggested that 4 patients met level 3 criteria for
Guillain-Barre syndrome diagnostic certainty (42).
§Includes confused and disoriented patients.
¶Defined as fever with GCS score <15, neck stiffness (history of or present during examination), or history of seizures or any of these signs in
combination. Patients with missing data for 1 of these criteria were not counted.
#Includes patients who died at the hospital and those taken home to die.
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zoster virus (0.6%, 6/1,065), mumps virus (0.5%, 5/1,065),
and Plasmodium falciparum (0.4%, 4/1,065). Other bacteria were detected in 48 (4.5%) patients (Figure 4; Appendix Table 5). All samples were negative for West Nile
virus, influenza A and B, Henipavirus, and measles virus
by PCR. Infection by M. tuberculosis, Cryptococcus spp.,
or varicella zoster virus was not detected in children (Appendix Table 8). The median age of children with enterovirus infection was 4.5 (IQR 1–11) years and JEV infection
13 (IQR 8–20) years. The proportion of patients with JEV
infection was higher for children (14%, 50/358) than adults
(6%, 44/707, p<0.001). Significantly more enterovirus patients (80%) than nonenterovirus patients (33%; p = 0.002)
were children.

(aOR 3.5, 95% CI 2.3−5.4) were independent predictors of
bacterial infection (Appendix Table 10).
We compared patients with single (n = 169) or multiple (n = 3) viral infections (excluding co-infections with
bacteria or fungi) with all other patients (n = 867). Factors
significantly associated with viral infections on univariate
analysis (p<0.01; Appendix Table 11) were included in
multivariate analysis. Neck stiffness (aOR 1.9, 95% CI 1.32.8) and higher hematocrit (aOR 1.4, 95% CI 1.1-1.9) were
associated with viral infection, whereas higher CSF lactate
(aOR 0.3, 95% CI 0.1–0.5), older age (aOR 0.8, 95% CI
0.7–0.9), and longer interval between admission and lumbar puncture (aOR 0.9, 95% CI 0.8–1.0) were negatively
associated with viral infection (Appendix Table 12).

Factors Associated with Bacterial and Viral Infections

Relationships between Clinical Presentation and Etiology

We compared patients with single (n = 170) or multiple
(n = 5) bacterial infections (excluding co-infections with
viruses or fungi) with all other patients (n = 875). Factors
significantly associated with bacterial infections on univariate analysis (p<0.01; Appendix Table 9) were included in
multivariate analysis. Diabetes (adjusted odds ratio [aOR]
3.1, 95% CI 1.2−7.7), history of fever or fever at admission
(aOR 3.9, 95% CI 1.4-11.1), higher serum C-reactive protein (aOR 1.08, 95% CI 1.05-1.11), and higher CSF lactate

In total, 771 (74.1%) of 1,040 patients had WHO CNS infection; 44.2% of these patients had confirmed etiologies
compared with 37.9% of patients not fulfilling WHO CNS
infection criteria (p = 0.063; Appendix Table 13). Because of
the considerable overlap between the WHO encephalitis and
meningitis definitions, 551 (71.5%) patients were classified
as having meningoencephalitis. Therefore, we analyzed the
frequency of neck stiffness, reduced GCS score, and seizures
among febrile patients with clinical CNS infection (Table 1).

Table 4. Characteristics of peripheral blood and cerebrospinal fluid at admission of patients with suspected central nervous system
infection, by age group and etiology, Laos, January 2003–August 2011*
Age group
Etiology
None
Confirmed Confirmed
All, n =
Children, Adults, n
Confirmed, confirmed,
viral,
bacterial,
Sample type and parameter
1,065
n = 358
= 707
n = 450
n = 615
n = 172
n = 175
Peripheral blood
Elevated white cell count,† n = 952
449 (47.2) 150 (47.9) 299 (46.8)
198 (49.0) 251 (45.8) 84 (53.9)
84 (53.5)
Low white cell count, n = 952
45 (4.7)
22 (7.0)
23 (3.6)
22 (5.5)
23 (4.2)
6 (3.9)
7 (4.5)
Anemia, n = 948
355 (37.5) 112 (35.7) 243 (38.3)
160 (39.8) 195 (35.7) 44 (28.2)
68 (43.9)
Thrombocytopenia, n = 649
55 (8.5)
16 (6.8)
39 (9.4)
22 (7.8)
33 (9.0)
4 (3.5)
12 (10.6)
Elevated C-reactive protein, n = 868
547 (63.0) 145 (51.6) 402 (68.5)
265 (69.2) 282 (58.1) 98 (64.9) 114 (79.7)
Hyperglycemia,† n = 991
237 (23.9) 81 (25.8) 156 (23.0)
105 (24.5) 132 (23.5) 40 (24.0)
53 (32.3)
Severe hyperglycemia,† n = 991
72 (7.3)
26 (8.3)
46 (6.8)
35 (8.2)
37 (6.6)
12 (7.2)
22 (13.4)
Elevated serum sodium,‡ n = 807
225 (27.9) 45 (17.8) 180 (32.5)
82 (22.8) 143 (31.9) 40 (28.6)
26 (19.4)
Low serum sodium,‡ n = 807
63 (7.8)
31 (12.3)
32 (5.8)
31 (8.6)
32 (7.1)
8 (5.7)
16 (11.9)
Cerebrospinal fluid
Turbid, n = 999
145 (14.5) 40 (12.2) 105 (15.7)
80 (18.4)
65 (11.5)
21 (12.4)
38 (23.2)
Elevated opening pressure, n = 977
334 (34.2) 86 (27.6) 248 (37.3)
155 (36.4) 179 (32.5) 42 (24.9)
60 (37.3)
Elevated white cell count,§ n = 975
729 (74.8) 237 (74.8) 492 (74.8)
341 (80.2) 388 (70.6) 141 (84.9) 129 (80.1)
Elevated lymphocyte count, n = 890
467 (52.5) 149 (51.2) 318 (53.1)
234 (59.5) 233 (46.9) 106 (68.4) 91 (62.3)
Elevated neutrophil count, n = 889
644 (72.4) 213 (73.5) 431 (72.0)
309 (78.8) 335 (67.4) 130 (83.9) 116 (80.0)
Elevated eosinophil count,¶ n = 1,001
46 (4.6)
7 (2.1)
39 (5.8)
11 (2.5)
35 (6.2)
9 (5.3)
2 (1.2)
Elevated protein, n = 955
601 (62.9) 177 (57.3) 424 (65.6)
281 (66.9) 320 (59.8) 112 (66.3) 108 (69.7)
Decreased glucose, n = 957
280 (29.3) 58 (18.8) 222 (34.3)
138 (32.8) 142 (26.5) 45 (26.6)
51 (32.9)
Decreased cerebrospinal fluid: venous
540 (58.1) 159 (54.8) 381 (59.6)
253 (61.7) 287 (55.3) 97 (58.8)
97 (64.2)
glucose ratio, n = 929
Elevated lactate, n = 985
650 (66.0) 217 (67.8) 433 (65.1)
298 (69.8) 352 (63.1) 93 (56.0) 132 (80.5)

*Values are no. (%). We defined children as patients <15 years of age and adults >15 years of age. The confirmed viral group includes patients infected
with multiple viruses, and the confirmed bacterial group includes patients infected with multiple bacteria. Elevated and low parameters mean above or
below reference ranges. Anemia is defined as hematocrit below reference range. Thrombocytopenia is defined as platelet count below reference range.
See Appendix Table 3 (https://wwwnc.cdc.gov/EID/article/25/5/18-0914-App1.pdf) for reference ranges. CSF, cerebrospinal fluid.
†Hyperglycemia was defined as a blood glucose level of >7.7 mmol/L and severe hyperglycemia as a blood glucose level >11.1 mmol/L.
‡Serum sodium levels >150 mmol/L were considered elevated and <130 mmol/L considered low; 5 patients (0.6%) had serum sodium <115 mmol/L.
§Samples with high turbidity could not be counted and were thus not included.
¶An eosinophil count >10% was considered elevated.
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When comparing viral and bacterial infections, we
observed no significant differences (p>0.05) in the proportions of encephalitis and meningitis syndromes, although
differences were observed for some specific etiologies
(Figure 4). In total, 90 (53.6%) febrile patients with viral infection and 86 (49.7%) with bacterial infection had
neck stiffness and reduced GCS score, seizures, or both;
17 (10.1%) patients with viral infection and 16 (9.3%) with
bacterial infection had reduced GCS score, seizures, or
both without neck stiffness; and 36 (21.4%) patients with
viral infection and 38 (22.0%) with bacterial infection had
neck stiffness, a GCS score of 15, and no seizures (Figure
4). We obtained similar results using the WHO definitions.
In total, 25 (14.9%) patients with viral infection and 33
(19.1%) with bacterial infection did not fulfill the WHO
CNS infection definition.
In comparison with the distribution of syndromes observed for all patients, the distribution in patients with some
etiologies were significantly different (p<0.05). Of the 89

JEV patients with WHO CNS infection, 75.3% had fever;
neck stiffness; and reduced GCS score, seizures, or both.
Of the 26 O. tsutsugamushi patients with WHO CNS infection, 50% had fever, neck stiffness, a GCS score of 15, and
no seizures. Of note, almost half (47.8%) of the patients
with cryptococcal infection did not fulfill the definition for
WHO CNS infection, and of the 36 who did, 55.6% had
fever, neck stiffness, a GCS score of 15, and no seizures.
Risk Factors for Death

Of 893 patients, 235 (26.3%) died, including those discharged moribund; we compared them to the 658 (73.7%)
patients discharged alive and not moribund. For factors significantly associated with death (p<0.01; Appendix Table
14) in the univariate analysis, we conducted multivariate
analysis. The variables strongly associated with death were
higher CSF lactate (aOR 1.1, 95% CI 1.0–1.1) and reduced
GCS score (aOR 0.8, 95% CI 0.8–0.9). Patients with viral infection were less likely to die than those with other
Figure 2. Distribution of clinical
manifestations among patients
with suspected CNS infection,
by age group and etiology, Laos,
January 2003–August 2011.
A) WHO criteria; B) additional
criteria (Table 1). Children were
patients <15 years of age and
adults patients >15 years of age.
Numbers above bars indicate
number of patients in group.
CNS, central nervous system;
GCS, Glasgow Coma Scale;
WHO, World Health Organization.
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diagnoses (aOR 0.4, 95% CI 0.3–0.7) (Appendix Table 15).
Diabetes and hyperglycemia (glucose >7.7 mmol/L) at admission were not associated with death.
Indications for Antibiotic Treatment

In total, 56 patients (12.4% of the 450 patients with confirmed etiologies) were infected with bacteria treatable by
ceftriaxone and 64 patients (14.2% of the patients with confirmed etiologies) with bacteria treatable by doxycycline
but not ceftriaxone (Table 5). Twenty-eight patients were
infected with a Leptospira spp. treatable by ceftriaxone or
doxycycline, but 2 were co-infected with O. tsutsugamushi not treatable by ceftriaxone. Of 142 patients infected
by bacteria treatable by ceftriaxone or doxycycline, 89
(62.7%) received appropriate treatment, 17% (13/77) of
whom died. In comparison, 25% (12/48) of the patients
who did not receive appropriate treatment died (p = 0.270).
Including the 450 patients with confirmed diagnoses,
we analyzed the criteria for bacterial meningitis commonly
considered when making decisions on antibiotic treatment:
elevated CSF white cell count, elevated CSF lactate, elevated CSF protein, decreased CSF glucose, reduced GCS
score, turbid CSF, and neck stiffness. A low percentage

(<23%) of patients with any 1 of these criteria (except
turbid CSF, 38.8%) or a combination of these criteria had
bacterial infections treatable by ceftriaxone or doxycycline
(Appendix Table 16). Furthermore, only 1 combination
of criteria (elevated C-reactive protein, elevated CSF protein, or elevated CSF lactate or any combination of these
criteria) could identify all patients infected with bacteria
treatable by ceftriaxone (Table 5). However, because only
5% of our patient series did not display this combination of
criteria, none of the analyzed clinical and biological results
can be reliably used to guide decisions on antibiotic use.
Discussion
Etiology was confirmed in 42.3% of patients with suspected CNS infection, consistent with regional published data
(Appendix Table 1); 16.2% had viral infections, and 16.4%
had bacterial infections. We observed no significant differences in the distribution of clinical encephalitis and meningitis syndromes by bacterial or viral etiology; the most
common infections in this patient population were JEV
(8.8%) and Cryptococcus spp. (6.6%).
The results of this study provided evidence for the
implementation of pneumococcal immunization in 2011
Figure 3. Recruited patients
with suspected central nervous
system infection, by month, Laos,
January 2003–August 2011. A)
Total patients recruited by month
cumulating all studied years. B)
Patients recruited each month
of each year. Light and dark
shades of colors were used in
an alternating pattern to facilitate
graph reading.
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and JEV immunization in 2013 in Laos (16,17). Although
the main etiology reported among patients with suspected
CNS infection was JEV, this finding might be an overestimate; we have noted that the detection of JEV IgM in CSF
has low predictive value (44). On the other hand, bacterial
causes were probably underestimated; 61.9% of patients
were known or thought to have received an antibiotic before lumbar puncture, potentially rendering bacteria uncultivable or reducing the bacterial load below the threshold
needed for molecular detection.
The mortality rate we report in our study (26.3%) was
higher than those reported in similar studies in neighboring
countries (≈10%; Appendix Table 1). Ineffective patient
management or inappropriate treatment through lack of previous local data might have caused this higher mortality rate.
The epidemiology of CNS infection varies by geography;

therefore, regional evidence should be used to build regional policies on prevention, diagnosis, and treatment of these
infections.
In this study, 17% (119/703) of the patients tested were
HIV seropositive. The highest proportion of HIV-seropositive patients was among those with cryptococcal infection
(79%; Appendix Table 7). However, only 66% (703/1,065)
of patients were tested. More patients need to receive HIV
testing in Laos, and more investigations on the relationship
between HIV and other infections are needed.
Our study had a number of limitations, including the
partial use of stored samples; missing values; a low frequency of computed tomography brain scans and HIV
testing; and a lack of magnetic resonance imaging, brain
or postmortem examination, and diagnostics for autoimmune and eosinophilic CNS disease (45,46) and other

Figure 4. Distribution of clinical presentations in patients with suspected central nervous system infection, by confirmed etiology, Laos,
January 2003–August 2011. Analysis per pathogen includes only patients with monoinfections. Other bacteria include 7 Escherichia coli,
4 Streptococcus agalactiae, 4 Neisseria meningitidis, 1 Salmonella enterica group D, 1 S. enterica group B or C, 5 S. enterica serovar
Typhi, 4 Streptococcus suis, 3 Klebsiella pneumoniae, 7 Haemophilus influenzae type b, 5 Burkholderia pseudomallei, 6 Staphylococcus
aureus, and 1 Morganella morganii. Blue font indicates viruses, red font indicates bacteria, and black font indicates fungi. CNS, central
nervous system; GCS, Glasgow Coma Scale; WHO, World Health Organization.
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pathogens (e.g., Toxoplasma gondii, Mycoplasma spp.,
and Zika virus). The absence of strict criteria for the
inclusion of patients could have resulted in recruitment
bias; however, the data reflect real-life medical practice.
The proportion of patients who declined lumbar puncture is unknown. Almost all patients (93.6%) had CSF
findings outside reference ranges. Although published
data on this combined index are few, the proportion of
patients with abnormal CSF findings is generally lower

in routine practice (e.g., <40% at La Timone Hospital, Marseille; L. Ninove and J. Fromonot, La Timone
Hospital, pers. comm., March 2017). This finding suggests a relatively low frequency of lumbar puncture at
Mahosot Hospital, reflecting current practice but representing an unknown proportion of all patients admitted
with CNS disease. The sample size was too small for a
comparison of mortality rates between treated and nontreated patients.

Table 5. Frequency of criteria consistent with bacterial meningitis among patients with suspected central nervous system infection, by
etiology and antibiotic susceptibility, Laos, January 2003–August 2011*
Patients with confirmed etiology, n = 450
Patients infected by bacteria treatable by†
Ceftriaxone
Doxycycline
Patients
without
Not including Including
Not including Including
confirmed
Leptospira Leptospira
Leptospira Leptospira
etiology,
infections,
infections,
infections,
infections,
Other,
Total,
Variables
All
n = 56‡
n = 84
n = 64§
n = 90
n = 305
n = 615
n = 1,065
Neck stiffness¶
316 (70.2)
41 (73.2)
60 (71.4)
46 (71.9)
63 (70.0) 213 (69.8) 367 (59.8) 683 (64.2)
GCS score <15
225 (50.5)
34 (61.8)
47 (56.6)
27 (42.2)
40 (44.4) 152 (50.3) 326 (54.2) 551 (52.6)
Elevated CRP
265 (69.2)
44 (91.7)
60 (87.0)
36 (70.6)
51 (72.9) 171 (64.3) 282 (58.1) 547 (63.0)
CSF turbid
80 (18.4)
27 (49.1)
31 (37.8)
6 (10.7)
9 (11.1)
45 (15.1)
65 (11.5) 145 (14.5)
Elevated CSF lactate
298 (69.8)
44 (83.0)
63 (78.8)
44 (74.6)
62 (73.8) 193 (66.3) 352 (63.1) 650 (66.0)
Elevated CSF protein
281 (66.9)
44 (81.5)
57 (73.1)
32 (62.7)
43 (58.9) 195 (66.3) 320 (59.8) 601 (62.9)
Decreased CSF glucose
138 (32.8)
23 (42.6)
26 (33.3)
12 (23.5)
15 (20.5) 101 (34.2) 142 (26.5) 280 (29.3)
Decreased CSF:venous
253 (61.7)
40 (76.9)
49 (64.5)
27 (54)
35 (48.6) 179 (62.4) 287 (55.3) 540 (58.1)
glucose ratio
Elevated CSF leukocyte
341 (80.2)
44 (86.3)
64 (82.1)
39 (69.6)
57 (70.4) 241 (82.0) 388 (70.6) 729 (74.8)
count#
Combinations of >1 of the above findings
Elevated CSF lactate,
418 (95.9)
53 (96.4)
76 (93.8)
54 (90.0)
75 (89.3) 291 (97.7) 534 (93.2) 952 (94.4)
protein, leukocyte
count; decreased CSF
glucose; CSF turbid#
Elevated CRP;
427 (96.4)
56 (100)
82 (100)
59 (92.2)
83 (94.3) 289 (96.3) 526 (93.4) 953 (94.7)
elevated CSF lactate,
protein; CSF turbid
Elevated CRP;
425 (95.4)
56 (100)
82 (100)
58 (92.1)
82 (94.3) 288 (96.3) 525 (93.4) 950 (94.7)
elevated CSF lactate,
protein
Elevated CRP;
385 (91.2)
54 (98.2)
78 (98.7)
56 (91.8)
78 (94.0) 254 (89.1) 478 (88.5) 863 (89.7)
elevated CSF lactate
Elevated CRP;
382 (90.1)
54 (98.2)
75 (94.9)
49 (89.1)
68 (88.3) 261 (89.1) 442 (84.2) 824 (86.8)
elevated CSF protein
Elevated CRP; GCS
348 (83.9)
50 (100.0)
72 (98.6)
49 (86.0)
70 (89.7) 229 (79.5) 448 (83.1) 796 (83.4)
score <15
GCS score <15;
348 (81.1)
49 (90.7)
68 (85.0)
44 (77.2)
61 (75.3) 239 (81.0) 454 (80.8) 802 (80.9)
elevated CSF protein
GCS score <15;
361 (84.1)
48 (88.9)
69 (85.2)
50 (83.3)
70 (82.4) 244 (83.8) 466 (80.3) 827 (82.0)
elevated CSF lactate
GCS score <15;
404 (92.9)
52 (94.5)
75 (91.5)
53 (88.3)
74 (87.1) 279 (94.3) 515 (89.4) 919 (90.9)
elevated CSF lactate,
protein
*All values are no. (%). See Appendix Table 3 (https://wwwnc.cdc.gov/EID/article/25/5/18-0914-App1.pdf) for reference ranges. Only patients with
confirmed etiology strictly sensitive to ceftriaxone or doxycycline are included in the analysis. Classification was based on a combination of susceptibility
testing of isolates from patients and information from Principles and Practice of Infectious Diseases (43). Patients who were confused or disoriented who
had their GCS score missing were considered to have a GCS score <15. CRP, C-reactive protein; CSP, cerebrospinal fluid; GCS, Glasgow Coma Scale.
†In total, 28 patients were infected with Leptospira spp. treatable by either ceftriaxone or doxycycline, but 2 were also co-infected with Orientia
tsutsugamushi not treatable with ceftriaxone. One patient co-infected with Streptococcus suis and Rickettsis typhi required therapy with both ceftriaxone
and doxycycline.
‡Includes 24 patients infected with Streptococcus pneumoniae and 32 infected with other bacteria (7 Escherichia coli, 4 Group B Streptococcus, 4
Neisseria meningitidis, 1 Salmonella enterica group D, 1 S. enterica group B or C, 5 S. suis, 5 S. enterica serovar Typhi, 2 Klebsiella pneumoniae, 2
Haemophilus influenzae, and 1 Edwardsiella tarda).
§Includes 31 patients with Rickettsia spp. infection and 33 with O. tsutsugamushi infection.
¶History of neck stiffness or neck stiffness on examination.
#Samples with high turbidity could not be counted and were thus not included.
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Although CNS infection is a global public health
burden, global consensus on the case definition is lacking
(Appendix Table 17). In clinical studies, encephalitis and
meningitis have been studied separately or together (11),
and CSF findings might or might not be taken into account
(e.g., CSF findings are not part of the WHO criteria). There
is confusion regarding the clinical and laboratory definitions of encephalitis and meningitis, so we suggest pairing
clinical, laboratory, or clinicolaboratory with these terms
to reduce confusion. Further, altered consciousness and altered mental status, shared by encephalitis and meningitis
in many definitions, are undefined in the WHO definitions.
We used GCS score <15 to define both objectively, but this
practice resulted in considerable overlap in clinical definitions: 71.4% of patients had WHO-defined meningitis and
53% WHO-defined meningoencephalitis. When we restricted the definition of meningitis to the presence of fever
and neck stiffness, 61.9% of patients fulfilled those criteria;
43.6% had neck stiffness combined with low GCS score,
seizures, or both.
Studies on the clinical and etiologic characteristics of
patients requiring lumbar puncture in Asia have usually
focused on particular pathogens or just meningitis or encephalitis (Appendix Table 1) (47). Although needed for
treatment trials and pathophysiologic research, our data
call into question the validity of defining criteria for patient
management differently between encephalitis and meningitis (Figure 4; Appendix Table 13). In Laos, evidence suggests that brain (encephalitis) and meningeal (meningitis)
infections have no clear distinguishable clinical manifestations relating to the responsible pathogen and that these
classifications should be used with caution in the Asia tropics for guiding patient management.
We found that history of diabetes was independently
associated with bacterial CNS infection. Indeed, some
evidence suggests that diabetes is a risk factor for bacterial CNS disease (48) and poor outcome in tuberculous
meningitis (49). In univariate analysis, higher blood glucose level was also associated with bacterial infection
(p<0.001). Of 237 patients with hyperglycemia at admission (>7.7 mmol/L), 16 (6.8%) had a history of diabetes
and 164 (69.2%) did not. Without convalescent glucose
and hemoglobin A1c assays, however, we were unable to
distinguish hyperglycemia resulting from severe disease
or undiagnosed diabetes that might have predisposed to
CNS infection. Intensive euglycemia management is difficult; can lead to hypoglycemia, especially in unconscious patients; and requires skilled dedicated nursing
that is not available in hospitals in rural Asia. Whether
such intensive therapy would save lives remains uncertain, but the development of an inexpensive computerized algorithm technology for resource-poor settings to
facilitate safe euglycemia management (50) should be
908

a priority for investigation of efficacy. The burgeoning global prevalence of diabetes calls for research regarding the relationship between hyperglycemia and
CNS infections and optimizing their combined management (48).
Our data suggest that patient survival could be improved through 2 patient management interventions, the
implementation of antibiotic use guidelines and strengthening of high-dependency units. The finding that poor
outcomes were associated with a decreased GCS score at
admission suggests that high-dependency units (a likely
cost-effective intervention) could be used to enhance supportive care for unconscious patients with CNS infection.
Creating these units and incorporating them into care could
improve outcomes and reduce the burden of intensive
care unit treatment for these patients. More investigation
is needed on the efficacy and cost-effectiveness of highdependency units in different contexts.
Ceftriaxone is conventionally used in Laos as a firstline treatment for CNS bacterial infection but lacks efficacy
for emerging rickettsial pathogens, for which doxycycline
is recommended (4). Because delays in antibiotic therapy
could result in severe consequences for patients, the decision for administering these drugs is made on the basis of
clinical signs and laboratory results at admission. However,
in Laos, we found that no variable, even in combination,
could permit objective selection of appropriate antibiotics. Therefore, the administration of early first-line empiric
treatment with ceftriaxone and doxycycline for all patients
with suspected CNS infection might save patient lives in
Laos and elsewhere in rural Asia (4).
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Serologic Prevalence of Ebola
Virus in Equatorial Africa
Imke Steffen,1 Kai Lu, Lauren K. Yamamoto, Nicole A. Hoff, Prime Mulembakani,
Emile O. Wemakoy, Jean-Jacques Muyembe-Tamfum, Nicaise Ndembi,
Catherine A. Brennan, John Hackett Jr., Susan L. Stramer, William M. Switzer,
Sentob Saragosti, Guy O. Mbensa, Syria Laperche, Anne W. Rimoin, Graham Simmons

We conducted a serologic survey of 2,430 serum samples
collected during 1997–2012 for various studies to determine
the prevalence of the hemorrhagic fever virus Ebola virus
(EBOV) in equatorial Africa. We screened serum samples
for neutralizing antibodies by using a pseudotype microneutralization assay and a newly developed luciferase immunoprecipitation system assay. Specimens seroreactive for
EBOV were confirmed by using an ELISA. Our results suggest a serologic prevalence of 2%–3.5% in the Republic of
the Congo and the Democratic Republic of the Congo, which
have reported outbreaks of infection with EBOV. In addition
we detected a seroprevalence of 1.3% in southern Cameroon, which indicated a low risk for exposure in this region.

T

he 2014 outbreak of Ebola virus disease in West Africa
has changed our understanding of viral hemorrhagic fever
epidemiology. What was previously thought to be a sporadic, localized disease is now perceived as a more widespread
threat to public health in heavily populated regions. The reemerging epidemic illustrated the need for epidemiologic investigations of the serologic prevalence and geographic range
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of hemorrhagic fever viruses, as well as development of novel
serologic assays for their detection and surveillance.
Three species in the genus Ebolavirus and 1 species
in the genus Marburgvirus within the family Filoviridae
cause hemorrhagic fever in humans and have triggered several outbreaks with high case-fatality rates (1). Ebola viruses (EBOVs) have been found to asymptomatically infect
different bat species and are known to cause fatal infections
in great apes and other wildlife in the Congo Basin (2,3).
Consequently, it has been proposed that bush-meat hunting, butchering, and consumption, as well as mining and
caving, are potential risk factors associated with EBOV infection (4,5). However, epidemiologic links are not always
well established (6), and the risk for exposure to hemorrhagic fever viruses for the general population in Central
and West Africa remains unclear. Data are limited in that
previous serologic surveys for filoviruses date back several
decades (7–9) or have focused on specific populations and
locations with high exposure to potential risk factors (6,10).
We conducted a widespread serologic survey for
EBOV-specific antibodies in 5 countries in central Africa,
including known filovirus-endemic regions (the Democratic
Republic of the Congo [DRC], the Republic of the Congo,
and Uganda), as well as areas without previously reported
filovirus infections (Ghana and Cameroon). We tested 2,430
serum samples for specific antibodies to EBOV proteins to
determine the seroprevalence of this virus in the respective
populations. Serologic assays for detection of antibodies
against EBOV glycoprotein (EBOV-GP), matrix protein
(VP40), and nucleoprotein (NP) included novel microneutralization and luciferase immunoprecipitation system
(LIPS) assays, as well as a commercially available ELISA.
Materials and Methods
Samples

The deidentified serum samples tested in this study were
obtained from several different studies in 5 countries in
Current affiliation: University of Veterinary Medicine, Hannover,
Germany.
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Africa and were collected during different periods as part of
unrelated surveillance projects using approved human subjects protocols. We obtained sampling locations, numbers,
and collection dates (Table; Figure 1).
Cell Lines

Human embryonic kidney 293T, human rhabdosarcoma
RD, and African green monkey COS-1 cells were grown
in Dulbecco modified essential medium supplemented with
10% fetal bovine serum, l-glutamine, nonessential amino
acids, and antimicrobial drugs (penicillin and streptomycin). Cells were incubated at 37°C in a humidified atmosphere containing 5% CO2.
Plasmids

Expression plasmids were constructed by restriction-ligation cloning of viral glycoprotein sequences into multiple cloning site of the pCAGGS expression vector. We
obtained the HIV pNL4–3 R–E– plasmid containing the
firefly luciferase gene (pNL-Luc) from the National Institutes of Health AIDS Reagent Program (https://www.
aidsreagent.org). The corresponding plasmid encoding Renilla luciferase (pNL-Ren) was generated by swapping the
firefly luciferase gene for Renilla luciferase (11). We also
used the pRen2 vector for expression of Renilla luciferase
fusion proteins (12).

Pseudotype Preparation

We generated pseudotypes as described (11) by using 25
μg EBOV-GP expression plasmid or 30 μg Machupo virus
glycoprotein (MACV-GP) expression plasmid and 10 μg
pNL-Luc or pNL-Ren. Before use in neutralization assays,
we titered pseudotypes for RD cells to normalize input relative light units.
Pseudotype Microneutralization Assay

We diluted heat-inactivated human serum samples in culture medium, mixed with viral inoculum, and incubated at
room temperature for 1 h. We used final serum dilutions of
1:50 and 1:500 in the high-throughput screen and dilutions
ranging from 1:10 to 1:31,250 in titrations. Subsequently,
30,000 RD cells/well were added and plates incubated at
37°C for 48 h. The MACV-GP, which is from an unrelated
arenavirus prevalent only in South America, was included
as a negative control. All infections were performed in duplicate, and each plate contained identical controls, including uninfected cells, cells infected in absence of serum, and
cells infected with virus incubated with negative control
serum (US blood donor) or positive control serum from a
survivor of Ebola virus disease.
We lysed cells and measured luciferase activities in
cell lysates by using the Dual-Glo Luciferase Assay System
(Promega, https://www.promega.com). Infection rates in

Table. Assay results for study of serologic prevalence of Ebola virus in equatorial Africa*
No. (%) No. (%) No. (%) EBOV
Collection
No.
EBOV
EBOV
ELISA+/no.
Country
City
Risk group
period
samples neut+
LIPS+
tested
Uganda
Unknown
AIDS
1997
106
0
1 (0.9)
0/1
Cameroon
Unknown
AIDS
1997
96
0
4 (4.2)
0/4
Ghana
Unknown
AIDS
1997
48
0
0
0/0
Cameroon All locations
Illness of
2011–2012
160
2 (1.3)
4 (2.5)
2/6 (33.3)
unknown
etiology
Cameroon
Djoum
Illness of
2011–2012
35
0
1 (2.9)
0/1
unknown
etiology
Cameroon
Ebolowa
Illness of
2011–2012
80
0
1 (1.3)
0/1
unknown
etiology
Cameroon Sangmelima
lllness of
2011–2012
45
2 (4.4)
2 (4.4)
2/4 (50.0)
unknown
etiology
ROC
All locations
HIV
1999
458
4 (0.9)
9 (2.0)
9/13 (69.2)
surveillance
ROC
Madingou
HIV
1999
149
1 (0.7)
1 (0.7)
1/2 (50.0)
surveillance
ROC
Nkayi
HIV
1999
149
0
3 (2.0)
3/3 (100.0)
surveillance
ROC
Owando
HIV
1999
160
3 (1.9)
5 (3.1)
5/8 (62.5)
surveillance
DRC
Kinshasa
Blood donors 2011–2012
752
12 (1.6) 38 (5.1)
8/38 (21.1)
DRC
Kasaï
Monkeypox
2007
810
15 (1.9) 52 (6.4)
15/54 (27.8)
Oriental
surveillance
Total
NA
NA
1997–2012
2,430
33 (1.4) 108 (4.4) 34/116 (29.3)

No. (%)
EBOV
confirmed
0
0
0
2 (1.3)

95% CI, %†
0–1 (0–0.9)
0–4 (0–4.2)
0
0–6 (0–3.8)

0

0–1 (0–2.9)

0

0–1 (0–1.3)

2 (4.4)

2–4 (4.4–8.9)

9 (2.0)

0–13 (0–2.8)

1 (0.7)

0–2 (0–1.3)

3 (2.0)

0–3 (0–2.0)

5 (3.1)

0–8 (0–5.0)

15 (2.0)
27 (3.3)

5–38 (0.7–5.1)
1–54 (0.1–6.7)

53 (2.2)

6–116 (0.3–4.8)

*Confirmed seroprevalence rates are based on reactivity in >2 different assay formats. DRC, Democratic Republic of the Congo; EBOV, Ebola virus;
LIPS, luciferase immunoprecipitation system; NA, not applicable; neut, neutralization assay; ROC, Republic of the Congo; +, positive.
†Based on number of samples reactive in all 3 assays to number of samples reactive in a single assay (values in parentheses).
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(bp positons 583–981) into the pRen2 plasmid and transfected it into Cos-1 cells by using a 10-cm culture dish, 10
μg plasmid DNA, and the TransIT 2020 Transfection Reagent (Mirusbio, https://www.mirusbio.com). Cell lysates
containing the fusion proteins were harvested at 48-h posttransfection. The LIPS assay was performed as described
(12). We measured luciferase activities by using the Renilla
Luciferase Assay System Substrate (Promega).
ELISA

We obtained ELISA kits for detection of human IgG
against Zaire EBOV NP from Alpha Diagnostics International (https://www.4adi.com). We performed assays according to the manufacturer’s instructions at 1:200 sample
dilutions and read absorbance at 450 nm.
Data Analysis and Assay Cutoff Determination

Figure 1. Numbers of serum samples collected from Ghana,
Cameroon, Republic of the Congo, DRC, and Uganda in study
of serologic prevalence of Ebola virus in equatorial Africa. DRC,
Democratic Republic of the Congo.

the presence of serum samples were expressed as percentage of infection in the presence of negative control serum.
Heat-inactivated human serum samples were diluted in
culture medium, mixed with viral inoculum, and incubated
at room temperature for 1 hour. Final serum dilutions of
1:50 and 1:500 were used in the high-throughput screen,
and dilutions ranging from 1:10 to 1:31,250 were used in
titrations. Subsequently, 30,000 RD cells/well were added
and plates incubated at 37°C for 48 hours. The MACVGP, which is from an unrelated arenavirus prevalent only
in South America, was included as a negative control. All
infections were performed in duplicates and each plate contained identical controls, including uninfected cells, cells
infected in absence of serum, and cells infected with virus
incubated with negative control serum (US blood donor)
or positive control serum from a survivor of Ebola virus
disease. Cells were lysed, and luciferase activities in cell
lysates were measured by using the Dual-Glo Luciferase
Assay System (Promega, https://www.promega.com). Infection rates in the presence of serum samples were expressed as percentage of infection in the presence of negative control serum.
Luciferase Immunoprecipitation System

For expression of Renilla luciferase antigen fusion proteins, we cloned the C-terminal domain of EBOV VP40

We considered serum samples that reduced infection with
EBOV pseudoviruses by >50% in the high-throughput
screen compared with a negative serum control to be potential neutralizing samples and confirmed this assessment
by titration over a 5-fold sample dilution series. MACVGP pseudotypes served as internal control for nonspecific
neutralization activity. Only 1 sample showed nonspecific
neutralization of MACV pseudotypes at the 50% cutoff
value, demonstrating the general specificity of the microneutralization assay (Figure 2).
We determined reactivity in the EBOV VP40 LIPS assay by calculating the cutoff for each experiment on the basis of the average + 3 SDs of 10 presumed negative samples
from Kinshasa, DRC, included in each experiment to monitor plate-by-plate variations. We defined the cutoff value
for the commercial EBOV-NP ELISA as 4.62 U/mL on the
basis of the average + 3 SDs of the background signal in
47 presumed negative samples from Kinshasa. In addition,
assay specifications require that the resultant 4 calibrator
optical density values are plotted against concentration and
that a linear fit be applied to the data. An R2 value >0.90
must be observed for the plate to pass this test.
All assays included 3 serum samples from recently
confirmed EBOV survivors as positive controls. Serum
samples reactive in >2 separate assays were considered
confirmed seropositive. We calculated prevalence rates on
the basis of the number of confirmed seropositive specimens. We defined 95% CIs on the basis of the number of
samples reactive in >1 assay (high) or reactive in all 3 assays (low).
Results
We tested all samples for EBOV-specific antibodies against
VP40 by using the LIPS assay (Figure 3) and for neutralizing antibodies by using a pseudotype neutralization assay (Figure 2). We then conformed seroreactivity in either
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Figure 2. High-throughput screening data for neutralizing antibodies against EBOV and MACV glycoprotein pseudotypes in serum
samples in study of serologic prevalence of Ebola virus in equatorial Africa. A) Uganda; B) Cameroon; C) Ghana; D) southern
Cameroon; E) Republic of the Congo; F) Kinshasa, Democratic Republic of the Congo; G) Kasaï Oriental Province, Democratic Republic
of the Congo. Serum samples were tested at a 1:50 dilution against the different pseudotypes. Samples that reduced pseudotype
infectivity by >50% compared with a negative serum control were considered positive and confirmed by titration. Error bars indicate 95%
CIs. EBOV, Ebola virus; MACV, Machupo virus.

assay by using an EBOV-NP–specific ELISA (Figure 4).
No antibody-positive samples for EBOV were detected in
the 1997 HIV surveillance samples from Ghana (n = 48) by
any of the assays (Figure 2, panel C). The VP40 LIPS assay
detected 1 (0.9%) of 160 reactive cases in Uganda and 4
(4.2%) of 96 reactive cases in Cameroon (Figure 3). However, none of these reactive samples were confirmed by
neutralization assay or EBOV-NP ELISA (Figure 2, panels
A, B; Figure 4). In contrast, samples collected in Cameroon
during 2011–2012 contained 2 (1.3%) of 160 EBOV-neutralizing serum samples (Figure 2, panel D) and 4 (2.5%)
of 160 VP40 antibody–positive samples (Figure 3). Both
neutralizing serum samples were confirmed by EBOV-NP
ELISA, but the 4 VP40-positive samples were nonreactive
in other assays (Figure 4). Both neutralizing samples and
2 of the VP40-reactive serum samples were collected in
Sangmelima, and the 2 other VP40-reactive samples were
collected in Djoum and Ebolowa (Table).
Although analysis of the 1997 HIV surveillance samples from Ghana, Uganda, and Cameroon yielded inconclusive results, we determined an overall EBOV seroprevalence in Cameroon of 1.3% (95% CI 1.3%–3.8%) on
the basis of the 2011–2012 samples (Table). Because both
confirmed seropositive samples originated from Sangmelima, this finding resulted in a local seroprevalence rate of
4.4% (Table).
914

We tested 458 samples from 3 locations in the Republic of the Congo (Nkayi, n = 149; Madingou, n =
149; and Owando, n = 160) by using the VP40-LIPS and
pseudotype neutralization assays. Four (0.9%) samples
showed EBOV pseudotype neutralization activity: 1
sample from Madingou and 3 samples from Owando
(Figure 2, panel E). Nine (2.0%) samples showed reactivity to VP40 in the LIPS assay: 5 from Owando, 3 from
Nkayi, and 1 from Madingou (Figure 3). Although none
of the 4 neutralizing samples could be confirmed, all 9 of
the VP40-reactive specimens showed positive results in
the EBOV-NP ELISA (Figure 4). The overall serologic
prevalence for EBOV in the Republic of the Congo was
2.0% (95% CI 2.0%–2.8%) (Table). Local prevalence
rates were 3.1% in Owando, 2.0% in Nkayi, and 0.7%
in Madingou.
Of 752 blood donor samples from Kinshasa, 12
(1.6%) showed neutralizing activity specific for EBOVGP and were positive for VP40-specific antibodies by the
LIPS assay (Figure 2, panel F; Figure 3). Five (41.7%) of
12 neutralizing specimens were confirmed by EBOV-NP
ELISA, and they showed positive results in all 3 assays
(Figure 4; Figure 5, panel B). Of the nonneutralizing samples, an additional 26 samples were reactive in the VP40
LIPS (total VP40 reactive = 5.1%), but only 3 samples
were confirmed by EBOV-NP ELISA (Figure 3; Figure 5,
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Figure 3. Antibody reactivity against Ebola virus matrix protein
as measured by luciferase immunoprecipitation system assay for
the different sample sets in study of serologic prevalence of Ebola
virus in equatorial Africa. Data were normalized against individual
cutoff values determined for each experiment. Samples yielding
reactivity >1 were counted as positive specimens. Error bars
indicate 95% CIs. 1, Uganda 2007; 2, Cameroon 2007; 3, Ghana
2007; 4, Cameroon 2011–2012; 5, Republic of the Congo; 6,
Kinshasha, Democratic Republic of the Congo; 7, Kasaï Oriental
Province, Democratic Republic of the Congo.

panel B). The serologic prevalence for EBOV in this population was 2.0% (95% CI 1.1%–5.1%) (Table).
Similarly, of 810 samples from Kasaï Oriental Province, 15 (1.9%) samples neutralized EBOV-GP pseudotypes, but only 1 was confirmed by EBOV-NP ELISA
(Figure 2, panel G; Figure 4). Thirteen of the 15 neutralizing samples (including the ELISA-positive sample) and
39 nonneutralizing samples were reactive with VP40 (total VP40-reactive = 6.4%) (Figure 3; Figure 5, panel C).
Fourteen of the nonneutralizing VP40-reactive samples
showed positive results in the EBOV-NP ELISA, which
resulted in a triple-positive rate of 0.1% and a doublepositive rate of 3.2% (Figure 4; Figure 5, panel C). The
serologic EBOV prevalence in this population was 3.3%
(95% CI 0.1%–6.4%) (Table).
We found a serologic prevalence for EBOV of 1.3%
in Cameroon, a country without previously reported cases
of EBOV infections, and prevalence rates ranging from
2.0% in the Republic of the Congo and Kinshasa (DRC)
to 3.3% in Kasaï Oriental Province (DRC). We found no
serologically reactive specimens in Ghana and Uganda in
the samples available for this study (Table).
Discussion
To better investigate the distribution of hemorrhagic fever
viruses across Africa, we tested a large number of serum
samples from 5 countries in East (Uganda), Central (Republic of the Congo and DRC), West (Ghana), and West
Central (Cameroon) Africa, including samples collected

Figure 4. Summarized Ebola virus nucleoprotein ELISA data
for confirmation of neutralizing and LIPS-reactive specimens
across all sample sets in study of serologic prevalence of
Ebola virus in equatorial Africa. For comparison, 57 random
nonneutralizers were included. The ELISA cutoff value of 4.62
U/mL (dashed line) was determined on the basis of background
reactivity for 47 serum samples from the local general
population. Error bars indicate 95% CIs. LIPS, luciferase
immunoprecipitation system.

during different decades. Our main concern after reviewing
previously published serologic studies was an overestimation of seropositivity on the basis of data generated by assays with limited specificity. Therefore, we chose our testing strategy and defined our assay cutoff values in the most
conservative way. The detection of neutralizing antibodies
against viral glycoproteins is one of the most specific serologic tests for most viruses.
The microneutralization test enables simultaneous
testing of serum samples against 2 distinct viral glycoproteins, thereby providing internal specificity controls.
In our study, detection of EBOV antibodies by microneutralization might have led to an underestimation of seroprevalence because of a minor role of neutralizing antibodies in filovirus disease (13). However, one of our recent
studies in EBOV disease survivors found neutralizing antibodies 40 years after exposure (14), suggesting a longlived and robust response. Filovirus NPs resemble each
other in amino acid sequence, organization, and structure
among the different filoviral species and even show partial
similarities to NPs of paramyxoviruses (15). Accordingly,
studies have reported cross-reactive antibodies against NP
with the highest frequency (16). In our study, we observed
a high background signal in the EBOV NP ELISA when
serum samples from areas with low risk for EBOV exposure were tested. This result led us to adjust the cutoff
value for the NP ELISA to increase the specificity, which
in turn reduced the sensitivity of this assay. Some studies suggest that antibodies against VP40 are more prevalent than antibodies against GP and NP in asymptomatic

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

915

RESEARCH

Figure 5. Overlap of different assay results for Ebola virus serology across all samples in study of serologic prevalence of Ebola virus
in equatorial Africa. A) Total sample set; B) sample sets from Kinshasha, Democratic Republic of the Congo; C) sample set from Kasaï
Oriental Province, Democratic Republic of the Congo. LIPS, luciferase immunoprecipitation system; NA, not applicable (ELISA was
performed only for samples with positive results in other assays); NP, nucleoprotein; VP40, matrix protein.

infections (17). However, there have also been reports of
VP40 antibody responses in nonimmunized, presumably
nonexposed humans, indicating some background immunity against EBOV in human populations (18). Our results
suggest the presence of VP40 antibodies in persons who
could not be confirmed to be specific for EBOV with any
of the other antigens.
All samples were also screened for antibodies against
Marburg virus (MARV) glycoprotein (MARV-GP); only
1 sample showed cross-reactivity against both filovirus
glycoproteins. A small number of samples from all 5 countries included in this study were reactive against MARVGP in a pseudotype neutralization assay and MARV-GP
ELISA. However, these data could not be confirmed because of the lack of positive controls and available assays.
Even so, this finding might suggest a wide geographic
range of MARV or related viruses and their natural reservoir hosts. Serologic evidence for MARV infection of
several bat species has been found in northern Republic
of the Congo and Gabon, which have borders with Cameroon (19), and MARV RNA has recently been detected
in bats in Sierra Leone (A. Liah et al., pers. comm.; [20]).
Furthermore, a study that modeled the risk for zoonotic
MARV transmission across sub-Saharan Africa found a
substantial threat for MARV transmission in Cameroon
and identified southern Cameroon as a beneficial target
site for future surveillance efforts (21).
Serologic evidence for EBOV exposure was detected in the Republic of the Congo, the DRC, and the
2011–2012 samples from southern Cameroon. Although
10 outbreaks of Ebola virus disease have been reported
in the DRC since its discovery in 1976 to its latest reappearance in 2018 (22), and a series of 4 separate outbreaks
are known to have occurred in the Republic of the Congo
during 2001–2005 (23,24), Ebola virus disease has not
916

been diagnosed in Cameroon to date. However, a serologic survey conducted in 1983 in different areas of Cameroon suggested Ebola virus disease prevalence rates on the
basis of indirect immunofluorescence (now known to be
rather unspecific) ranging from 3.0% to 14.5%, depending
on ethnicity and location (7). In comparison, we found a
lower EBOV prevalence of 1.3% (95% CI 1.3%–3.8%)
on the basis of reactivity with >2 virus antigens and different assay formats in a small set of samples from southern Cameroon. This finding illustrates the dependence of
serologic data on sampling method, time, location, and
assay specificities.
We also found EBOV prevalence rates of ≈2.0% for
the Republic of the Congo and a blood donor cohort in
Kinshasa, DRC. These results are consistent with those of
a serologic survey of blood donors in the Republic of the
Congo during 2011, which reported an EBOV prevalence
rate of 2.5% (5). A serologic survey conducted during the
1995 EBOV outbreak in Kikwit, DRC, reported prevalence rates of 2.2% for workers in Kikwit and an average
of 9.3% in surrounding villages, suggesting a higher risk
for EBOV exposure in rural settings (25). Similarly, we
identified a higher prevalence rate of 3.5% in villages in
Kasaï Oriental Province in the central region of the country compared with a prevalence rate of 2.0% in the urban
capital of Kinshasa. However, samples from the 2 cohorts
in the DRC were collected as part of unrelated studies, under separate protocols, and at different time points, which
limited the validity of direct comparison. Moreover, many
persons living in Kinshasa have migrated to the capital
from other parts of the country that have lower or higher
risks for exposure to EBOV.
A study in the northeastern Watsa region of the
DRC during 2002 reported one of the highest reported
EBOV prevalence rates (18.7%) in the local Efé pygmy
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population, which included traditional primate hunters
(6). These results, combined with our data, suggest that
EBOV exposure risks might vary greatly in different locations and populations across Central Africa. Furthermore,
the choice of serologic assay(s) and methods for setting
assay cutoff values vary widely between different studies, which might contribute to the broad range of reported
EBOV prevalence rates.
In conclusion, we used a conservative approach of
multiple serologic assays with stringent assay cutoff values normalized by background assay reactivity for the
general local population to determine that EBOV exposure outside recognized outbreaks is likely a rare event.
Nevertheless, serologic evidence of past EBOV exposure was detected throughout different regions of central
Africa. This finding could be explained by migration of
persons from areas with known risk for exposure or thus
far undetected presence of the virus in these regions. In
addition, specific regions might experience increased levels of human exposure to EBOV or undiscovered related
viruses because of ongoing environmental, societal, and
behavioral changes.
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Formaldehyde and Glutaraldehyde
Inactivation of Bacterial Tier 1
Select Agents in Tissues
Jennifer Chua,1 Joel A. Bozue,1 Christopher P. Klimko, Jennifer L. Shoe, Sara I. Ruiz,
Christopher L. Jensen, Steven A. Tobery, Jared M. Crumpler, Donald J. Chabot,
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For safety, designated Select Agents in tissues must be inactivated and viability tested before the tissue undergoes further processing and analysis. In response to the shipping of
samples of “inactivated” Bacillus anthracis that inadvertently
contained live spores to nonregulated entities and partners
worldwide, the Federal Register now mandates in-house
validation of inactivation procedures and standardization of
viability testing to detect live organisms in samples containing
Select Agents that have undergone an inactivation process.
We tested and validated formaldehyde and glutaraldehyde
inactivation procedures for animal tissues infected with virulent B. anthracis, Burkholderia pseudomallei, Francisella tularensis, and Yersinia pestis. We confirmed that our fixation
procedures for tissues containing these Tier 1 Select Agents
resulted in complete inactivation and that our validated viability testing methods do not interfere with detection of live
organisms. Institutions may use this work as a guide to develop and conduct their own testing to comply with the policy.

D

espite being a disease of antiquity, anthrax remains a
public health concern and is considered a reemerging
threat in developed countries, in part because of bioterrorism (1). Threats of bioterrorism and the ease of global
travel have led nations to also be concerned about diseases
such as tularemia, plague, and melioidosis (1). In addition,
natural outbreaks and the global distribution and endemic
nature of these bacteria continue to be subjects of public
health and biodefense research.
In the United States, biological agents and toxins with
the potential to pose a severe threat to public health and
safety are overseen by the Federal Select Agents Program
(https://www.selectagents.gov), a joint program of the Centers for Disease Control and Prevention/Division of Select
Agents and Toxins and the US Department of Agriculture
Animal and Plant Health Inspection Service/Agriculture

Author affiliation: United States Army Medical Research Institute
of Infectious Diseases, Frederick, Maryland, USA
DOI: https://doi.org/10.3201/eid2505.180928

Select Agent Services. Agents that pose a particularly high
risk to humans are classified as Tier 1 Select Agents; Bacillus anthracis is a Tier 1 Select Agent.
Work with Select Agents necessitates complete inactivation because these organisms can cause serious illness or
death and could potentially endanger public health through
accidental infection of laboratory workers. In 2015, virulent B. anthracis samples thought to be completely inactivated by irradiation were unwittingly sent to unregistered
laboratories (2). These samples, containing spores produced to support research and development for detection
and medical countermeasures, were sent to domestic and
international entities not under the purview of the Federal
Select Agent Program. Although the samples contained low
numbers of live organisms and did not pose a serious risk,
this event was a breach in a regulation intended to restrict
access to the pathogen and safeguard public health. Investigations at the transgressing facility revealed that B. anthracis could be cultured from multiple γ-irradiated batches
of spores (2). Another troubling aspect was the failure of
viability tests, performed after irradiation, to detect viable
organisms. Thus, the US Department of Defense developed
a well-characterized and reproducible method for inactivating B. anthracis spores with irradiation (3). In addition, all
validation of inactivation procedures and viability testing
involving Tier 1 Select Agents at each institution is now
mandated by federal regulation (4).
A common way to inactivate infectious agents in tissues before histologic analysis is formaldehyde fixation,
coincidentally first characterized in 1893 with the fixation
of B. anthracis–infected tissue (5). Glutaraldehyde, the
use of which was described decades later in 1963 (6), is
commonly used to inactivate samples for electron microscopy (EM) analysis. These related aldehydes cross-link
primary amines and other reactive groups in proteins, fatty
acids, and nucleic acids, thereby halting biochemical reactions and placing cellular structures in permanent stasis
1

These authors contributed equally to this article.
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resembling structures found in living tissue (5,7–9). Formaldehyde molecules are small and diffuse quickly but fix
tissue slowly (7,10). An attractive property of formaldehyde fixation is that it is partially reversible and some denatured antigens can be retrieved to be again recognized
by antibodies (11). In contrast, the larger glutaraldehyde
molecules fix tissues quickly and irreversibly but do not
penetrate thick tissues well.
Despite a century of use, formaldehyde inactivation of
tissues containing Select Agents has been described in few
reports (12,13). Frequently, studies test only a small fraction of tissue for complete inactivation (14), which carries a
risk of concealing low numbers of viable organisms in the
remaining sample. The process of fixation, and concurrently
that of inactivation, is dependent on variables such as time,
pH, temperature, fixative concentration, and tissue size/
composition (10,15–17). The desire to accelerate the fixation process for faster workflow (15,17) increases the risk
for incomplete inactivation. Because B. anthracis spores
in particular are hardy (i.e., resistant to heat, radiation, and
chemicals) (1,18), their inactivation is more difficult.
The detection of viable organisms in partially inactivated tissues relies on the organisms’ ability to proliferate when placed in rich growth media. However, fixative is
probably retained internally in tissues, potentially interfering with growth during viability testing. The key function
of a viability test is to detect viable organisms by encouraging the proliferation of any organisms, live or injured, that
may have survived the inactivation procedure. Testing for
viability requires the removal or neutralization of the inactivating agent that may interfere with growth. Removing or
neutralizing chemical fixatives is particularly important because their presence might restrict organism proliferation at
low, nonlethal concentrations. Similar to the time required
for penetration into thick tissues (10), adequate time for
washing must be provided to allow for outward diffusion.
As an alternative, fixative in tissue, including any inhibitory components from the tissue itself, can be diluted in a
large volume of medium used for the viability test. Tissue
disaggregation or homogenization also exposes potentially
live organisms deep within tissues to nutrient-rich medium,
allowing growth.
We tested and validated inactivation procedures that
used formaldehyde with or without glutaraldehyde on lung,
liver, spleen, and skin from infected animals destined for
microscopic analyses. Our validation procedure is aligned
with requirements set forth by the Centers for Disease Control and Prevention (CDC), under the US Health and Human Services, as mandated in the Federal Register (42 CFR
§73) (4). We confirmed that our inactivation procedures for
tissue fixation resulted in complete inactivation and validated neutralization procedures for viability testing. This
work specifically focused on the agents that cause anthrax,
920

melioidosis, tularemia, and plague but could be applicable
to others. Because we demonstrated fixation of highly resistant spores, this work could also be applied to unknown
or undetermined etiologic agents with uncharacterized
properties that cause other emerging infectious diseases.
Materials and Methods
Bacterial Strains and Culture

We placed spores of B. anthracis Ames (pXO1+/pXO2+),
Sterne, and ANR (pXO1+/pXO2–) in Leighton and Doi
broth (19) or on NBY agar plates (20) and purified them
with Omnipaque (GE Healthcare, https://www.gehealthcare.com) as previously described (21). All spores were
heated for 30 min at 65°C before animal infection. Bacilli
were grown in brain heart infusion broth (Difco; Becton,
Dickinson and Company, http://www.bd.com), on tryptic soy agar, or on sheep blood agar (SBA) plates (Remel
ThermoFisher Scientific, https://www.thermofisher.com)
at 37°C. Burkholderia pseudomallei 1026b and B. pseudomallei 82 (purine auxotroph) were grown in Luria Bertani
(Lennox) broth (Difco) with 4% glycerol (Sigma Aldrich,
https://www.sigmaaldrich.com) (22) or on SBA plates.
Francisella tularensis Schu S4 and live vaccine strain were
grown in either brain heart infusion broth with 1% IsoVitaleX (Becton, Dickinson and Company) or on chocolate
agar plates (Remel) at 37°C. Yersina pestis CO92 and Y.
pestis Pgm–/pPst– were grown in heart infusion broth with
0.2% xylose (Sigma Aldrich) or on SBA plates at 28°C. All
bacterial strains were from the collection at the US Army
Medical Research Institute of Infectious Diseases (Frederick, MD, USA).
Chemical Fixatives

The standard fixative for tissue destined for light microscopy analyses is 4% formaldehyde, which is used interchangeably with 10% neutral buffered formalin, 10% buffered formalin phosphate (Fisher Chemical, https://www.
fishersci.com), or 4% paraformaldehyde. Immediately before its use, we used phosphate-buffered saline (PBS), pH
7.4, to dilute 16% paraformaldehyde (Electron Microscopy
Sciences, https://www.emsdiasum.com) to 4% paraformaldehyde. We fixed tissues destined for EM with 4% paraformaldehyde and 1% glutaraldehyde (Electron Microscopy
Sciences) in 0.1 M sodium cacodylate (Sigma Aldrich)
buffer (14). This combination is referred to as EM fixative.
Fixative Removal from Tissue and
Formaldehyde Sensitivity Assays

Because of their size and the amount of tissue that can be
obtained, we used guinea pigs for these assays. We harvested spleen, liver, outer ear pinna, and skin from euthanized
guinea pigs. To enable effective penetration of fixative,
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Table 1. Formaldehyde fixation of Bacillus anthracis Ames–infected skin tissue from guinea pigs in study of inactivation of bacterial
Tier 1 Select Agents*
Fixation time, d,
Maximum tissue
Total CFU
Sample
Positive control
no. samples
weight, g
Maximum tissue size, mm
recovered/g
inactivation†
inactivation†
7, 3
2.04
20 × 30 × 3
6.15 × 107
+/+‡
+/+
14, 3
1.94
23 × 28 × 3
5.41 × 107
–/–
+/+
21, 3
2.55
28 × 28 × 3
4.86 × 107
–/–
+/+

*Infected skin tissues from 3 guinea pigs were fixed for 7, 14, or 21 d in 4% paraformaldehyde, rinsed for 30 min in phosphate-buffered saline, and then
homogenized. The maximum tissue weight, size, and CFU recovered per group are listed. +/– indicates presence or absence of growth in broth/on plates.
†100% of sample tested.
‡Of 3 samples, 1 was positive for growth.

we excised tissues <10 mm in 1 dimension. Samples were
incubated in fixative (>1:10 wt/vol) at ambient temperature for various times. To allow for outward diffusion of
fixative, we soaked samples in PBS/water; ear and spleen
required longer submersion to support bacterial growth.
Tissues were cut into smaller pieces, ground with a homogenizer (Pro200; Pro Scientific, https://proscientific.com),
and then transferred to broth (>1:50 wt/vol). In accordance
with CDC policy on the neutralization method, we split the
broth into 2 aliquots: 1 was inoculated with 5 × 103 Sterne
spores and the other was left as is. The 7-day broth-to-plate
viability test for B. anthracis was performed by culturing in
broth (>1:10 wt/vol) followed by solid medium (>100 µL),
each incubated for 7 days at 37°C (23). To detect growth
in broth, we read optical densities at 620 nm by using a
spectrophotometer (Genesys 20, ThermoFisher Scientific).
To test genus-specific sensitivity to formaldehyde, we
used B. pseudomallei 1026b, B. anthracis Sterne, B. pseudomallei 82, F. tularensis live vaccine strain, and Y. pestis
Pgm–/pPst–. Strains were incubated in broth with formaldehyde (10% neutral buffered formalin diluted 10-fold

from 1:10 to 1:10,000) and shaken for up to 5 days. The
starting inoculum was plated for CFU.
Animal Challenges

To limit the number of animals used, we repurposed Hartley guinea pig survivors (Table 1); repurposing was deemed
appropriate because of the short duration of the study and
because dissemination of bacteria into organs was not required. After administering an intramuscular injection of
ketamine, acepromazine (both from Vedco, https://www.
vedco.com), and xylazine (Akorn, Inc., http://www.akorn.
com), we injected the guinea pigs intradermally at several demarcated locations with 2 × 108 B. anthracis Ames
spores. To maximize the number of ungerminated spores,
we collected whole-skin samples at 2 hours after challenge.
For spleen, liver, and lung tissue collection, we used
<4 naive Strain 13 guinea pigs per Select Agent (Tables
2,3). To maximize spores in the lungs, we administered B.
anthracis Ames spores to the guinea pigs by the inhalation
route (24); to enable rapid dissemination to the spleen and
liver, we also administered them by the intramuscular route

Table 2. Formaldehyde fixation of infected spleen, liver, and lung tissue from guinea pigs in study of inactivation of bacterial Tier I
Select Agents*
Maximum tissue Maximum tissue
Fixation
Sample
Positive control
Infectious agent, tissue type
weight, g
size, mm
Maximum CFU/g
time, d
inactivation
inactivation
Bacillus anthracis Ames (inhalational and intramuscular), n = 3

Spleen
1.04
20 × 20 × 6
1.1 × 109
13
–/–†
+
Liver
1.78
20 × 10 × 10
9.8 × 107
13
–/–†
+
8
4
Lung
1.14
20 × 20 × 10
2.1 × 10 ; 5.5 × 10
13
–/–†
+
(heat resistant)
Burkholderia pseudomallei 1026b, n = 4
Spleen
0.81
20 × 15 × 10
7.5 × 108
13
–/–‡
+
Liver
2.15
20 × 15 × 10
1.4 × 107
13
–/–‡
+
Lung
1.56
20 × 15 × 10
4.0 × 107
17–18
–/–‡
+
Francisella tularensis Schu S4, n = 3
Spleen
1.50
15 × 15 × 10
9.3 × 109
13
–/–§
+
Liver
2.29
25 × 13 × 11
9.5 × 107
13
–/–¶
+
Lung
1.30
15 × 13 × 11
4.3 × 108
13
–/–¶
+
Yersina pestis CO92, n = 3
Spleen
0.96
15 × 10 × 8
1.4 × 1010
13
–/–§
+
Liver
2.09
30 × 15 × 10
1.1 × 109
13
–/–¶
+
Lung
1.81
25 × 20 × 15
7.0 × 108
13
–/–¶
+
*>4 guinea pigs were infected with 1 Select Agent. Tissues were excised and then measured, weighed, and plated for CFU. Tissues were fixed in 10%
neutral buffered formalin for the indicated time, rinsed for 30 min in phosphate-buffered saline, and then homogenized. +/– indicates presence or absence
of growth in broth/on plates.
†100% of sample tested.
‡50% of sample tested.
§90% of 1 sample tested, 10% of others tested.
¶10% of sample tested.
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Table 3. Electron microscopy fixation of infected spleen, liver, and lung tissue from guinea pigs in study of inactivation of bacterial Tier
1 Select Agents*
Maximum tissue Maximum tissue
Fixation
Sample
Positive control
Infectious agent, tissue type
weight, g
size, mm
Maximum CFU/g
time, d
inactivation
inactivation
Bacillus anthracis Ames (inhalational and intramuscular), n = 3
Spleen
0.15
10 × 3 × 2
1.1 × 109
6
–/–†
+
Liver
0.18
9×5×2
9.8 × 107
6
–/–†
+
Lung
0.08
10 × 4×x 2
2.1 × 108; 5.5 × 104
6
–/–†
+
(heated)
Burkholderia pseudomallei 1026b, n = 4
Spleen
0.09
8×4×2
7.5 × 108
7
–/–‡
+
Liver
0.16
10 × 6 × 2
1.4 × 107
7
–/–‡
+
Lung
0.09
10 × 4 × 2
4.0 × 107
7
–/–‡
+
Francisella tularensis Schu S4, n = 3
Spleen
0.15
6×6×1
9.3 × 109
6
–/–§
+
Liver
0.15
11 × 5 × 1
9.5 × 107
6
–/–¶
+
8
Lung
0.08
7×6×1
4.3 × 10
6
–/–¶
+
Yersina pestis CO92, n = 3
Spleen
0.11
7×5×1
1.4 × 1010
6 or 8
–/–§
+
Liver
0.07
7×4×1
1.1 × 109
6 or 8
–/–¶
+
Lung
0.07
7×6×1
7.0 × 108
6 or 8
–/–¶
+
*>4 guinea pigs were infected with 1 Select Agent. Tissues were excised and then measured, weighed, and plated for CFU. Tissues were fixed in EM
fixative for the indicated time, rinsed for 30 min in phosphate-buffered saline, and then homogenized. +/– indicates presence or absence of growth in
broth/on plates.
†100% of sample tested.
‡50% of sample tested.
§90% of 1 sample tested, 10% of others tested.
¶10% of sample tested.

(25). In a separate iteration, rabbits were exposed to aerosolized B. anthracis Ames spores and lung samples were
obtained through tissue sharing.
B. pseudomallei 1026b (26), F. tularensis Schu S4
(27), and Y. pestis CO92 (28) were grown until mid-log
phase. Bacterial doses and the infection routes used were
based on previous studies (Table 4) (26,29–31). To minimize animal pain or distress, we administered meloxicam/
buprenorphine (32). Animals were observed at least twice
daily, and when they were moribund, they were euthanized
with pentobarbital (Vortech Pharmaceuticals, Ltd., http://
www.vortechpharm.com).
In compliance with the Animal Welfare Act, Public
Health Service policy, and other federal statutes and regulations pertaining to animals and experiments involving
animals, we conducted our research under an Institutional

Animal Care and Use Committee–approved protocol. The
facility where this research was conducted is accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care, International and adheres to principles
stated in the Guide for the Care and Use of Laboratory
Animals, National Research Council, 2011 (https://www.
aaalac.org; https://grants.nih.gov/grants/olaw/guide-forthe-care-and-use-of-laboratory-animals.pdf).
Inactivation Procedures and Viability Testing

Skin injection sites from guinea pigs infected with Ames
spores were incubated in fixative (1:10 wt/vol) at ambient
temperature. Lungs, livers, and spleens from euthanized
or recently dead guinea pigs and rabbits were excised, divided into several pieces per tissue type, and submerged in
fixative for various times. To remove excess fixative, we

Table 4. Routes of infection and delivered doses of Select Agents used to infect guinea pigs and rabbits for tissue collection in study of
inactivation of bacterial Tier 1 Select Agents
Delivered dose,
Bacteria
Route of infection
CFU
Animal model
Time of collection Tissue collected
Bacillus anthracis Ames
Intradermal
2.7 × 108
Guinea pigs-Hartley
2 h after challenge
Skin
(spores)
6
Inhalational and/or 4.9 × 10 and
Guinea pigs-Strain 13 Late-stage disease
Lung, liver,
intramuscular,
1.0 × 103
spleen
respiratory
respiratory
7
Inhalational
1.0 × 10
Rabbits-New Zealand 24 h after challenge
Lung
White
Burkholderia pseudomallei
Intraperitoneal
9.0 × 102
Guinea pigs-Strain 13 Late-stage disease
Lung, liver,
1026b
spleen
Francisella tularensis Schu S4
Subcutaneous
8.6 × 102
Guinea pigs-Strain 13 Late-stage disease
Lung, liver
spleen
Yersina pestis CO92
Subcutaneous
7.0 × 104
Guinea pigs-Strain 13 Late-stage disease
Lung, liver,
spleen
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Table 5. Effect of residual formaldehyde in tissue from guinea pigs on the growth of Bacillus anthracis Sterne in study of inactivation of
bacterial Tier I Select Agents*
Incubation time for tissue in
Positive control
Tissue type, no. samples
Fixation time, d
PBS/water
Sample inactivation†
inactivation†
Skin, 2
2
45 min
–/–
+/+
Skin, 2
14
45 min
–/–
+/+
Skin, 2
21
45 min
–/–
+/+
Ears, 2
2
45 min
–/–
+/+
Ears, 2
14
45 min
–/–
–/–
Ears, 2
21
45 min
–/–
–/–
Spleen, 3
2
45 min
–/–
+/+
Spleen, 3
17
45 min
–/–
–/–
Spleen, 3
17
24 h
–/–
+/+
Liver, 3
2
45min
–/–
+/+
Liver, 3
17
45 min
–/–
+/+‡
Liver, 3
17
24 h
–/–
+/+
*Different fixation times (2, 14, 17, or 21 d) and wash times (45 min or 24 h) for skin, outer ear pinna, spleen, and liver result in the different ability of
Sterne spores to germinate and grow in broth used for viability testing. +/ indicates presence and/or absence of growth in broth/on plates; PBS,
phosphate-buffered saline.
†50% of tissue tested.
‡Of 3 samples, 2 were positive for growth and 1 was inhibited by residual formaldehyde.

soaked fixed tissues for 30 min and homogenized them.
The entire homogenate volume was subjected to 7-day
broth-to-plate viability testing, as previously described.
To provide a positive control, we inoculated an additional
sample with spores.
For B. pseudomallei 1026b, half of the homogenate was
subjected to viability testing and the other half was reinoculated with live organism to serve as a positive control. Most
tissue homogenates of Francisella and Yersinia were tested
by using 10% of samples because of the necessary dilution
in 10 L of broth for growth; however, spleen tissues with the
highest bacterial load were further tested by using 90% of the
samples in that volume (10% was reinoculated for positive
control). Burkholderia, Francisella, and Yersinia homogenates were incubated in broth and then incubated on solid
medium at the appropriate temperature for 3–4 days each.
Results
Spores were able to germinate and grow in the presence of
fixed skin or liver when the tissue was washed for a short
time (45 min) (Table 5). In contrast, growth did not occur in ears or spleens fixed for a longer time (14–21 d) but
washed for a short time. When washing was extended for
a longer time (24 h), spleen tissue again permitted growth
(Tables 5, 6), suggesting that the fixative was able to adequately diffuse out of the tissue with longer washing.

An alternative way to neutralize formaldehyde in fixed
tissue is sufficient dilution in the broth used for viability
testing. Thus, we determined the broth volume to which
formaldehyde could be adequately diluted to permit growth
of B. anthracis Sterne, B. pseudomallei 82, F. tularensis
live vaccine strain, and Y. pestis Pgm–/pPst–. The growth
of these non–Select Agents, used as surrogates, in broth
containing 1%–0.001% formaldehyde, is shown in Table
7. Of note is the higher inoculum for F. tularensis live vaccine strain necessary to seed the broth cultures for growth.
In contrast, substantially less inoculum was required for
the other agents. B. pseudomallei 82 (a purine auxotroph)
required longer incubation (5 d) before a turbidity increase
was evident. Therefore, we also performed the formaldehyde sensitivity assay with the virulent strain 1026b. These
data indicate that formaldehyde can be washed out or adequately diluted in broth to permit a small number of live
organisms, which may be present, to proliferate.
The skin is a difficult tissue for formaldehyde to infiltrate (16). Because of this property, along with the resistant
nature of spores, to generate a time course of organism killing, we chose skin tissues infected with B. anthracis Ames
spores. Spores in skin sections fixed for 14 or 21 days were
completely inactivated (Table 1). In contrast, 7-day fixation
was not adequate; growth occurred in 1 of 3 tissues. To
maximize our dataset for inactivation of spore-containing

Table 6. Effect of residual electron microscopy fixative in tissue from guinea pigs on the growth of Bacillus anthracis Sterne in study of
inactivation of bacterial Tier I Select Agents*
Tissue type, no.
Incubation time for tissue in
Positive control
samples
Fixation time, d
PBS/water, h
Sample inactivation†
inactivation†
Spleen, 3
14
24
–/–
+/+
Spleen, 3
24
–/–
+/+
21
Liver, 3
14
24
–/–
+/+
Liver, 3
21
24
–/–
+/+
*Spleen and liver tissues fixed for 14 or 21 d and washed for 24 h permitted Sterne spores to germinate and grow in broth used for viability testing. +/
indicates presence and/or absence of growth in broth/on plates. PBS, phosphate-buffered saline.
†50% of tissue tested.
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Table 7. Growth of Bacillus, Burkholderia, Francisella, and Yersinia species in diluted formaldehyde in study of inactivation of bacterial
Tier I Select Agents*
Strain
CFU/volume
Growth condition
Time, d NBF concentration, %
Growth
Bacillus anthracis Sterne
5 (bacilli)/500 mL
BHI, 37°C
1
0.1
–
0.01
+
0.001
+
Burkholderia pseudomallei 82
10/500 mL
LB + 4% glycerol, 37°C
5
0.1
–
0.01
–
0.001
+
B. pseudomallei 1026b
5/500 mL
LB + 4% glycerol, 37°C
3
0.1
–
0.01
+
0.001
+
Francisella tularensis LVS
BHI + 1% IsoVitaleX, 37°C
4
0.1
–
1.4  105/100 mL
0.01
–
0.001
+
Yersina pestis Pgm–/pPst–
10/100 mL
HI + 0.2% xylose, 28°C
3
0.1
–
0.01
–
0.001
+
*5 CFU B. anthracis Sterne (bacilli), 10 CFU B. pseudomallei 82, 5 CFU B. pseudomallei 1026b, 1.4 × 105 CFU F. tularensis live vaccine strain and 10
CFU Y. pestis Pgm–/pPst– bacteria were inoculated into their respective broths containing 0.1%, 0.01%, and 0.001% NBF and grown at the indicated
temperature. Time listed is when broth cultures reached turbidity. + /– indicates presence and/or absence of growth in broth.
BHI, brain heart infusion; HI, heart infusion; LB, Lennox broth; LVS, live vaccine strain; NBF, neutral buffered formalin.

tissues, we also fixed lung tissues from rabbits infected
with B. anthracis Ames spores. Of 3 lung samples, 2 were
inactivated at 13 days and the third was inactivated at 20
days (Table 8).
The tissues that we commonly collect and fix for histopathologic analysis are spleen, liver, and lung. Organisms in all infected spleen, liver, and lung samples fixed
for various times were inactivated (Table 2). Specifically,
we found complete inactivation in spleens infected with the
highest load of B. anthracis Ames, F. tularensis Schu S4,
or Y. pestis CO92, tested by using either 90% or 100% of
the samples. This inactivation includes B. anthracis Ames–
infected lung tissue from guinea pigs, which also contained
heat-resistant spores. Also completely inactivated were B.
pseudomallei 1026b–infected spleen and other tissues, tested by using 50% of the samples. Similar to formaldehydefixed tissues, tissues incubated in EM fixative were also
inactivated (Table 3).
Discussion
We examined the effectiveness of formaldehyde, by itself
and with glutaraldehyde, to inactivate tissues infected with
Select Agents. We found that 14 days in formaldehyde and
7 days in EM fixative are generally sufficient to completely
inactivate most infected tissues described in this report, including tissues containing high numbers of resistant spores

and hard-to-infiltrate tissues like skin. One exception was
a rabbit lung in which B. anthracis spores were only partially inactivated at 13 days of fixation but inactivated at 20
days. Although we show that inactivation can probably be
achieved in less time, to ensure an adequate safety margin,
no change in our institutional standard operating procedure
of 21 days fixation will be made.
At the study’s inception, we experimented with injecting Select Agents into tissues collected from euthanized animals. However, this ex vivo approach failed because the tissues did not retain the inoculum. Of note, this
attempt did not recapitulate in vivo diseased tissue, where
organisms are probably distributed more homogeneously.
Although we were fortunate to obtain rabbit lung tissues
from an ongoing study, other already infected tissues
were not readily available. Thus, we infected animals
specifically for this work. In addition to infecting with
the Select Agents we commonly work with, we also validated different tissue types such as skin and lung, tissues
in which a substantial amount of ungerminated spores
would remain after exposure. We specifically examined
the number of ungerminated spores in rabbit and guinea
pig tissues because the chemical sensitivities of spores
and bacilli differ greatly.
For this study, we used tissues <10 mm thick in 1 dimension. Although it is possible to excise and fix tissue

Table 8. Formaldehyde fixation of infected lung tissue from rabbits exposed to aerosolized Bacillus anthracis Ames spores in study of
inactivation of bacterial Tier I Select Agents*
Total CFU
Heat-resistant CFU Time of inactivation
Positive
Rabbit no.
Tissue weight, g
Tissue size, mm
recovered/g
recovered/g
13 d
20 d
control
1
0.72
10 × 10 × 10
1.2 × 107
1.5 × 106
–/–†
ND
+/+
2
0.74
10 × 10 × 10
4.4 × 105
4.3 × 105
–/–†
ND
+/+
3
0.71/0.75
10 × 10 × 10
2.6 × 106
1.0 × 106
+/+†
–/–†
+/+
*Infected lung tissues from 3 rabbits were fixed for 13 or 20 d in 4% paraformaldehyde, rinsed for 30 min in phosphate-buffered saline, and then
homogenized. Listed are the tissue weight, size, and CFU recovered. +/– indicates presence and/or absence of growth in broth/on plate. ND, not done.
†50% of sample tested.
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>10 mm thick, this practice is discouraged because it hampers fixative infiltration into the deep recesses of the tissue;
these areas probably also undergo putrefaction before becoming fixed (10). Infiltration is already slowed in tissues
such as skin and fat (16,17), so exceeding the limit set forth
here (10 mm) will probably lengthen the time needed to
inactivate. Exceeding the organ bacterial burdens greater
than those stated (Tables 2,3) would also require reevaluation (23) because these could require more time to inactivate. Other institutions may use this work as a guide to
conduct and develop their own testing to comply with the
policy. Furthermore, these methods may be useful in the
processing and inactivation of tissues from patients infected with Select Agents for diagnostic testing by state public
health laboratories and CDC.
This work was funded by the US Department of Defense.
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Risk Factors for MERS-CoV
Seropositivity among Animal
Market and Slaughterhouse
Workers, Abu Dhabi,
United Arab Emirates, 2014–2017
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Camel contact is a recognized risk factor for Middle East respiratory syndrome coronavirus (MERS-CoV) infection. Because specific camel exposures associated with MERS-CoV
seropositivity are not fully understood, we investigated worker–camel interactions and MERS-CoV seroprevalence. We
assessed worker seroprevalence in 2 slaughterhouses and 1
live-animal market in Abu Dhabi, United Arab Emirates, during 2014–2017 and administered an epidemiologic survey in
2016 and 2017. Across 3 sampling rounds during 2014–2017,
we sampled 100–235 workers, and 6%–19% were seropositive for MERS-CoV at each sampling round. One (1.4%) of
70 seronegative workers tested at multiple rounds seroconverted. On multivariable analyses, working as a camel salesman,
handling live camels or their waste, and having diabetes were
associated with seropositivity among all workers, whereas
handling live camels and either administering medications or
cleaning equipment was associated with seropositivity among
market workers. Characterization of high-risk exposures is
critical for implementation of preventive measures.

M

iddle East respiratory syndrome (MERS) coronavirus (MERS-CoV) was first identified as a cause of
severe respiratory tract infections in Saudi Arabia in October 2012 (1). The clinical spectrum of MERS ranges
from asymptomatic infection to acute respiratory distress
Author affiliations: Abu Dhabi Department of Health, Abu Dhabi,
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J.T. Watson, S.I. Gerber, A.J. Hall); Abu Dhabi Food Control
Authority, Abu Dhabi (S. Al Muhairi, A.I. Khalafalla)
DOI: https://doi.org/10.3201/eid2505.181728

syndrome and death (2). As of April 3, 2019, a total of 2,374
laboratory-confirmed cases of infection have been reported
by 27 countries to the World Health Organization (WHO);
the reported case-fatality rate is 35% (2). All reported cases
have an epidemiologic link to the Arabian Peninsula, and
imported cases have been reported in Europe, Asia, North
America, and Africa. The United Arab Emirates has reported the third-highest number of MERS cases since 2012 (3).
MERS-CoV is a zoonotic virus, and dromedaries
(camels) are recognized as a major virus reservoir for spillover to humans (4). Multiple studies have isolated MERSCoV or MERS-CoV RNA from camels across the Arabian
Peninsula and Africa (5–11). Serologic studies of camels in
the Middle East and Africa have revealed MERS-CoV seroprevalence of >90%–97% (8,11–13). In natural infection,
camels have been found to shed MERS-CoV in respiratory
secretions and to a lesser extent in stool (14,15). Evidence
of virus RNA has also been found in milk collected by traditional milking procedures, which involve calf suckling as
a stimulus for milk letdown (15).
Epidemiologic links between infected camels and human MERS-CoV infections have been shown, with identical or nearly identical MERS-CoV genomes found in
human cases and in camels with which they had direct
contact (16–18). Also, a case–control study identified exposure to camels as a risk factor for human MERS-CoV
infection (19). Human seroprevalence studies also support
the association between MERS-CoV infection and camel
contact; in Saudi Arabia MERS-CoV seroprevalence was
found to be 15 times greater in camel shepherds and 23
times greater in slaughterhouse workers compared with the
1
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general population (20). Further studies have also shown
high seroprevalence in specific occupational groups with
various camel exposures (e.g., seropositivity was detected in
6.8% of a cohort of 294 camel workers in Qatar [21] and in
53% of a cohort of 30 camel workers in Saudi Arabia [22]).
Although multiple lines of evidence suggest camel exposure is associated with human MERS-CoV infection, the
exact mechanisms of transmission are not fully understood.
Information on specific risk factors relating to camel interactions are needed to further understand how the virus
might be transmitted from camels to humans and to guide
interventions to prevent zoonotic transmission, including
changes to camel management practices. Because MERSCoV vaccines are currently in development and have reported success in phase I clinical trials (23), knowledge
of groups at risk for MERS-CoV infection might also be
useful when considering future vaccine use. Our study
aimed to identify risk factors for MERS-CoV seropositivity among live-animal market and slaughterhouse workers.
Methods
Study Site and Population

The study sites consisted of an open-air animal market and
2 slaughterhouses (1 commercial and 1 public). All 3 facilities housed camels, goats, sheep, and cattle (Figure 1). Typically during the study period, approximately 460 persons
worked at the market, 101 at the public slaughterhouse, and
29 at the commercial slaughterhouse. The market investigated in this study was linked to a human MERS case in
2015 (24). Prior investigation showed a large diversity of
MERS-CoVs circulating among camels at the market; 109
(29%) of 276 screened camels had detectable MERS-CoV
RNA in nasal swab specimens in the spring of 2015 (25).
Serum Sampling and Data Collection

We conducted 3 rounds of worker serum sampling. The
first round was conducted during May 11–14, 2014, and
the second round during March 23–April 1 and May 7–13,
2015. During the first 2 rounds of sampling, all available
workers at the market and public slaughterhouse were requested to provide a serum sample as part of a public health
investigation. We conducted a third round of serum sampling during September 22–October 5, 2016, and March
20–23, 2017. The third round of sampling included workers
at the market, public slaughterhouse, and the newly opened
commercial slaughterhouse. All available workers were requested to provide serum samples, although participation
was voluntary. Some, but not all, workers were repeatedly
sampled, when feasible, during multiple rounds.
We administered an epidemiologic survey to all
workers only during the third round of serum sampling in
2016 and 2017. No surveys were administered in 2014 or
928

Figure 1. Diagram of study site indicating market and
slaughterhouse settings, Abu Dhabi, United Arab Emirates.

2015. The survey consisted of questions covering worker
demographics; occupational history; contact with various
animal species; travel history; medical history; consumption of raw camel milk, raw camel meat, and camel urine;
specific tasks performed with camels; types of personal protective equipment (PPE) worn; and handwashing practices
(Appendix 1, https://wwwnc.cdc.gov/EID/article/25/5/181728-App1.pdf). Separate lists of questions covering specific
camel tasks performed were asked of market and slaughterhouse workers because of the different nature of camel tasks
among occupational groups. Interviews were conducted in
Arabic by staff from the Abu Dhabi Department of Health.
Laboratory Testing

Human serum samples were tested for MERS-CoV antibodies
at the US Centers for Disease Control and Prevention (CDC)
by using indirect ELISAs for nucleocapsid (N) and spike (S)
proteins, followed by a confirmatory microneutralization test,
as previously described (26). Samples were initially tested by
using both N and S ELISAs as screening assays with serum
diluted to 1:400. All serum samples with optical densities
above assay cutoff were diluted serially, 4-fold, from 1:100
to 1:6,400, and used for endpoint titer determinations. Serum
samples that were positive by N or S ELISA with titers at
1:400, 1:1600, or 1:6,400, plus 10% of samples negative by
N or S ELISA at these titers, were tested by using microneutralization with live MERS-CoV performed in a Biosafety
Level 3 laboratory, as previously described (26). In addition,
we conducted confirmatory microneutralization tests on seronegative samples from any persons who showed a change in
seropositivity status over time to confirm changes in seropositivity status. Samples were considered positive if positive on
N and S ELISA or if positive on microneutralization. Specimens near the limits of detection but not consistently above
or below these limits were considered indeterminate. For the
epidemiologic analysis, persons with an indeterminate result
were considered seronegative.
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Data Analyses

We used Epi Info 7 (https://www.cdc.gov/epiinfo) for
data entry and R version 3.3.1 (https://cran.r-project.org/
bin/windows/base/old/3.3.1) for data analysis. We performed comparisons between prevalence of work practices by setting (market vs. slaughterhouse) by using the
Pearson χ2 square test. We used univariable logistic regression to estimate odds ratios, 95% CIs, and p values
(Wald test) for all associations between potential risk
factors and seropositivity. We assessed associations between demographics, occupational history, contact with
various animal species, consumption of camel products,
travel history, and medical history with seropositivity for
all workers. We separately tested associations between
specific interactions with camels, types of PPE worn, and
handwashing practices with seropositivity for stratified
subgroups of market and slaughterhouse workers because
of the different nature of work setting and standard practices between these 2 populations. We then performed additional exploratory data description by occupation on the
basis of results of univariable analyses.
We developed 3 multivariable logistic models to identify associations between risk factors and seropositivity.
First, we constructed a model of risk factors common to all
workers and then constructed occupationally stratified models (i.e., separate models for market workers and slaughterhouse workers) to model specific interactions with camels,
PPE use, and handwashing practices. We combined or eliminated highly correlated variables, which were determined by
condition indices and variance decomposition proportions.
We reduced categorical variables to binary options if small
group size was observed. We performed initial variable selection by using least absolute shrinkage and selection operator (LASSO) and then tested person-variable significance by
using the likelihood ratio test with a cutoff of p<0.05 within
an ordinary logistic regression model. We then included age
and number of years worked at current setting as potential
confounders in all 3 final models. We excluded persons with
missing data at the LASSO stage but included them for the
final logistic regression model.
For the stratified market worker and slaughterhouse
models, we also included variables significant in the all
workers model but not directly relating to camel interactions (e.g., reported underlying conditions) in the final
occupationally stratified models. We did not include significant variables directly relating to camel exposures in the

all workers model in the stratified models because more
specific camel risk practices were assessed in the stratified
models. For market and slaughterhouse models, we tested
interactions between significant risk practices and select
PPE use and handwashing practices for a protective effect.
Results
Serum Sample Results

We sampled 100 workers in round 1 (2014), 151 workers
in round 2 (2015), and 235 workers in round 3 (2016 and
2017); overall MERS-CoV seroprevalence was 6% for round
1, 19% for round 2, and 17% for round 3. Twenty-one persons had specimens taken at rounds 1 and 2, twenty-three at
rounds 2 and 3, thirteen at rounds 1 and 3, and twenty-two at
all 3 rounds (Figure 2). Of 70 persons who were seronegative at their first sample, only 1 (1.4%, 95% CI 0.1%–8.8%)
seroconverted: a 30-year-old man who was a cleaner at the
public slaughterhouse tested negative at round 1 and positive
at round 2. Of 8 persons who were seropositive at their first
sample, 1 (13%) was later found to be seronegative: a 28-year
old man who was an administrative supervisor at the market
was resampled between rounds 1 and 3. This person did not
report handling camels or their waste and did not perform any
tasks directly relating to camels. One additional person who
had a positive serologic result at their first and second samples
and an indeterminate result at their third sample was not subsequently evaluated for change in seropositive status. Because
some study participants might have had different medical
record numbers across the 3 sampling rounds, we could not
determine all potential seroconversions or losses of seropositivity, although we also performed matching by name and age.
We compiled serologic results for all participants who ever
tested positive (Appendix 2, https://wwwnc.cdc.gov/EID/
article/25/5/18-1728-App2.pdf).
Epidemiologic Survey Results

In total, 235 persons both completed the epidemiologic
survey and were sampled during round 3. One additional
person completed the epidemiologic survey but refused
serum sampling and was not included in any analyses.
All 235 workers were men, and their median age was 35
years (range 19–64 years). The median number of years
worked at the current settings was 6 (range 0.2–15 years).
We observed no significant effect of age (p = 0.26) or years
worked (p = 0.18) on seropositivity on univariable analysis.
Figure 2. Number of workers
sampled during >1 round of
sampling (N = 79), Abu Dhabi,
United Arab Emirates. Black stars
indicate when serum samples
were taken; gray shading
indicates follow-up periods.
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Worker occupations were categorized into animal
handlers (n = 16), camel salesmen (n = 37), other animal
salesmen (n = 41), animal or waste transporters (n = 27),
butchers (n = 65), cleaners (n = 26), veterinarians (n = 9),
and other (e.g., supervisor, cashier, and tourist guide) (n
= 14). Salesmen only worked in the market, and butchers
only worked in the slaughterhouses. The remaining occupations were found in both settings, but each person could
only work at a slaughterhouse or the market. None of the
workers reported working at any other job outside of the
market or slaughterhouses, and the only animals reported
present at home were poultry and stray cats.
Overall, 64 (44%) of 145 market workers had daily contact with camels or their waste, compared with 47 (52%) of
90 slaughterhouse workers (p = 0.28). Certain PPE use and
handwashing were more frequently reported by slaughterhouse workers than market workers. Among slaughterhouse
workers, 99% reported wearing a dust mask (equivalent
to a surgical mask), compared with 21% of market workers (p<0.01). Only 37% of slaughterhouse workers reported

taking their work clothes home, compared with 97% of market workers (p<0.01). Eighty-one percent of slaughterhouse
workers reported washing their hands before and after each
animal-related task, compared with 21% of market workers
(p<0.01). Ninety-three percent of slaughterhouse workers reported washing their hands at the beginning and end of the
day, compared with only 56% of market workers (p<0.01).
Univariable Analyses

Rates of seropositivity were higher among market workers
(29 [20%] of 145) than among slaughterhouse workers (11
[12%] of 90), although this difference was not statistically
significant on univariable analysis (p = 0.17). By occupation, camel salesmen and animal or waste transporters had
significantly higher odds of seropositivity than the reference group of other salesmen (Table 1).
Univariable analyses showed that several characteristics were associated with seropositivity among all workers
(Table 1), including handling camels or their waste daily.
Not all seropositive workers reported handling camels or

Table 1. Characteristics of 235 market and slaughterhouse workers, by MERS-CoV serostatus, Abu Dhabi, United Arab Emirates*
No. (%) participants
Total no.
Characteristic
participants Seronegative, n = 195 Seropositive, n = 40
OR (95% CI)
p value
Work >50 h/wk
132
103 (78.0)
29 (22.0)
2.35 (1.14–5.17)
0.025
Worked another job in previous year
30
25 (83.3)
5 (16.7)
0.97 (0.31–2.53)
0.956
Occupation
Other salesman
41
40 (97.6)
1 (2.4)
Ref
Ref
Animal handler
16
15 (93.8)
1 (6.3)
2.67 (0.1–70.37)
0.498
Butcher
65
56 (86.2)
9 (13.8)
6.43 (1.14–120.92)
0.083
Camel salesman
37
19 (51.4)
18 (48.6)
37.89 (7.03–707.16)
0.001
Cleaner
26
22 (84.6)
4 (15.4)
7.27 (1–147.06)
0.084
Animal or waste transporter
27
21 (77.8)
6 (22.2)
11.43 (1.79–223.48)
0.029
Veterinarian
9
8 (88.9)
1 (11.1)
5.00 (0.18–135.74)
0.272
Other
14
14 (100.0)
0
NA
0.990
Nationality
Afghani
27
15 (55.6)
12 (44.4)
Ref
Ref
Bangladeshi
38
30 (78.9)
8 (21.1)
0.33 (0.11–0.97)
0.048
Pakistani
97
92 (94.8)
5 (5.2)
0.07 (0.02–0.21)
<0.001
Sudanese
38
25 (65.8)
13 (34.2)
0.65 (0.23–1.79)
0.404
Other
35
33 (94.3)
2 (5.7)
0.08 (0.01–0.32)
0.002
Contact with
Camels or waste daily
111
78 (70.3)
33 (29.7)
7.07 (3.14–18.15)
<0.001
Cattle or waste daily
58
50 (86.2)
8 (13.8)
0.73 (0.29–1.61)
0.452
Goats or waste daily
88
79 (89.8)
9 (10.2)
0.43 (0.18–0.91)
0.036
Sheep or waste daily
89
80 (89.9)
9 (10.1)
0.42 (0.18–0.89)
0.031
Drank raw camel milk
25
18 (72.0)
7 (28.0)
2.09 (0.76–5.21)
0.129
Ate raw camel meat†
2
1 (50.0)
1 (50.0)
4.95 (0.19–126.94)
0.262
Travel
To Saudi Arabia
4
4 (100.0)
0
NA
0.990
Within UAE
67
55 (82.1)
12 (17.9)
1.09 (0.5–2.25)
0.819
Underlying conditions
Asthma
1
0
1 (100.0)
NA
0.985
Diabetes
9
5 (55.6)
4 (44.4)
4.22 (1–16.71)
0.038
Hypertension
12
9 (75.0)
3 (25.0)
1.68 (0.36–5.93)
0.455
Sought care for respiratory illness
45
36 (80.0)
9 (20.0)
1.28 (0.54–2.84)
0.555
Contact with anyone with respiratory
2
1 (50.0)
1 (50.0)
1.38 (0.09–7.84)
0.731
illness
Had chest radiograph
13
10 (76.9)
3 (23.1)
1.5 (0.32–5.18)
0.552
*MERS-CoV, Middle East respiratory syndrome coronavirus; NA, not applicable; OR, odds ratio; Ref, referent; UAE, United Arab Emirates.
†Total seronegative was 194 because answer from 1 person was missing. No workers ever contacted the following species: dogs, cats, bats, rodents,
birds, and other animals; 1 worker reported rarely contacting horses.
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their waste; 7 workers initially claimed they never handled
camels or their waste, although 3 of these later reported
that they contacted either camel equipment, viscera, or
waste within the slaughterhouse. For the subgroup of market workers, univariable analyses revealed multiple camel
exposures to be associated with seropositivity and 2 handwashing practices that were inversely associated with seropositivity (Table 2). For the subgroup of slaughterhouse
workers, no individual risk factors were associated with
seropositivity (Table 3).
Because camel salesmen had the highest odds of
MERS-CoV seropositivity, we summarized their frequency of specific camel exposures separately (Figure 3). Direct
observation of camel salesmen in the market showed that
most of their time was spent in the camel pens, including
while they ate and rested, and direct handling of the animals occurred frequently (data not shown).
Multivariable Analyses

For the multivariable model evaluating risk factors associated with seropositivity in all workers, the following variables remained in the final logistic regression model: handling camels or their waste daily (adjusted odds ratio [aOR]

4.2, 95% CI 1.7–11.8), working as a camel salesman (aOR
4.0, 95% CI 1.6–10.1), and self-reported diabetes (aOR
6.2, 95% CI 1.2–30.3). All 3 factors significantly increased
odds of seropositivity.
For market workers, multivariable analysis resulted
in a final model in which the following variables were
each independently associated with seropositivity: handling live camels (aOR 12.2, 95% CI 3.2–62.9), administering medications to camels (aOR 3.4, 95% CI 1.1–11.2),
and self-reported diabetes (aOR 20.9, 95% CI 1.6–341.3).
Cleaning equipment was also significantly associated
with seropositivity (aOR 3.3, 95% CI 1.1–10.3); substituted for administering medication to camels, this factor
produced a model with a near-identical fit along with the
other risk factors. Given that administering medications
to camels was highly correlated with cleaning equipment,
the statistical significance of both factors was lost if both
factors were included in the model because of collinearity
(ρ = 0.65). None of the select PPE and handwashing practices evaluated as interactions with risk practices showed
a significant protective effect. No individual risk factors
were significantly associated with slaughterhouse workers by multivariable analysis.

Table 2. Comparison of practices among 145 MERS-CoV seronegative and seropositive market workers, Abu Dhabi, United Arab
Emirates*
No. (%) participants
Total no.
Characteristic
participants Seronegative, n = 116 Seropositive, n = 29
OR (95% CI)
p value
Handle live camels
66
40 (60.6)
26 (39.4)
16.47 (5.38–72.06)
<0.001
Feed camels
51
31 (60.8)
20 (39.2)
6.09 (2.57–15.44)
<0.001
Clean camels
39
22 (56.4)
17 (43.6)
6.05 (2.56–14.83)
<0.001
Clean camel housing
37
19 (51.4)
18 (48.6)
8.35 (3.47–21.11)
<0.001
Handle camel waste
33
16 (48.5)
17 (51.5)
8.85 (3.63–22.56)
<0.001
Clean equipment
33
16 (48.5)
17 (51.5)
8.85 (3.63–22.56)
<0.001
Milk camels
18
12 (66.7)
6 (33.3)
2.26 (0.72–6.49)
0.138
Assist with camel birthing
27
18 (66.7)
9 (33.3)
2.45 (0.94–6.16)
0.060
Give medications to camels
35
18 (51.4)
17 (48.6)
7.71 (3.2–19.34)
<0.001
Contact with ill camel
37
20 (54.1)
17 (45.9)
6.8 (2.85–16.83)
<0.001
Wear dust mask and gloves
25
23 (92.0)
2 (8.0)
0.3 (0.05–1.1)
0.117
Wear respirator
0
0 (NA)
0 (NA)
NA
NA
Wear coveralls
15
13 (86.7)
2 (13.3)
0.59 (0.09–2.3)
0.500
Wear boots
3
3 (100.0)
0 (0.0)
NA
0.991
Who washes your clothes?
Self
84
69 (82.1)
15 (17.9)
Ref
Ref
Household member
5
4 (80.0)
1 (20.0)
1.15 (0.06–8.49)
0.904
Other worker
56
43 (76.8)
13 (23.2)
1.39 (0.6–3.21)
0.439
Take work clothes home
141
113 (80.1)
28 (19.9)
0.74 (0.09–15.34)
0.801
Wash work clothes at home
89
73 (82.0)
16 (18.0)
0.72 (0.32–1.67)
0.444
Wash work clothes at workplace
6
3 (50.0)
3 (50.0)
4.35 (0.77–24.67)
0.082
Wash work clothes at laundry
63
50 (79.4)
13 (20.6)
1.07 (0.47–2.43)
0.867
Wash hands before and after each
40
30 (75.0)
10 (25.0)
1.51 (0.61–3.56)
0.355
animal-related task
Wash hands at mealtimes
145
116 (80.0)
29 (20.0)
NA
NA
Wash hands at bathroom times
145
116 (80.0)
29 (20.0)
NA
NA
Wash hands at prayer times
145
116 (80.0)
29 (20.0)
NA
NA
Wash hands at beginning and
81
70 (86.4)
11 (13.6)
0.4 (0.17–0.92)
0.033
end of day
Wash hands at toilets
143
114 (79.7)
29 (20.3)
NA
0.989
Wash hands at restaurant
64
50 (78.1)
14 (21.9)
1.23 (0.54–2.8)
0.616
Wash hands at mosque
69
55 (79.7)
14 (20.3)
1.04 (0.45–2.35)
0.934
Wash hands at barn
4
1 (25.0)
3 (75.0)
13.27 (1.63–274.19)
0.028
*MERS-CoV, Middle East respiratory syndrome coronavirus; NA, not applicable; OR, odds ratio.
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Discussion
Our study investigated risk factors for MERS-CoV seropositivity in animal market and slaughterhouse workers at a site previously associated with zoonotic transmission of MERS-CoV.
Given the large number of camels present, including many
young camels, and the mixing of camels from multiple sources,
this site probably facilitates MERS-CoV transmission among
camels. Our results demonstrated a relatively high MERS-CoV
seroprevalence in workers at this site, ranging from 6% to 19%
at each round across all occupations. Because we did not record
occupation and other risk factors during the first 2 sampling
rounds, we were unable to further assess reasons for the different seropositivity rates between sampling rounds.
We found particularly high seroprevalence in specific
occupational groups, namely camel salesmen (49%) and animal or waste transporters (22%). Previous studies of workers
with occupational exposure to camels have reported either
lower seropositivity rates (e.g., 6.8% of 294 workers with
occupational camel contact seropositive in Qatar [21] and
2.3% of 87 camel shepherds seropositive in Saudi Arabia
[20]) or comparable seropositivity (e.g., 53% of camel workers positive in Saudi Arabia [22]). Our rates of seropositivity

might underestimate actual exposure to MERS-CoV. Previous studies have demonstrated that examining MERS-CoV–
specific T cells from MERS patients is more sensitive than
examining serum antibodies alone (27). To examine T-cell
responses, peripheral blood mononuclear cells must be collected, which was beyond the scope of our study.
On multivariable analysis, we found that contact with
camels or their waste, working as a camel salesman, and
self-reported diabetes were all independently associated
with seropositivity in all workers. Because of small stratum size, belonging to other occupational groups could
not be meaningfully explored as risk factors. Diabetes has
previously been shown to be a commonly reported underlying condition in MERS cases (28), has been associated
with risk for infection in a case–control study (19), and
has been associated with increased risk for death in MERS
patients (29). We found an association between diabetes
and MERS-CoV seropositivity in a cohort with occupational exposure to camels. Although persons with diabetes
might be at increased risk for MERS-CoV infection, the
association between diabetes, MERS-CoV infection, and
the resulting antibody response is still not fully understood.

Table 3. Comparison of practices among 90 MERS-CoV seronegative and seropositive slaughterhouse workers, Abu Dhabi, United
Arab Emirates*
No. (%) participants
Total no.
Characteristic
participants Seronegative, n = 79 Seropositive, n = 11
OR (95% CI)
p value
Handle live camels
56
49 (87.5)
7 (12.5)
1.07 (0.3–4.37)
0.918
Perform antemortem exam of camels
6
5 (83.3)
1 (16.7)
1.48 (0.07–10.5)
0.732
Remove hide from camels†
52
46 (88.5)
6 (11.5)
0.83 (0.23–3.12)
0.780
Remove or handle viscera of camels‡
55
48 (87.3)
7 (12.7)
1.51 (0.39–7.4)
0.573
Clean equipment
68
58 (85.3)
10 (14.7)
3.62 (0.63–68.47) 0.233
Handle camel waste
57
50 (87.7)
7 (12.3)
1.01 (0.28–4.15)
0.982
Prepare cuts of camel meat
52
45 (86.5)
7 (13.5)
1.32 (0.37–5.39)
0.675
Conduct postmortem exam of camels
3
2 (66.7)
1 (33.3)
3.85 (0.17–43.92) 0.288
Slaughter camels
41
36 (87.8)
5 (12.2)
1 (0.27–3.57)
0.994
Contact with ill camel
3
2 (66.7)
1 (33.3)
3.85 (0.17–43.92) 0.288
Wear dust mask and gloves
88
77 (87.5)
11 (12.5)
NA
NA
Wear respirator
0
0
0
NA
NA
Wear coveralls
85
74 (87.1)
11 (12.9)
NA
NA
Wear boots
85
74 (87.1)
11 (12.9)
NA
NA
Who washes your clothes
Self
30
28 (93.3)
2 (6.7)
Ref
Ref
Household member
2
0
2 (100.0)
NA
NA
Other worker
58
51 (87.9)
7 (12.1)
1.92 (0.43–13.49) 0.434
Take work clothes home
33
29 (87.9)
4 (12.1)
0.99 (0.24–3.55)
0.982
Wash work clothes at home
31
27 (87.1)
4 (12.9)
1.1 (0.27–3.98)
0.886
Wash work clothes at workplace
58
51 (87.9)
7 (12.1)
0.96 (0.27–3.93)
0.952
Wash work clothes at laundry
2
2 (100.0)
0
NA
NA
Wash hands before and after each
73
64 (87.7)
9 (12.3)
1.05 (0.24–7.39)
0.949
animal-related task
Wash hands at mealtimes
89
78 (87.6)
11 (12.4)
NA
NA
Wash hands at bathroom times
90
79 (87.8)
11 (12.2)
NA
NA
Wash hands at prayer times
88
78 (88.6)
10 (11.4)
0.13 (0–3.41)
0.158
Wash hands at beginning and end of day
84
75 (89.3)
9 (10.7)
0.24 (0.04–1.9)
0.127
Wash hands at toilets
86
76 (88.4)
10 (11.6)
0.39 (0.05–8.4)
0.440
Wash hands at restaurant
0
0
0
NA
NA
Wash hands at mosque
3
3 (100.0)
0
NA
NA
Wash hands at basin
47
43 (91.5)
4 (8.5)
0.48 (0.12–1.71)
0.268
*Exam, examination; MERS-CoV, Middle East respiratory syndrome coronavirus, NA, not applicable; OR, odds ratio.
†Total seronegative was 78 because answer from 1 person was missing.
‡Total seropositive was 10 because answer from 1 person was missing.

932

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

Risk Factors for MERS-CoV Seropositivity, UAE

Figure 3. Frequency of tasks
performed by camel salesmen
(N = 37) in market, Abu Dhabi,
United Arab Emirates.

However, because persons with diabetes are considered at
high risk for developing severe disease from MERS-CoV
infection, WHO recommends these persons take precautions when visiting farms or markets where camels are
present, including avoiding contact with camels (3).
Among market workers, handling live camels and either administering medications to camels or cleaning equipment were practices associated with significantly increased
risk for MERS-CoV seropositivity. Given that administering
medications to camels was highly correlated with cleaning
equipment, neither factor was statistically significant if both
were included in the model. The biological importance of
these associations might therefore be difficult to interpret,
because either or both risk factors could be statistically associated with MERS-CoV seropositivity and have an undefined strength of association. Practices potentially associated
with camel calves, such as milking or assisting with camel
birth, were not associated with MERS-CoV seropositivity
despite a higher prevalence of viral RNA in camels <1 year
of age compared with other ages (30) and a previously reported association between milking camels frequently and
seropositivity (31). However, these practices were not commonly reported by market workers in our study, limiting the
power to detect an association with seropositivity.
No specific work practices were found to be associated
with seropositivity among slaughterhouse workers. Compared
with market workers, slaughterhouse workers had less exposure to live camels and a higher self-reported prevalence of
potentially protective practices such as PPE use and frequent
handwashing. Although our multivariable analysis did not
show a significant association between PPE use (e.g., wearing a dust mask and gloves) or handwashing practices and
seropositivity, the small sample size might have restricted the
power to detect interactions between PPE and camel exposures. Because camel-to-human transmission of MERS-CoV
is not fully understood, WHO recommends broad preventive
measures for slaughterhouse and market workers, including

wearing facial protection when feasible, washing hands before and after each animal-related task, and washing soiled
work clothes and shoes at the work place to avoid exposing
family members to soiled work clothing (3). Where feasible,
increased use of such measures could be encouraged, particularly in market workers, to decrease risk for infection.
Because only a single human MERS case has been reported in connection with the study site, our reported rates of
seroprevalence suggest unrecognized transmission (and potentially unrecognized illness) at this site. However, because
the length of time MERS-CoV antibodies persist is unknown
(32), the time and place these infections might have occurred
is unknown; transmission potential also exists in the United Arab Emirates outside of markets and slaughterhouses.
Whether infections were symptomatic is also unknown.
Participants were asked whether they had seen a healthcare
provider for respiratory illness in the previous 12 months,
but such reported illness was not associated with seropositivity, and multiple pathogens other than MERS-CoV could
be responsible for any reported respiratory illness. Despite
these limitations, MERS-CoV was detected in camels at the
market during our study period (25), and an interim seroconversion was noted in 1 worker, suggesting active zoonotic
transmission. Taken collectively, our findings suggest an underestimated prevalence of human MERS-CoV infection in
settings where the virus is circulating among camels, probably resulting from camel-to-human transmission.
Our study had additional limitations, including the overall sample size and limited number of subjects within specific substrata. Concentration of camel interactions within
particular occupational groups limited our ability to differentiate risk among specific camel interactions, despite our use
of multivariable analysis. Furthermore, because most persons reported interactions either daily or never, determining
whether increased risk was associated with increased frequency of individual tasks was not possible. Also, some
MERS-CoV infections might not result in detectable
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antibodies, particularly when the infections are asymptomatic or mild (32). Persistence of detectable MERS-CoV
antibodies after infection is not well-defined, limiting the
ability of serologic testing to define previous infection. Finally, because of incomplete linkage of study participants
by medical record numbers across the 3 sampling periods,
not all potential seroconversions or losses of seropositivity
could be determined.
In summary, our study found significantly increased
odds of MERS-CoV seropositivity in persons with exposure to camels, in particular among those who handle
live camels. Odds of seropositivity were also significantly higher for camel salesmen, suggesting that preventive
measures such as PPE use could focus on specific occupational groups, in addition to individual work practices. Determining groups at highest risk for zoonotic
MERS-CoV infection could also inform future vaccine
trials in geographic regions where MERS-CoV is known
to circulate.
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Outcomes of Bedaquiline
Treatment in Patients with
Multidrug-Resistant Tuberculosis
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Bedaquiline is recommended by the World Health Organization for the treatment of multidrug-resistant (MDR)
and extensively drug-resistant (XDR) tuberculosis (TB).
We pooled data from 5 cohorts of patients treated with
bedaquiline in France, Georgia, Armenia, and South
Africa and in a multicountry study. The rate of culture
conversion to negative at 6 months (by the end of 6
months of treatment) was 78% (95% CI 73.5%–81.9%),
and the treatment success rate was 65.8% (95% CI
59.9%–71.3%). Death rate was 11.7% (95% CI 7.0%–
19.1%). Up to 91.1% (95% CI 82.2%–95.8%) of the patients experienced >1 adverse event, and 11.2% (95%
CI 5.0%–23.2%) experienced a serious adverse event.
Lung cavitations were consistently associated with unfavorable outcomes. The use of bedaquiline in MDR and
XDR TB treatment regimens appears to be effective and
safe across different settings, although the certainty of
evidence was assessed as very low.
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n 2017, there were ≈10 million (range, 9.0–11.1 million) new cases of tuberculosis (TB) worldwide, of
which ≈558,000 were rifampin-resistant TB (RR TB) or
multidrug-resistant TB (MDR TB) (1). MDR TB refers to
resistance to isoniazid and rifampin, 2 of the most powerful TB drugs, with or without resistance to other firstline drugs. Extensively drug-resistant tuberculosis (XDR
TB), a more severe form of drug-resistant TB, is defined
as MDR TB with additional resistance to any fluoroquinolone and to any of the 3 second-line injectables (amikacin, capreomycin, or kanamycin) (2). Treatment outcomes
in patients with MDR TB are generally poor, with treatment success in about half of those who receive treatment
(56.4%), and much worse in patients with XDR TB (3). In
2017, MDR TB and RR TB caused ≈230,000 deaths (1).
The treatment of MDR and XDR TB is complex and expensive, requiring the use of >4 medications considered to
be active in longer regimens (18–20 months) (4–6), and is
fraught with many adverse events that can be debilitating
or life threatening (7,8).
Bedaquiline is a new compound belonging to the diarylquinoline class used to treat MDR TB; cure and culture
conversion rates using bedaquiline are promising (9,10). A
recent cost-effectiveness analysis showed that bedaquiline
added to a background MDR TB regimen would improve
health outcomes and reduce costs in high TB burden countries (11). Bedaquiline received accelerated approval in the
United States in 2012 for the treatment of pulmonary MDR
TB as part of an appropriate combination therapy in adult
patients with resistance or intolerability to other treatment
regimens. However, in 2013, limited data and concerns
about higher death rates among patients who received bedaquiline in the phase II randomized controlled trial (10)
led the World Health Organization (WHO) to issue an
interim conditional recommendation on its use under specific conditions: proper patient inclusion, signed informed
consent, adherence to the WHO-recommended principles
of designing an MDR TB regimen, close monitoring, and
active pharmacovigilance (12). Since 2013, many countries
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have introduced bedaquiline as part of their management
strategy for MDR TB, and in 2018, WHO updated its guidance for the use of bedaquiline in MDR TB, including children >6 years of age (6).
In 2016, to update the interim guidance, the WHO
Guideline Development Group (GDG) conducted a review
of newly available data on the use of bedaquiline in the
treatment of MDR TB (13). After the publication of the
GDG report, further outcome data were retrieved from cohorts in Armenia and Georgia. We report the results of the
updated analysis from 5 cohorts of patients with MDR TB
treated with bedaquiline, taking into account both studylevel and patient-level characteristics on outcomes, including deaths. We also report on the use of bedaquiline in research and nonresearch settings and on adverse events.
Materials and Methods
Data Sources

We pooled data from 5 cohorts of patients with MDR or
XDR TB treated with bedaquiline as part of compassionate
use, programmatic use, expanded access, or research programs. The processes and methods used to search, screen,
and select studies have been reported previously (13). In
brief, studies and datasets were considered only if they
met the following inclusion criteria: participants received
a diagnosis of MDR TB and were treated with bedaquiline
for >6 months as part of an anti-TB regimen. We excluded
studies of bedaquiline-only therapy, studies not providing
details of the background regimens, studies not providing
outcome information, and studies with <10 participants.
We contacted national TB programs, nongovernmental organizations, and the drug manufacturer, Janssen Therapeutics (https://www.janssen.com), for unpublished data that
fit the criteria.
Our search retrieved 674 studies, of which only 5 were
eligible. The 5 datasets that were finally included for the individual patient data (IPD) meta-analyses originated from
Médecins Sans Frontières, which contributed 2 cohorts on
behalf of the national TB programs of Armenia and Georgia; the national TB program of South Africa; the Hospital
of Bligny, France; and Janssen Therapeutics. All the cohort studies have been published in complete form (14–17)
(Table 1).

Data Management

We invited the investigators of each study to provide data
on the basis of a formal data sharing agreement. We used
only anonymized data in this study. We cleaned, recoded,
and merged data from the 5 cohorts and saved the data
on a secure server at the biostatistics unit of St Joseph’s
Healthcare Hamilton/McMaster University (Hamilton, Ontario, Canada). We contacted investigators of each study
to ensure accuracy after recoding. We modified categorical variables to match the most commonly used format to
ensure consistency across studies. For example, for data
from chest radiography, the presence or absence of lung
cavitation was the most commonly reported format for
findings, so we collapsed data pertaining to the site of the
cavitation (left or right lung) or the number of cavitations.
We corrected QT intervals for heart rate using the Fridericia formula (QTcF) (18). We categorized drug resistance
in order of increasing severity as MDR TB (resistance to
isoniazid and rifampin, with or without resistance to other
first-line drugs), MDR TB + FLQ (additional resistance to
fluoroquinolones), MDR TB + INJ (additional resistance
to second-line injectables), and XDR (resistance to at least
isoniazid and rifampin, and to any fluoroquinolone, and to
any second-line injectables).
Outcomes

Using standard WHO definitions, we measured the following treatment outcomes: cure, treatment completion,
treatment success (the sum of cure and treatment completion), loss to follow-up, and death (19). We computed
culture conversion at 6 months as 2 consecutive cultures,
taken >30 days apart, found to be negative before or at
the end of the sixth month of treatment. Adverse event
severity and seriousness were defined as by the US Food
and Drug Administration (20), or as reported by investigators. We measured the following adverse event outcomes: any adverse event, any serious adverse event,
number of adverse events by body system, and QT interval prolongation (highest recorded QTcF value and
increase from baseline).
Statistical Methods

We summarized baseline data as mean (+ SD) for continuous variables and frequency (%) for categorical variables.

Table 1. Characteristics of cohorts in study of bedaquiline treatment for multidrug-resistant tuberculosis
Cohort
Design
Location
Sample size Inception date
Pym 2013 (14)
Phase II, single-arm
31 sites, 11
233
2009 Aug
open-label trial
countries*
Guglielmetti 2017 (15)
Retrospective cohort
France
45
2010 Jan
Ndjeka 2018 (16)
Prospective cohort
South Africa
195
2013 Mar
Hewison 2018 (17)
Prospective cohort
Armenia
62
2013 Apr
Prospective cohort
Georgia
30
*China, Estonia, Republic of Korea, Latvia, Peru, Philippines, Russian Federation, South Africa, Thailand, Turkey, Ukraine.
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Type of care
Research
Expanded access
Compassionate use
Compassionate use
Compassionate use (20),
programmatic use (10)
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We conducted a random effects meta-analysis of proportions in the first instance to pool effect sizes for effectiveness and safety. The random effects model incorporates
the heterogeneity between studies and redistributes the
weights of the studies based on this heterogeneity. We
assessed statistical heterogeneity using the I2 statistic, a
measure of heterogeneity between studies. We reported
variables and outcomes with various levels of completeness and highlighted them where appropriate. For example, we computed culture conversion only if cultures
were examined at the sixth month and not later. Similarly,
we used baseline QTcF data only if data were collected
within 1 month of starting bedaquiline. We used generalized estimation equations to model the effect of individual- and study-level characteristics on outcomes. We
built separate models for the dependent binary (yes/no)
variables, culture conversion at 6 months, treatment success, and death, using an unstructured correlation matrix
and the logit link. The independent variables (age, sex,
HIV status, presence of lung cavitations, severity of drug
resistance, and previous use of second-line drugs) are all
known to affect outcomes in TB (21,22). We assessed
model fit using the quasi-likelihood under independence
model criterion and set the level of statistical significance
at α = 0.05. We used different numbers of patients for
each analysis because of variations in completeness and
availability of data. Samples used for each analysis are
shown in Appendix Table 1 (https://wwwnc.cdc.gov/EID/
article/25/5/18-1823-App1.pdf).

Certainty Evaluation

We assessed the certainty of the evidence using the Grading of Recommendations, Assessment, Development, and
Evaluation (GRADE) approach, which categorizes each
outcome by how confident we are that the effect estimate is
close to the quantity of interest (23). Using this approach,
the certainty rating across studies can be high, moderate,
low, or very low. We summarized the results and certainty
as evidence profiles.
Results
We included a total of 537 participants in the data analysis.
Baseline characteristics are shown in detail by cohort and
overall in Table 2. The mean age was 36.4 years (SD 11.8).
Two thirds of the participants were men (342; 63.7%); 138
(25.7%) were HIV positive; 341 (99.7%) had pulmonary
TB, 253 (73.9%) with lung cavities; and 188 (35.0%) had
XDR TB. The key differences between the datasets were a
higher proportion of male participants in the cohorts from
France and Armenia; 63.1% participants having concurrent
HIV in the South Africa cohort; and complete outcome data
being available from only 51% of all participants because
others were still receiving treatment at the time we collected data. Of note, 36 (6.7%) patients received bedaquiline
for >6 months.
The baseline regimens we used in the cohorts varied
according to local treatment guidelines, drug susceptibility results, or both. Lamivudine, nevirapine, efavirenz, and tenofovir were the most frequently used drugs

Table 2. Baseline characteristics of participants in study of bedaquiline treatment for multidrug-resistant tuberculosis*
Cohort
South Africa, France, n = Janssen, n = Armenia, n Georgia, n
Variable
n = 195
45
205
= 62
= 30
Mean age, y (SD)
35.8 (11.2)
37.4 (12.1)
34.9 (12.2)
41.6 (12.6) 38.7 (11.9)
Sex, no. (%)
M
98 (50.3)
36 (80.0)
132 (64.4)
55 (88.7)
21 (70.0)
F
97 (49.7)
9 (20.0)
73 (35.6)
7 (11.3)
9 (30.0)
Mean no. months on BDQ (SD)
5.8 (1.2)
12.3 (7.0)
5.9 (1.1)
5.6 (1.6)
6.0 (1.3)
No. on BDQ >6 mo (%)
4 (2.1)
32 (71.1)
0.0
0.0
0.0
Mean total treatment duration, mo (SD)
14.9 (6.7)
19.4 (4.7)
21.8 (7.6)
20.2(7.4)
14.0 (6.1)
No. (%) with treatment outcome available
101 (51.8)†
45 (100.0)
205 (100.0)
62 (100.0)
30 (100.0)
No. (%) HIV positive‡
120 (63.1)
2 (4.4)
8 (4.0)
4 (6.5)
1 (3.3)
No. (%) on antiretroviral therapy
110 (56.4)
2 (4.4)
0.0
0
0
Type of TB, no. (%)
Pulmonary
NR
44 (97.8)
205 (100.0)
62 (100.0)
30 (100.0)
Extrapulmonary
NR
8 (17.8)
0
0
0
No. (%) with previous TB treatment
NR
34 (75.6)
193 (94.1)
62 (100.0)
29 (96.7)
No. (%) with previous second-line TB
NR
27 (60.0)
177 (86.3)
62 (100.0)
29 (96.7)
treatment
No. (%) with lung cavities on chest radiograph
NR
39 (86.7)
135 (65.8)
55 (88.7)
24 (80.0)
Resistance profile, no. (%)§
MDR TB
0
7 (15.6)
93 (45.4)
6 (9.7)
0
MDR TB + FQ
73 (37.4)
8 (17.8)
31 (15.1)
26 (41.9)
5 (16.7)
MDR TB + INJ
29 (14.9)
6 (13.3)
13 (6.3)
7 (11.3)
0
XDR TB
77 (39.5)
24 (53.3)
37 (18.0)
23 (37.1)
25 (83.3)

Total, n =
537
36.4 (11.8)
342 (63.7)
195 (36.3)
6.37 (2.3)
36 (6.7)†
18.47 (6.9)†
443 (82.5)
135 (25.1)
112 (20.9)
341 (99.7)
8 (2.3)
271 (79.2)
295 (86.3)
253 (73.9)
100 (18.6)
147(27.3)
55 (10.2)
188 (35.0)

*BDQ, bedaquiline; FQ, fluoroquinolone; INJ, injectable; MDR, multidrug resistant; NR, not reported; TB, tuberculosis; XDR, extensively drug resistant.
†Missing data: South Africa = 15.
‡Missing data: South Africa = 17; Janssen (drug manufacturer) = 7.
§Missing data: South Africa = 16; Janssen (drug manufacturer) = 31.
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Table 3. Multivariable analyses for key outcomes in study of bedaquiline treatment for MDR TB*
Culture conversion at 6 mo, n = 318
Success, n = 325
Adjusted OR
Adjusted OR
Covariate
(95% CI)
p value
(95% CI)
p value
Male sex
1.25 (0.65–2.41)
0.499
1.27 (0.74–2.15)
0.382
Age, y
1.01 (0.99–1.04)
0.342
0.99 (0.98–1.01)
0.550
HIV positive
0.42 (0.13–1.39)
0.155
0.35 (0.12–0.99)
0.050
Resistance profile†
0.57 (0.43–0.76)
<0.001
0.110
0.84 (0.68 1.04)
Presence of lung cavitation
0.30 (0.13–0.70)
0.004
0.38 (0.21–0.68)
0.001
Previous use of second-line
0.67 (0.22–2.01)
0.437
0.73 (0.33–1.59)
0.423
drugs

Death, n = 325
Adjusted OR
(95% CI)
p value
0.60 (0.24–1.47)
0.264
1.05 (1.01–1.09)
0.010
0.97 (0.09–10.05)
0.982
1.14 (0.73–1.79)
0.562
5.31 (1.25–22.52)
0.023
1.22 (0.29–5.15)
0.783

*Absence of data on cavitation precluded use of data from South Africa. MDR, multidrug resistant; TB, tuberculosis; XDR, extensively drug resistant.
†Resistance profiles used in this study were MDR TB (reference), MDR TB plus fluoroquinolone, MDR TB plus injectable drugs, and XDR TB.

among the patients on antiretroviral therapy (Appendix
Tables 2, 3).
We computed culture conversion at 6 months only
for patients who had a positive sputum culture at baseline
and 2 consecutive culture readings >30 days apart, the last
taken at the end of the sixth month. Thirty-seven patients
did not have sufficient culture data. Of 406 patients with
sufficient culture data, the overall culture conversion rate
at 6 months was 78.0% (95% CI 73.5%–81.9%; I2 = 46%).
A total of 443/537 (82.5%) participants had end-of-treat-

ment outcome data: cure, 60.1% (95% CI 50.2%–69.2%;
I2 = 66%); treatment success, 65.8% (95% CI 59.9%–
71.3%; I2 = 38%); death, 11.7% (95% CI 7.0%–19.1%;
I2 = 71%); treatment failure, 5.1% (95% CI 1.6%–14.8%;
I2 = 73%); and loss to follow-up, 14.8% (95% CI 11.6%–
18.7%; I2 = 7%).
Safety data were available from a total of 565 participants, including an additional 28 participants from
the Janssen cohort who were not eligible for efficacy
analyses because they were missing a confirmation of
Figure. Summary of treatment
outcomes and adverse events in
study of bedaquiline treatment for
multidrug-resistant tuberculosis.
Values are shown as percent with
95% CI, shown in the graph as
horizontal bars. QTcF indicates
QT intervals corrected for heart
rate using the Fridericia formula.
*A total of 406 study participants
with culture data at the 6-month
point; † a total of 509 participants
with baseline
QTcF data.
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MDR (n = 3) or a positive culture at baseline (n = 25).
Of these participants, 91.1% (95% CI 82.2%–95.8%) experienced occurrence of any adverse event and 11.2%
(5.0%–23.2%) occurrence of any serious adverse event.
The most frequent adverse events were gastrointestinal (16.4%; 95% CI 10.8%–22.9%), nervous system
(12.7; 95% CI 6.7%–20.2%), and hepatic (8.6%; 95% CI
1.4%–20.7%) (Figure).
We found that 5.8% of 510 participants (95% CI 1.2%–
13.0%; I2 = 84%) had a highest QTcF >500 ms and 19.3%
of 509 (95% CI 8.4%–33.2%; I2 = 93%) had an increase in
QTcF from baseline of more >60 ms. Despite the small sample of patients receiving bedaquiline for a prolonged period
(i.e., >6 months), data seem to indicate an absence of effect
of exposure to bedaquiline for >6 months on QTc prolongation >500 ms.
Adjusted Analyses

Culture conversion at 6 months was less likely in patients
with a more severe resistance profile (aOR 0.57, 95% CI
0.43–0.76; p<0.001) and with lung cavitations (aOR 0.30,
95% 0.13–0.70; p = 0.004). Treatment success was less
likely in patients with lung cavitations (aOR 0.38, 95%
CI 0.21–0.68; p = 0.001) and in those with HIV infection
(aOR 0.35, 95% CI 0.12–0.99; p = 0.05). The presence of
lung cavitations was associated with death (aOR 5.31, 95%
1.25–22.52; p = 0.023) (Table 3).
The GRADE evidence profile is reported in Appendix Table 4. The GDG judged evidence for all outcomes
to be of very low certainty; reasons were the risk for bias
(lack of control data), risk for inconsistency (considerable
statistical heterogeneity), imprecision (wide confidence intervals), and indirectness (variations in adverse event definition) (13).
Discussion
Inclusion of bedaquiline for >6 months in the treatment
regimen was associated with good outcomes in these cohorts, with 78% culture conversion at 6 months and a 65.8%
treatment success rate, indicating a favorable efficacy of
this medicine. Observed death rate was 11.7%. Although
almost all patients experienced at least an adverse event
(91.1%), only 11.2% experienced a serious one. Only 5.8%
of patients had a highest recorded value of QTcF >500 ms
and 19.3% had an increase QT from baseline of more than
60 ms. Being older, having a more severe resistance profile,
concurrent HIV, and lung cavitation were associated with
unfavorable outcomes.
Such results compare favorably with those observed in
large cohorts of patients with MDR TB in the prebedaquiline era (with success rates of 54%–58% and death rates of
13.8%–15%) (7,24), thus indicating a beneficial effect of
the addition of bedaquiline to background MDR/XDR TB
940

regimens. Our findings are in line with those from a large
South Africa cohort in which the additional use of bedaquiline reduced the risk for death in patients with MDR
TB, compared with standard regimens (25). In a matched
subset of patients from the South Africa cohort, switching from second-line injectables (because of intolerance)
to bedaquiline led to fewer unfavorable outcomes (death,
loss to follow-up, or treatment failure) (26). Likewise, an
individual patient data meta-analysis of 50 studies (including this study’s cohort data from France, South Africa, and
Janssen Therapeutics) reported lower odds of death with
the use of bedaquiline (27). The lower mortality rate we
observed strengthens the case for the use of bedaquiline
in patients with MDR TB. On the basis of data cumulated
since 2012 from various observational and programmatic
studies, including the South Africa cohort (25), WHO has
now consolidated its recommendation for the use of bedaquiline, now proposed as a Group A drug (medicines to be
prioritized) in longer MDR TB regimens (6).
Very few patients in our study had a highest recorded
value of QTcF >500 ms. Other studies have found similarly low rates of cardiotoxicity (28). This finding could
therefore alleviate some of the concerns around the risk for
cardiotoxicity related with the use of bedaquiline (28).
Our study adds some information about the use of bedaquiline in persons living with HIV and indicates that favorable outcomes may be more challenging to achieve in
these patients, bearing in mind that not all of them were on
antiretroviral therapy as recommended by WHO. This information is important for countries with a high prevalence
of HIV/TB co-infection. However, other reports indicate
that the reductions in number of deaths are similar or better
in persons living with HIV (13,25).
Our findings are similar to those observed in other
large multicenter studies in terms of success, death, and
adverse events (4), although higher culture conversion
rates at 6 months were reported from studies in Belarus and
Germany (29,30). Our findings should be interpreted with
due consideration of the severity of illness in this cohort,
in which up to 35% of patients had XDR TB, 86.3% previous second-line treatment, and 73.9% lung cavitations,
suggesting that a success rate of 65.8% is probably higher
than would otherwise be expected.
Currently, WHO does not recommend the routine
use of bedaquiline for longer than 6 months (6). However, WHO acknowledges that “clinicians and national TB
programs may be compelled to use [bedaquiline] beyond
24 weeks in selected MDR TB patients (including those
with additional drug resistance), if the regimen is unlikely
to achieve cure or poses a risk [of] creating additional drug
resistance” (31). We were unable to properly investigate
the effect of prolonged bedaquiline use in this study, given the small number of patients (6.7%) who received the
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medicine for >6 months and the risk for bias by indication
(bedaquiline offered to patients with more severe disease).
However, we found no correlation between QTcF prolongation and extended bedaquiline use.
Overall, our data confirm that bedaquiline should be
a Group A drug in the treatment of MDR TB, as currently
recommended by WHO (6), for not only its additive value
in culture conversion and treatment success, but also its
safety in varied settings.
This study has some limitations. First, cohorts differed greatly in completeness and quality of data, because
they were not all initially designed for research purposes.
Some variables were defined differently and the timing
and number of follow-up visits varied. To maximize the
use of data, we tried to work with variables that were
reported across all datasets. These methodological differences, in addition to baseline differences by settings
(prevalence of HIV infection, provision of baseline regimens and antiretroviral therapy), probably caused high
levels of heterogeneity reflected in the meta-analyses.
Second, the absence of certain variables from given datasets precluded their use in the adjusted analyses. For
example, at the time of these analyses, data on pulmonary cavitation or prior use of second-line drugs were not
available from the South Africa cohort, and we had endof-treatment data for only 51.8% of those patients. Third,
the absence of comparative data from patients who did
not receive bedaquiline limits the inferences that can be
drawn from these data. Finally, we were unable to report
a causality assessment of the adverse events. Because of
these limitations, the certainty of evidence was rated by
the independent GDG as very low for all outcomes for the
purpose of GRADE evaluation in the June 2016 meeting
(13). Although these concerns appear to limit the credibility of these findings, they represent a real-world picture
of the use of bedaquiline under programmatic conditions,
outside of research settings.
The strength of this work lies in the use of patient-level
data and in the random effects approach used for analyses that embraces the heterogeneity across cohorts. Our
results represent data from many countries with different
income levels, suggesting that the findings are generalizable. However, whereas heterogeneity is duly accounted
for, it is not fully explained, and I2 values >50% warrant
further investigation (32). Some study-level characteristics
may contribute to the high levels of heterogeneity, such as
the prevalence of HIV, extent of drug resistance, delivery
of care, and data quality. Another strength of this work is
the detailed information on adverse events by system, particularly the QTcF measurements, which are not usually
captured in large databases and registries.
Despite the study strengths, some questions still remain unanswered, such as the role of prolonged use of

bedaquiline and how best to report safety data on ECG
measurements, given the heterogeneity in timing of
QTcF measurements. Further studies including data on
patients using bedaquiline for >6 months are warranted,
as well as studies on the use of bedaquiline in shorter
treatment regimens.
In conclusion, these pooled data from 5 cohorts of
patients treated with bedaquiline suggest that this drug is
effective and safe across different modalities of delivery
and in different settings, when added to standard background regimens. Outcomes are less favorable, however, in patients with lung cavitations and more severe
drug resistance. The overall certainty of the evidence is
very low.
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Phylogenetic Analysis of Francisella tularensis
Group A.II Isolates from 5 Patients with
Tularemia, Arizona, USA, 2015–2017

Dawn N. Birdsell,1 Hayley Yaglom,1
Edwin Rodriguez, David M. Engelthaler,
Matthew Maurer, Marlene Gaither, Jacob Vinocur,
Joli Weiss, Joel Terriquez, Kenneth Komatsu,
Mary Ellen Ormsby, Marette Gebhardt,
Catherine Solomon, Linus Nienstadt,
Charles H.D. Williamson, Jason W. Sahl,
Paul S. Keim, David M. Wagner
We examined 5 tularemia cases in Arizona, USA, during
2015–2017. All were caused by Francisella tularensis group
A.II. Genetically similar isolates were found across large
spatial and temporal distances, suggesting that group A.II
strains are dispersed across long distances by wind and exhibit low replication rates in the environment.

F

rancisella tularensis, a Tier 1 select agent (1), has 3
subspecies: tularensis (type A), holarctica (type B),
and mediasiatica (Appendix 1 Figure, https://wwwnc.
cdc.gov/EID/article/25/5/18-0363-App1.pdf). In humans,
disease is caused by type A and type B. Type B is found
throughout the Northern Hemisphere, type A only in North
America, and mediasiatica only in central Asia (2). Type A
is divided into 2 distinct subgroups, A.I and A.II (Appendix 1 Figure), that have little geographic overlap (3,4). A.II
is found primarily in the mountainous region of western
North America (3,4) and A.I throughout the central eastern regions and along the West Coast (3–5). Observational
human data and limited experimental mouse data suggest
A.II is less virulent than A.I but potentially more virulent
Author affiliations: Northern Arizona University, Flagstaff, Arizona,
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M.E. Ormsby, M. Gebhardt); Northern Arizona Healthcare, Flagstaff
(J. Vinocur, J. Terriquez, L. Nienstadt)
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than type B (6,7). Here, we describe 5 patients in Arizona,
USA, during 2015–2017 with cases of tularemia (1 fatal),
all caused by A.II (Appendix 2, https://wwwnc.cdc.gov/
EID/article/25/5/18-0363-App2.xlsx).
The Study
Case-patient 1 was a 57-year-old previously healthy man
who sought treatment July 12, 2015, for chills and an
acute onset of fever >40°C. Five days before symptom
onset, while camping at the northern rim of Grand Canyon National Park, he noted a small wound at the lateral
aspect of his left elbow consistent with an insect bite. Cellulitis with regional lymphadenopathy developed on his
left forearm, extending to the left axillary region. After
surgical irrigation, debridement of the wound (August 8),
and oral doxycycline treatment upon discharge, the patient fully recovered.
Case-patient 2 was a 55-year-old previously healthy
woman who sought treatment on July 20, 2015, for sore
throat and an acute onset of fever >40°C. She reported no
outdoor activity except being in a Coconino County park
4 days before symptom onset. Despite receiving treatment
with amoxicillin, her fever persisted; she returned 4 days
later with myalgia, fatigue, headaches, and emesis. Her
therapy was switched to sulfamethoxazole/trimethoprim,
amoxicillin/clavulanate, and ceftriaxone. A 2-day hospitalization revealed left axillary lymphadenopathy with
associated cellulitis in her left chest wall and breast. Her
fever resolved with intravenous ceftriaxone and gentamicin. She received oral doxycycline upon discharge and
fully recovered.
Case-patient 3 was a 73-year-old Coconino County
woman with previous health conditions. She sought treatment in the summer of 2016 and died several days later
(Appendix 2 Table). Details about this case-patient are presented elsewhere (8).
Case-patient 4 was a 24-year-old previously healthy
woman from Navajo County who sought treatment in November 2016. A cat bite was the suspected source of infection, but the cat was euthanized without testing. Severe
1
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swelling and lymphadenopathy developed at the site of
the bite; the patient was treated with antimicrobial drugs
and recovered.
Case-patient 5 was a 52-year-old man who resided and
traveled between both Coconino County and Pinal County.
He sought treatment for dizziness, nausea, chills, headache,
and body aches in June 2017. He was initially treated with
antipyretics but returned to the hospital 2 days later. At this
visit, he received treatment with several antimicrobial drugs
and recovered. The source of his infection is unknown.
All illnesses were classified as ulceroglandular tularemia except the one in case-patient 3, which was classified
as respiratory tularemia. Recovered isolates from all 5 patients tested positive for F. tularensis group A.II by PCR
(Appendix 2 Table).
Comparisons of whole-genome sequencing and geographic data (Appendix 1) for these 5 isolates and 9 other
A.II isolates (Appendix 2 Table) revealed 2 patterns. First,
the 5 cases in humans during 2015–2017 were caused by
isolates from distinct clades (Figure, panel A). The isolates
in case-patients 2 and 3, who probably acquired the infection in the same city, were assigned to 2 different major
phylogenetic clades (A.II.2 and A.II.8), suggesting distinct clades co-occur locally in the environment, a finding
similar to that observed with type B and group A.I (9,10).
Second, some closely related isolates were distant in geographic and temporal space (Figure, panels A, B). Isolates
from case-patients 3 and 4 are highly similar, differing by

just 1 single-nucleotide polymorphism (SNP) across the
core genome, despite being isolated >150 km and 5 months
apart; they also differ by just 3–4 SNPs from a case that
occurred in another location 9 years previous in 2007 (no.
8; Figure). Likewise, isolates from case-patients 2 and 5
differ by just 4 SNPs, despite being isolated from distant
locations 2 years apart.
The geographic pattern suggests F. tularensis group
A.II might be capable of long-distance dispersal, perhaps
by wind, as has been suggested for type B (9,11). The
temporal pattern, which also has been observed for type B
(9,11), is consistent with a low evolutionary rate for A.II
strains in the environment. This pattern suggests group A.II
strains may persist in the environment in a dormant state,
such as the viable but nonculturable state that has been described for type B (12).
Consistent with a low evolutionary rate in the environment, groups A.I and A.II appear to be highly monomorphic and have much less genetic variation than type B
(Appendix 1 Figure). Type B was previously described as
being less genetically diverse than type A as a whole when
groups A.I and A.II were considered together (2). However,
A.I and A.II are separated by large SNP distances with no
intermediate lineages (Appendix 1 Figure), verifying these
groups as highly distinct and warranting their analysis as
separate groups.
In this study, just 309 SNPs were discovered among
14 A.II isolates separated by considerable geographic

Figure. Phylogeny and geographic distribution of Francisella tularensis isolates, Arizona, 2005–2017. A) Maximum-parsimony tree of
14 F. tularensis subsp. tularensis A.II isolates from humans and other mammals constructed by using single-nucleotide polymorphisms
(SNPs) discovered by whole-genome sequencing. The tree is rooted on A.I strain Schu S4. Scale bar indicates number of SNPs.
Numbers along branches also indicate the number of SNPs the branches represent. Closely related isolates are indicated with circles of
the same color (also indicated in panel B). Numbers within circles correspond to the identification numbers in Appendix 2 Table (https://
wwwnc.cdc.gov/EID/article/25/5/18-0363-App2.xlsx. B) Known or suspected geographic origins of tularemia cases in Arizona. *Case 5 is
represented twice to reflect the 2 possible geographic sources of this infection. Co., county.
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(maximum >1,000 km) and temporal (maximum 96
years) distances (Figure, panel A). In a previous study
(13), just 295 SNPs were discovered among 14 A.I isolates separated by similar temporal distances (maximum
65 years) and an even greater geographic distance (maximum >2,800 km). In contrast, type B exhibits much
more diversity across smaller geographic and temporal
scales. For example, 735 SNP differences were found
in an analysis of 10 isolates from a respiratory tularemia outbreak in Sweden (9), even though the temporal
(maximum 1 year) and geographic (maximum ≈201 km)
distances among these isolates were much smaller. The
patterns observed with group A.II isolates suggest that,
as has been suggested for type B (9,11), both group A.I
and A.II strains might also persist long term in the environment in a dormant state where replication is nonexistent or greatly arrested.
A.II appears to be the main and perhaps only group
of F. tularensis present in the environment in Arizona,
although group A.I and type B are known to be present
in neighboring states (14). However, all available archival isolates from human and wildlife sources in Arizona (Appendix 2 Table) were assigned to the A.II group
(Appendix 1), consistent with other reports, indicating
the presence of only group A.II from animal and human
sources from Arizona (3,4). In 2000, type B isolates were
obtained from captive animals in an Arizona zoo, but
these infections were suspected to be imported rather than
locally acquired (2).
Conclusions
In summary, we report 5 cases of tularemia in humans (including 1 fatality) that occurred in Arizona during 2015–
2017, and all were caused by A.II isolates. Phylogeographic patterns suggest F. tularensis A.II strains might persist
in the environment in a dormant state and be dispersed long
distances, perhaps by wind.
This work was funded through Northern Arizona University via
the Cowden Endowment and the State of Arizona Technology
and Research Initiative Fund administered by the Arizona Board
of Regents.
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Anthrax Epizootic in Wildlife,
Bwabwata National Park, Namibia, 2017
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In late September 2017, Bwabwata National Park in Namibia
experienced a sudden die-off of hippopotamuses and Cape
buffalo. A multiorganizational response was initiated, involving
several ministries within Namibia and the US Centers for Disease Control and Prevention. Rapid interventions resulted in
zero human or livestock cases associated with this epizootic.

A

nthrax, caused by Bacillus anthracis, is a naturally
occurring zoonotic disease of veterinary and public
health importance. Anthrax has been reported in wildlife and domestic animals worldwide and can spill over
to humans (1,2). Anthrax epizootics in hippopotamuses
have been documented in several countries of southern
Africa, including Zambia, Zimbabwe, and South Africa (3–5). Anthrax is also well documented in wildlife
in Etosha National Park, Namibia (6). Human infections related to wildlife anthrax typically result from
consumption of meat from infected carcasses, causing
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ingestion anthrax, or direct contact, causing cutaneous
anthrax (5). Anthrax epizootics in southern Africa are
often associated with dry seasons, which typically occur
during May–October (2,7).
A massive dieoff of hippopotamuses and Cape buffalo
began in late September 2017 along the Kavango River in
Bwabwata National Park (BNP), within the Kavango East
region of northeastern Namibia. We report on the multiorganizational response that addressed this event.
The Study
On September 25, 2017, Namibia’s Ministry of Environment
and Tourism (MET) learned of 2 hippopotamus carcasses
found on the western side of BNP. During unrelated aerial
surveillance in the area on October 1, MET observed 10 hippopotamus carcasses and on October 7 observed an additional 107 hippopotamus and 20 Cape buffalo carcasses. MET
then notified the Ministry of Agriculture, Water, and Forestry
and the Ministry of Health and Social Services (MOHSS),
which together established a joint action plan. The presumptive diagnosis was anthrax based on clinical and microscopic
evidence; however, culture confirmation was not initially
possible because of sample collection and laboratory challenges. The US Centers for Disease Control and Prevention
(CDC) was consulted for assistance with the investigation.
To address possible human exposure, MOHSS developed a questionnaire and administered it beginning on
October 12 to identify persons living in communities adjacent to BNP who were exposed to the carcasses (Figure
1). In total, 1,050 persons were identified as having contact
with or consuming meat from the carcasses and were immediately provided with postexposure prophylaxis (PEP)
in the form of 2 weeks of ciprofloxacin and symptom
monitoring (8). MOHSS returned 2 weeks later to assess
PEP adherence among exposed community members and
reported successful PEP adherence and no severe adverse
events associated with taking PEP. Field workers performing carcass disposal continued PEP use until 2 weeks after
activities concluded. MOHSS led community education to
raise awareness of the ongoing outbreak, communicate the
importance of not having contact with or consuming meat
from animals found dead, and urge persons to seek healthcare if exposed or symptomatic. No human anthrax cases
were associated with this outbreak.
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Figure 1. Anthrax investigation
points of interest within and
directly adjacent to Bwabwata
National Park, Namibia, 2017.
Inset shows location of park
in Africa.

CDC developed a protocol to collect specimens from
affected wildlife carcasses. A field team collected several
paired samples from 7 carcasses: ear and eyelid tissue biopsy samples and swab specimens of the nasal cavity, rectum, and other pooled blood when available. We recorded
geographic coordinates by using a Garmin Montana 650
GPS unit at carcass locations for eventual geospatial analysis (Figure 1).
To test samples, we used the InBios Active Anthrax
Detect (AAD) Rapid Test (InBios, http://www.inbios.
com), a lateral flow assay that detects capsular polypeptide of B. anthracis. This novel assay was developed as a
point-of-care diagnostic aid for human inhalation anthrax
and is available for investigational or research use only
(9). A laboratory evaluation conducted on animal tissues
by CDC before deployment indicated that the test had
98% specificity and 95% sensitivity (C.B. Kolton, unpub.
data). Use of the AAD Rapid Test under field conditions
is beneficial because the test requires only a small sample
volume, provides results within 15 minutes, and does not
require refrigeration.
We performed the AAD Rapid Test in the field on
tissue and swab samples collected from wildlife carcasses, following standard protocol provided by InBios
(S. Raychaudhuri, InBios, pers. comm., 2016 May 10).
We suspended tissue samples in 600 µL of sterile phosphate-buffered saline (PBS) and vortexed the suspension
for 10 seconds. After pipetting repeatedly, we applied 10
µL to the AAD Rapid Test cassette. For swabbed exudate samples, we transferred 10 µL of fluid to the cassette
without PBS.
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We subsequently confirmed B. anthracis infection by
using culture, real-time reverse transcription PCR (rRTPCR), and immunohistochemistry (IHC). We processed
tissue and swab samples and inoculated them into sheep
blood agar or heart infusion broth, then incubated at 37°C
for 24 h. We performed DNA extractions on specimens by
using the QIAGEN Blood Mini Kit (https://www.qiagen.
com) and tested the resulting DNA by using the Laboratory Response Network’s rRT-PCR for B. anthracis (10).
We processed formalin-fixed tissue samples from 3 Cape
buffalo and 3 hippopotamuses, embedded them in paraffin,
and stained them with hematoxylin and eosin, Lillie-Twort
Gram stain, and Warthin-Starry silver stain.
The vessels within the dermis of the ear biopsy in 1
Cape buffalo and ear and eyelid biopsies of 3 hippopotamuses contained large, gram-variable bacilli. We performed IHC assays using mouse monoclonal antibodies
targeting the B. anthracis cell wall and capsule by using
an immunoalkaline phosphatase polymer system, as previously described (11,12), and highlighted bacterial antigen
and full bacilli within the vessels of 2 buffalo and all 3 hippopotamuses (Table; Figure 2). All 6 anthrax-suspected
carcasses tested positive by AAD Rapid Test and were
confirmed positive for B. anthracis by culture, rRT-PCR,
and/or IHC. A carcass of a buffalo that died from a vehicle collision was included as a negative control and tested
negative by all assays (Table).
Livestock vaccination is an effective means to prevent
anthrax infection in domestic animals and subsequent transmission to humans (13) and is required annually in Namibia.
The Ministry of Agriculture, Water, and Forestry secured
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Table. Summary of laboratory diagnostic testing results, by carcass sampled, after an anthrax epizootic in wildlife, Bwabwata National
Park, Namibia, 2017*
Immunohistochemistry
Carcass ID
Species
AAD Rapid Test
Culture
LRN rRT-PCR
Cell wall
Capsule
001
Cape buffalo
+
+
NA
–
+
002
Cape buffalo†
–
–
NA
–
–
005
Cape buffalo
+
+
NA
+
+
007
Hippopotamus
+
+
+
+
+
008
Hippopotamus
+
–
+
+
+
009
Hippopotamus
+
+
+
+
+
012
Hippopotamus
+
+
+
NA
NA

*AAD Rapid Test, InBios Active Anthrax Detect Rapid Test (InBios, http://www.inbios.com); LRN rRT-PCR, Laboratory Response Network real-time
reverse transcription PCR; NA, not available; +, positive; –, negative.
†This Cape buffalo carcass served as a negative control. The animal died as a result of a vehicle collision, and anthrax infection was not suspected as
cause of death.

≈10,000 doses of livestock anthrax vaccine to prevent spillover of anthrax from wildlife into susceptible domestic animals and will enforce future annual vaccination in the affected area. MET organized vaccination of wildlife. No cases of
anthrax in livestock were associated with this outbreak.
Incineration is the recommended disposal method in
cases where reducing the carcass to ashes is possible to enable complete destruction of any viable spores (8). However, because of the large size and number of carcasses, burial
was an alternative method of disposal. We recommended
limiting the distance that carcasses were moved for burial
to decrease dissemination of spores and ensuring a depth
of >2 m was reached to prevent scavenger disruption to
carcasses (1). Spraying the carcass and burial site with 10%
formaldehyde minimized external contamination (1,8).
By early December, the wildlife deaths subsided, and
155 hippopotamus and 86 Cape buffalo carcasses had been

disposed of in the Mahango and Buffalo core areas of BNP
(Figure 1). MET conducted an aerial survey in the same
areas in September 2017 that recorded 588 hippopotamuses
and 2,216 Cape buffalo; roughly 26.4% and 3.8% of each
population were affected, respectively (14).
Conclusions
Our investigation highlights a successful public health outcome with zero human or livestock cases after an anthrax
outbreak in wildlife in BNP. We demonstrated the successful use of the AAD Rapid Test for presumptive diagnosis
of anthrax in wildlife under field conditions and the use of
culture and IHC for confirmation of B. anthracis in hippopotamuses and Cape buffalo. The AAD Rapid Test has the
potential to improve the ability of low-resource countries to
quickly diagnose and effectively manage anthrax epizootics, thus reducing the risk for transmission to humans.
Figure 2. Photomicrographs
showing hematoxylin and eosin
stain and immunohistochemical
findings, using assays targeting
the cell wall and capsule of
Bacillus anthracis, in
ear-punch biopsy specimens
from a hippopotamus infected
with B. anthracis, Bwabwata
National Park, Namibia, 2017.
A) Hematoxylin and eosin stain
showing large bacilli evident
in vessel lumen. Original
magnification × 40. B) Gram
stain showing gram-variable
rods evident in vessels.
Original magnification × 40.
C) Immunohistochemical stain
of B. anthracis cell wall showing
antigen evident in vessels (red).
Original magnification × 40. D)
Immunohistochemical stain of
B. anthracis capsule showing
bacilli evident in vessels (red),
and bacterial antigen. Original
magnification × 63.
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Swift response in organizing PEP dissemination, community education, livestock vaccination, and carcass disposal contributed to the prevention of anthrax transmission
to humans and livestock. Our investigation emphasizes
the importance of a multiagency coordinated response for
zoonotic disease outbreaks and continued efforts to raise
awareness of the risks of consuming meat from animal carcasses in anthrax-endemic areas.
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Zika Virus in Rectal Swab Samples
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We detected Zika virus RNA in rectal swab samples from
10 patients by using real-time reverse transcription PCR,
and we isolated the virus from 1 patient. The longest interval from symptom onset to detection was 14 days. These
findings are applicable to diagnosis and infection prevention
recommendations.

I

n early 2015, Zika virus was identified in Brazil and
spread across nearly the whole continent, affecting thousands of persons (1). This outbreak was associated with
microcephaly and other congenital abnormalities resulting
from infection of the mother during pregnancy (2). For different periods after infection, Zika virus RNA can be found
in diverse body fluids such as saliva, amniotic fluid, urine,
cerebrospinal fluid, blood, semen, and tears (3); the longest
period of viral RNA shedding has been identified in semen
(>1 year after symptom onset) (4).
Although Zika virus RNA has been detected in different body fluids, we found only 1 report of Zika virus elimination through feces from 1 naturally infected person (5).
Experimentally, Zika virus is able to infect mice and adult
macaques (6) through the anorectal mucosa, leading to
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detectable viremia with subsequent testicular damage and
congenital defects in the offspring of pregnant mice (5).
These findings indicate that the anorectal mucosa may represent an infection route for Zika virus. However, whether
Zika virus can be detected in the anorectal mucosa of naturally infected human patients remains largely unknown. To
clarify the kinetics of Zika virus infection across biological compartments and to devise rational measures for preventing transmission of the virus, in July 2017 we began
a cohort study of men and women >18 years of age with
Zika virus infection in Brazil; the study will continue until
mid-2020. Written informed consent was obtained from all
enrolled participants.
The Study
To assess the persistence of Zika virus in different body
fluids of persons with confirmed infection, we conducted
a multicenter prospective cohort study (the ZIKABRA
Study). Laboratory confirmation of infection was based
on real-time reverse transcription PCR (rRT-PCR) performed on samples (urine, blood, or both) from persons in
whom a rash developed <48 hours after initial symptom
onset. We also invited household contacts or sex partners
to participate in the study and enrolled those with positive rRT-PCR results for Zika virus. Full details about the
study protocol, including ethics approval, are described
by Calvet et al. (7).
We collected samples (saliva, blood, urine, vaginal, and rectal swabs) at specific intervals from patients
identified as Zika virus positive after the screening visit
(Figure). Vaginal and rectal swab samples were diluted
in 1 mL of sterile Hank’s Balanced Salt Solution (ThermoFisher Scientific, https://www.thermofisher.com) and
stored at −80°C until processing. After collection, specimens were kept refrigerated and transported within 2
hours to the laboratory, where they were maintained at
−80°C. Zika virus detection was performed by rRT-PCR
by processing 200 µL of each specimen for RNA extraction through an automated nucleic acid purification platform by using the Maxwell 16 Viral Total Nucleic Acid
Purification Kit (Promega Corporation, https://www.
promega.com) in a final volume of 70 µL. For rRT-PCR,
we used the commercially available ZDC Kit from Instituto de Tecnologia em Imunobiológicos Biomanguinhos,
approved by Agência Nacional de Vigilância Sanitária/
1

Team members are listed at the end of the article.
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Figure. Detection of Zika virus RNA in human biological specimens from 8 patients, according to Ct and days after disease onset. Patient
identification numbers above charts correspond to numbers in the Table. Horizontal dashed lines indicate real-time reverse transcription
PCR cutoff Ct of 38. Disease onset is day 0 (screening visit), defined after interviewing patients about symptoms. Ct, cycle threshold.

ANVISA (registry no. 80142170032; https://www.bio.
fiocruz.br). We considered positive those samples that
displayed positive amplification in the ZDC Kit internal
control reaction (which consists of an RNA virus–like
particle individually added to each specimen before RNA
extraction) and those samples in which the target amplification was detected within 38 amplification cycles, as
previously described (8).
We report 10 Zika virus–infected patients from 2
locations in Brazil. Of these, 3 patients were identified
in Recife, northeastern Brazil, and 7 were from Manaus,
northern Brazil. The targeted Zika virus amplicons were
found in the plasma of 9 patients and in the urine of 7
patients, all tested at screening visits. We also tested all
plasma and urine samples for dengue and chikungunya
virus by rRT-PCR; results were negative. Of the 10 Zika
virus–infected patients, 9 were symptomatic and 1 (a Zika
virus–positive household contact) was asymptomatic at
enrollment but subsequently reported muscular weakness
and irritability on day 5 and arthralgia on day 7 after Zika
virus identification. Median patient age was 31.5 years; 7
patients were nonpregnant women, and 3 were men (Table). All patients were negative for HIV-1, hepatitis B and
C, and syphilis.
For all patients, Zika virus RNA was detected >1
time in different body fluids. The longest interval for Zika
virus–positive results by rRT-PCR in plasma and urine
was 14 days after symptom onset; median cycle threshold
952

value (Ct) was 34.92 in plasma (interquartile range [IQR]
33.57–36.78) and 31.57 in urine (IQR 30.34–34.92). The
longest duration of persistence in saliva was 21 days. Zika
virus RNA was detected in rectal swab samples from all
patients (median Ct 34.36 [IQR 30.08–36.07]); positive
results were obtained at >1 time for 4 patients. Vaginal
swab sample results were positive for 2 patients (Figure).
We attempted virus isolation in Vero E6 cells from all
rectal swab specimens positive by rRT-PCR. After filtering samples through a 0.22-µm syringe filter, a rectal
swab sample from patient 191002 (at 7 days after symptom onset) was positive in Vero E6 cells, inducing cytopathic effect and returning a Ct of 28.77 after 6 days of
incubation at 37°C.
Conclusions
Our detection of Zika virus RNA in human rectal swab
samples demonstrates the presence of virus RNA in the
anorectal mucosa of naturally infected patients. Because
the anorectal mucosa is a major entry site for HIV-1 and
other sexually transmitted disease organisms (9), this
finding may have implications for Zika virus transmission. Direct contact with infected mucosa could present
a risk for virus transmission. Moreover, recovery of infectious Zika virus from anorectal mucosa samples may
be associated with active virus replication in this body
compartment, implicating its permissiveness to Zika virus infection.
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Table. Clinical signs and symptoms reported at enrollment visit in study of persistence of Zika virus in different body fluids of persons
>18 with confirmed infection, Brazil*
Patient ID
Age, y/sex
Symptoms at enrollment
191001
21/M
None (asymptomatic household contact)
191002
25/M
Erythema and vesicular rash, nasal congestion, sweating, upper limb muscle spasms
291001
22/F
Itchy macular rash, conjunctival hyperemia, prostration, chills, taste alteration, lower back
pain, arthralgia, periarticular edema, nausea, irritability
151001
38/M
Itchy macular rash, headache, photophobia, retro-orbital pain, burning eyes, arthralgia
(wrists, metacarpals, and phalanges), tingling hands
251001
31/F
Itchy macular rash, conjunctival hyperemia, anorexia
251002
36/F
Itchy macular rash, headache, conjunctival hyperemia, arthralgia (shoulders, elbows, wrists,
knees, ankles), abdominal pain, periarticular edema (ankles)
251003
43/F
Itchy macular rash, photophobia, retro-orbital pain, oropharyngeal pain,
arthralgia (elbows and ankles)
251005
19/F
Itchy macular rash, fever, headache, photophobia, conjunctival hyperemia, retro-orbital pain,
muscle weakness, numbness, irritability, appetite loss, nausea
251006
65/F
Itchy macular rash, fever, headache, photophobia, arthralgia (wrists, phalanges,
heel, cervical spine), muscle weakness, prostration, numbness, tingling,
drowsiness, abdominal pain, nausea
251007
32/F
Itchy macular rash, fever, headache, retro-orbital pain, photophobia
*Reported signs and symptoms were registered after an initial rash episode following laboratory confirmation of Zika virus infection. All signs and
symptoms were registered <2 d after the initial rash (except for 1 asymptomatic contact patient). Fever (>38°C) was any febrile episode reported within 30
d before the medical examination. ID, identification.

Recently, 2 studies explored the mucosa as an experimental entry site for Zika virus. Macaques exposed to
high doses of the virus by direct inoculation on palatine
tonsils, nasal mucosa, and conjunctival mucosa became
infected, whereas virus-naive animals exposed to saliva
from Zika virus–infected macaques, containing a 20-fold
lower virus concentration, remained uninfected (6). In
mice, intra-anal inoculation resulted in viremia, replication in multiple organs, and Zika virus RNA detection
in feces (5). However, it seems that high viral loads are
required for successful experimental infection through
mucosal tissues. In humans, a report of a man infected
through anal intercourse implies that the anorectal mucosa is an entry site for Zika virus (10). Also, a rapidly
progressive fatal case, with secondary nonsexual transmission to a close contact who reported having had no
contact with blood or other body fluids except tears from
the original patient, raised the hypothesis of Zika virus
transmission through mucosa (11). Although mucosal tissues have been extensively explored as a potential site of
Zika virus infection, the amount of infectious particles in
these tissues remains unclear.
In patients with yellow fever, mucocutaneous bleeding with virus presence has been reported (12). However,
no mucosal bleeding was observed in the patients we report, despite extensive medical examination. In addition,
in 5 of 9 patients, the virus had already cleared from the
blood at the time of anorectal detection, which supports
the concept of local virus replication. Our finding of Zika
virus in the anorectal mucosa of naturally infected persons may influence the recommendations for prevention
of Zika virus transmission. We suggest the use of rectal
swabbing, a noninvasive method, for diagnosing infection
with Zika virus, among other emerging viruses (13).
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Bombali Virus in Mops condylurus Bat, Kenya
Kristian M. Forbes,1 Paul W. Webala,
Anne J. Jääskeläinen, Samir Abdurahman,
Joseph Ogola, Moses M. Masika, Ilkka Kivistö,
Hussein Alburkat, Ilya Plyusnin, Lev Levanov,
Essi M. Korhonen, Eili Huhtamo,
Dufton Mwaengo, Teemu Smura, Ali Mirazimi,
Omu Anzala, Olli Vapalahti, Tarja Sironen
Bombali virus (genus Ebolavirus) was identified in organs
and excreta of an Angolan free-tailed bat (Mops condylurus) in Kenya. Complete genome analysis revealed 98%
nucleotide sequence similarity to the prototype virus from
Sierra Leone. No Ebola virus–specific RNA or antibodies
were detected from febrile humans in the area who reported
contact with bats.

T

he virus family Filoviridae is divided into 5 genera:
Cuevavirus, Marburgvirus, Ebolavirus, Striavirus,
and Thamnovirus (https://talk.ictvonline.org/taxonomy).
Six distinct members of Ebolavirus have been described;
4 are known to cause human disease (1,2). These include
highly lethal pathogens capable of producing large outbreaks, namely Bundibugyo, Sudan, and Zaire Ebola viruses, the last responsible for the devastating 2013–2016
outbreak in West Africa and an ongoing extended outbreak in the Democratic Republic of the Congo (1,3,4).
Although the natural reservoirs of Ebola viruses remain
unconfirmed, considerable evidence supports a role for
bat species, particularly fruit bats, analogous to findings
implicating Rousettus aegypticus fruit bats as a reservoir
for Marburg virus (1,5,6).
The most recent Ebola virus to be identified is named
Bombali virus (BOMV) and was reported in August 2018 in
mouth and fecal swabs collected from free-tailed insectivorous bat species (family Molossidae) Mops condylurus and
Chaerephon pumilus in Sierra Leone (2). Although BOMV
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is not known to infect humans, its envelope glycoprotein
shares the same NPC1 receptor as other filoviruses and is
capable of mediating BOMV pseudotype virus entry into human cells (2). We describe the presence of BOMV in tissues
and excreta of an Angolan free-tailed bat (M. condylurus)
captured near the Taita Hills in southeastern Kenya, the easternmost distributional range of this bat species (7), >5,500
km from the original BOMV identification site in Sierra Leone (Figure 1). We also screened human serum samples collected from febrile patients in the Taita Hills area for markers
of BOMV infection.
We identified BOMV in an adult female bat (B241)
by reverse transcription PCR and next-generation sequencing. This bat was captured along with 15 others
in mist nets in savannah habitat near a small river in
May 2018; only this bat was BOMV positive (6% prevalence). Viral RNA was present in lung, spleen, liver,
heart, intestine, mouth swab, and fecal samples but absent from the brain, kidney, urine, and a few fleas found
on the bat; viral loads were especially high in the lung
(Appendix, https://wwwnc.cdc.gov/EID/article/25/5/181666-App1.pdf). These tissue-positive findings confirm
that BOMV can infect M. condylurus and is not an artifact of its insect diet, which could not be discounted
from the previous analysis on the basis of mouth and fecal swabs (2). We also screened lung samples of sympatric C. pumilus bats (n = 13) and other bat species (Appendix Table 2) captured from the same area in February
2016 and May 2018; all were negative for BOMV RNA.
Serologic analysis revealed antibodies against BOMV in
the blood of the tissue-positive bat (Appendix Figure),
but specific antibodies were not found in blood from the
other bats (Appendix).
Our tissue-positive findings provide a strong host association between BOMV and M. condylurus bats; it is possible that BOMV–positive findings from other bat species
result from local spillover or contamination. Moreover,
phylogenetic analysis of the full BOMV genome from
the bat lung revealed 98% nucleotide sequence similarity with the prototype reported in Sierra Leone (GenBank
accession no. MK340750) (Figure 2). Considering the
high sequence similarity between the 2 locations and that
M. condylurus bats, like most insectivorous bats, are believed to travel only short distances (8), BOMV is likely
to be distributed throughout much of sub-Saharan Africa
Current affiliation: University of Arkansas, Fayetteville, Arkansas,
USA.
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Figure 1. Locations of Bombali
Ebola virus infection in Sierra
Leone (gray shading at left;
Bombali district in red) and Kenya
(gray shading at right; Taita Hills
area in green). Inset map shows
collection site of the Bombali
virus–positive bat (red dot) in
Kenya, clinics in which human
serum samples were collected
(white squares), and the closest
towns (black squares).

(7). However, further monitoring of M. condylurus and
C. pumilus bats and other sympatric species across Africa
is required to support this hypothesis.
Because M. condylurus bats commonly roost in human
structures, such as house roofs (8,9), human exposure to
this species is more likely than for many other bat species.
Therefore, we screened for markers of human infection
with BOMV by studying serum samples collected from

febrile patients who sought treatment at clinics in the
Taita Hills area during April–August 2016. Clinics are
located in the surrounding areas, all within 15 km of
the BOMV–infected bat collection site (Figure 1). We
screened patients for filovirus RNA (n = 81) and Ebola
virus–specific IgG (n = 250) by an immunofluorescence
assay using Zaire Ebola virus VP40–transfected VeroE6
cells as antigen (Appendix). Many samples, including
Figure 2. Phylogenetic tree
of complete filovirus genomes
(18,795–19,115 nt), including
Bombali Ebola virus in Sierra
Leone and now Kenya (19,026
nt; black dot). Representative
sequences were retrieved from
the Virus Pathogen Database
and Analysis Resource and
aligned with a MAFFT online
server (http://mafft.cbrc.jp/
alignment/software). The tree
was built using the Bayesian
Markov Chain Monte Carlo
method, using a general timereversible model of substitution
with gamma-distributed rate
variation among sites allowing
the presence of invariable sites.
Posterior probabilities are shown
at the nodes. Scale bar indicates
genetic distance.
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all those screened for filovirus RNA, were from patients
who reported contact with bats in the home or workplace.
We found no evidence of filovirus infection by either
screening method, providing no support that BOMV easily infects humans or is a common cause of febrile illness
in the area. Ongoing surveillance is nonetheless necessary,
and we cannot exclude the possibility that Bombali virus
was a recent introduction to the Taita Hills area.
Our results markedly expand the distributional range
of this new Ebola virus to eastern Africa and confirm the
M. condylurus bat as a competent host. Like Goldstein et al.
(2), we stress that the virus is not known to infect humans,
a premise supported by our screening of febrile patients in
the Taita Hills area. Potential efforts to eradicate bats are
unwarranted and may jeopardize their crucial ecosystem
roles and human health (10,11).
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Genetic Characterization of Middle East
Respiratory Syndrome Coronavirus,
South Korea, 2018

Yoon-Seok Chung, Jeong Min Kim,
Heui Man Kim, Kye Ryeong Park, Anna Lee,
Nam-Joo Lee, Mi-Seon Kim, Jun Sub Kim,
Chi-Kyeong Kim, Jae In Lee, Chun Kang
We evaluated genetic variation in Middle East respiratory
syndrome coronavirus (MERS-CoV) imported to South Korea in 2018 using specimens from a patient and isolates
from infected Caco-2 cells. The MERS-CoV strain in this
study was genetically similar to a strain isolated in Riyadh,
Saudi Arabia, in 2017.

B

etween 2012 and the end of August 2018, a total of
2,248 laboratory-confirmed cases of Middle East respiratory syndrome coronavirus (MERS-CoV) infection
and 798 associated deaths (case-fatality rate 35.3%) were
reported in 27 countries (1). Most of these cases (83%)
were reported in Saudi Arabia (1,871 cases, including 724
related deaths, for a case-fatality rate of 38.7%).
The 2015 MERS-CoV outbreak in South Korea resulted in 186 laboratory-confirmed cases and 38 deaths.
MERS-CoV spread via intrahospital and interhospital
transmission at 16 clinics and hospitals across South Korea
(2). This outbreak was recorded as the largest MERS outbreak outside of the Middle East (3).
In August 2018, eight laboratory-confirmed cases of
MERS-CoV infection were reported in Saudi Arabia, with
4 associated deaths; 1 case in a person who had travel history to the Arabian Peninsula was reported in the United
Kingdom (4). In September 2018, a man in South Korea
with a history of travel to the Middle East became ill and
was suspected of having MERS-CoV infection. We report
the investigation of this case and genetic characterization
of the virus on the basis of variation and phylogenetic analyses of the spike (S) gene and the full-length genome from
patient specimens and isolates from Caco-2 cells.
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The Study
On September 7, 2018, a 61-year-old man who had moved
from Kuwait to South Korea visited the hospital with diarrhea and fever (5). The patient had a history of visiting the
Middle East and was suspected of MERS-CoV infection;
accordingly, he was transferred to a hospital with a national
isolation ward.
On September 8, we collected nasopharyngeal swab
and sputum samples from the patient and transported
them to the Seoul Provincial Institute of Public Health
and Environment (Seoul, South Korea). Real-time reverse transcription PCR showed that the sputum was
positive for the upstream regions of the E protein (upE)
and orf1a genes (6). Later the same day, we collected
nasopharyngeal swab, throat swab, and sputum samples
from the patient for further confirmation. The Korea
Centers for Disease Control and Prevention (KCDC)
confirmed that throat swabs and sputum samples were
positive for upE and orf1a.
We added throat swab and sputum samples from the
patient to a monolayer of Caco-2, Huh 7, and Vero E6 cells,
which we incubated at 37°C in 5% CO2. We observed a
cytopathic effect on the third day after inoculation in Caco2 cells and confirmed viral replication of MERS-CoV in
the supernatant of the infected cells by real-time reverse
transcription PCR.
We extracted viral RNA from the specimens and the
supernatant of the Caco-2 cells using the Viral RNA Mini
Kit (QIAGEN, http://www.qiagen.com). We performed
cDNA synthesis using the Superscript IV First-Strand
synthesis system (Thermo Fisher Scientific, http://www.
thermofisher.com) with random hexamers. We amplified cDNA by overlapping PCR to generate products of
600–1,100 bp covering the entire S gene and the full-length
genome; we sequenced the resulting PCR amplicons by
Sanger sequencing using an ABI 3730 Analyzer (Applied
Biosystems, http://www.thermofisher.com).
We used ClustalW (http://www.clustal.org) to
align the S gene sequences of the isolates from the patient, MERS-CoV/KOR/KCDC/001_2018/SP-1 (from
sputum sample), TS-1 (from throat swab sample), and
TSVi (from Caco-2 processing), with those of 157 other MERS-CoV strains from GenBank and the MERSCoV sequence database (https://www.ncbi.nlm.nih.gov/
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Figure 1. A portion of the molecular phylogenetic tree and coding region variants for the spike (S) glycoprotein gene of MERS-CoV
isolates from South Korea, September 2018, and reference sequences. Phylogenetic analysis of 157 S sequences was performed using
MEGA7 (https://www.megasoftware.net), with tree visualization using FigTree version 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree).
The taxonomic positions of circulating strains from the outbreak in South Korea and Riyadh, Saudi Arabia, are indicated. Boldface
indicates compressed major clades of MERS-CoV. Bootstrap values (>70%) on nodes are shown as percentages based on 1,000
replicates. Red indicates South Korea 2018 isolates, blue indicates South Korea 2015 isolates, and green indicates Saudi Arabia 2017
isolates. The highlighted strain, from 2012, is the prototype strain used as the reference. EMC, Erasmus Medical Center; MERS-CoV,
Middle East respiratory syndrome coronavirus. Scale bar indicates nucleotide substitutions per site. An expanded version of this figure
showing the full phylogenetic tree is available online (https://wwwnc.cdc.gov/EID/article/25/5/18-1534-F1.htm).

genomes/VirusVariation/Database/nph-select.cgi?cmd=
database&taxid=1335626), deposited up to August 2018.
We sequenced and analyzed the full-length genome of
MERS-CoV/KOR/KCDC/001_2018/TSVi and 39 other
MERS-CoV strains. We constructed phylogenetic trees by
the maximum-likelihood method with 1,000 bootstrap replicates using MEGA7 (7) and RAxML (https://github.com/
stamatak/standard-RAxML). We constructed phylogenetic
trees from the MERS-CoV S genes (4,062 bp) (Figure 1)
and the full-length genome (30,150 bp) of the virus (Figure

2) obtained from the patient in this study and the most similar human MERS-CoV sequences from other countries (4).
We submitted viral S gene sequences MERS-CoV/
KOR/KCDC/001_2018_SP-1, TS-1, TSVi from the patient
to GenBank under accession nos. MH978886, MH978887,
and MH978888. MERS-CoV/KOR/KCDC/001_2018
SP-1, TS, and TSVi were most closely related (99.85%–
99.90% nucleotide identity) to a human MERS-CoV strain
isolated in Riyadh, Saudi Arabia, in 2017 (Hu-RiyadhKSA-9730_2017; GenBank accession no. MG912608).
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KOR/KCDC/2018 SP-1 and TS had 5 nucleotide substitutions (C309T, T519C, C2928T, T3375C, and T3598C)
compared with a MERS-CoV strain found in Riyadh in
2017, whereas MERS-CoV/KOR/KCDC/001_2018 TSVi
had 3 nucleotide substitutions (C309T, C2928T, and
T3375C) compared with the same strain. There were no
substitutions in the N terminal domain (NTD) and receptor-binding domain (RBD) of the S gene in the same comparison (Table). We submitted the full-length genome sequences from MERS-CoV/KOR/KCDC/001_2018_TSVi,

obtained from cell isolates, to GenBank under accession
no. MK129253. In a phylogenetic analysis, the virus was
located in a lineage of locally endemic 2016 and 2017
Saudi Arabia strains (lineage 5 in Figure 2) but was distinguished from 2015 South Korea strains.
Conclusions
We characterized the S gene and full-length genome of
MERS-CoV imported to South Korea from the Middle East using sputum and throat swab specimens from

Figure 2. Maximum-likelihood tree showing MERS-CoV isolates from South Korea, September 2018 (black dot), and reference
MERS-CoV genomes. Tree estimated using RAxML values (https://github.com/stamatak/standard-RAxML) on branches are shown
as percentages based on 1,000 bootstrap replicates from the nucleotide sequences. MERS-CoV, Middle East respiratory syndrome
coronavirus. Scale bar indicates nucleotide substitutions per site.
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Table. Comparison of spike glycoprotein gene sequence variants for a MERS-CoV isolates from a patient in South Korea, 2018, and
reference strains*
Nucleotide (amino acid) positions
NTD
RBD
Other regions
183
258
409
1586
1588 1848
1886
3177
3267
MERS-CoV strain
(61)
(86)
(137)
(529)
(530) (616)
(629) (1059) (1089)
JX869059_HCoV-EMC_2012†
C (G)
T (V) A (S)
T (I)
G (V) T (V)
G (R)
T (D)
C (S)
KR011266_KSA_Hu/Riyadh-KSA-2049/2015
C (V)
KR011263_KSA_Hu/Riyadh-KSA-2345/2015
C (V)
KR011264_KSA_Hu/Riyadh-KSA-2343/2015
C (V)
KR011265_KSA_Hu/Riyadh-KSA-2466/2015
C (V)
KT026453_KSA_Hu/Riyadh-KSA-2959/2015
C (V)
KT026454_KSA_Hu/Riyadh_KSA_4050/2015
C (V)
KX154690_Hu_Jeddah-KSA-161RS1146_2016
C (V)
KX154684_Hu-Riyadh-KSA-11739_2016
C (V)
KX154694_Hu-Artawiyah-KSA-13328_2016
C (V)
MG011361_Hu-Riyadh-KSA-K17000405_2017
C (V)
MG011360_Hu-Riyadh-KSA-K17000887_2017
C (V)
MG912608_Hu-Riyadh-KSA-9730_2017
C (V)
MERS-CoV/KOR/KNIH/001_05_2015
C (V)
C (T)
C (D)
T (S)
KT029139-MERS-CoV/KOR/KNIH/002_05_2015
C (V) C (R)
C (L)
C (D)
T (S)
MERS-CoV/KOR/KNIH/009_05_2015
C (V)
C (V)
C (D)
T (S)
KT006149-ChinaGD01_2015
G (G)
C (V)
C (V)
C (D)
T (S)
MERS-CoV/KOR/KNIH/012_05_2015
C (V)
C (T)
C (V)
C (D)
T (S)
MERS-CoV/KOR/KNIH/013_05_2015
C (V)
C (T)
C (V)
C (D)
T (S)
MERS-CoV/KOR/KNIH/015_05_2015
C (V)
C (T)
C (V)
A (H)
C (D)
T (S)
MERS-CoV/KOR/KNIH/042_04_2015
C (V)
C (D)
T (S)
MERS-CoV/KOR/KCDC/001_2018_2SP-1
C (V)
MERS-CoV/KOR/KCDC/001_2018_4TS
C (V)
MERS-CoV/KOR/KCDC/001_2018_4TSVi
C (V)
*Only variations from the reference strain are shown. Boldface indicates the South Korea isolates and the most similar strain identified in this study. MERSCoV, Middle East respiratory syndrome coronavirus; NTD, N-terminal domain; RBD, receptor-binding domain.
†Reference MERS-CoV strain.

a patient and from Caco-2 cells exposed to throat swab
samples from the patient (8,9). A comparative genetic analysis of 157 strains isolated in 27 countries including South Korea demonstrated that the imported
MERS-CoV we isolated showed the highest identity
(99.85%–99.90%) with a strain recently isolated in Saudi
Arabia in 2017 (1,10). These strains differed at 2 positions
(C309T and T519C). We detected no variation in NTD or
RBD, which are the major functional sites of the S protein
(11). In addition, the strains involved in the outbreak in South
Korea in 2015 had 12 nt substitutions (NTD, 1 site; RBD, 2
or 3 sites), implying that the imported case in 2018 involved
a different virus (4).
Despite 110 laboratory-confirmed cases of MERSCoV reported globally during 2018, no genetic information
has been obtained to date. Therefore, we could not compare
the genetic relationships between the strain we isolated and
MERS-CoV strains in the Middle East (12).
In summary, we obtained genetic information about a
MERS-CoV strain in South Korea in 2018 that was probably imported from the Middle East. We expect the sequence data we identified to support future epidemiologic
investigations of MERS-CoV, particularly to fill the need
for recent data. Furthermore, the results of this study improve our understanding of the evolution of MERS-CoV
and highlight the need for enhanced surveillance, especially for persons traveling to the Middle East.
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Novel Picornavirus in Lambs with
Severe Encephalomyelitis

Leonie F. Forth, Sandra F.E. Scholes,
Patricia A. Pesavento, Kenneth Jackson,
Adrienne Mackintosh, Amanda Carson,
Fiona Howie, Kore Schlottau, Kerstin Wernike,
Anne Pohlmann, Dirk Höper, Martin Beer
Using metagenomic analysis, we identified a novel picornavirus in young preweaned lambs with neurologic signs associated with severe nonsuppurative encephalitis and sensory
ganglionitis in 2016 and 2017 in the United Kingdom. In situ
hybridization demonstrated intralesional neuronotropism of
this virus, which was also detected in archived samples of
similarly affected lambs (1998–2014).

I

n 2016 in Scotland, and in 2017 in Wales, progressive
neurologic signs were observed in young lambs. These
cases were associated with nonsuppurative encephalomyelitis predominantly involving gray matter, including
neuronal necrosis/neuronophagia and ganglionitis consistent with lesions caused by a neuronotropic viral infection. The target sites included cerebellar roof nuclei
in the Purkinje molecular layer of the cerebellum, caudal brainstem nuclei (red nuclei and vestibular complex),
and all levels of spinal cord examined (cervical, thoracic,
and lumbar segments) located mainly in the ventral horns
and dorsal root ganglia (Figure 1, panels A, B). Severe
lesions were found consistently in the spinal cord. Louping ill virus, a common etiologic agent of nonsuppurative
encephalitis in ruminants in Great Britain, was ruled out
on the basis of the clinicopathological presentations and
neuropathology, as well as serology. The observed lesion
distribution and age of affected sheep were inconsistent
with other possible neurotropic viral infections, such as
Borna disease virus (1).
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The Study
In 2016, we subjected a sample from an affected lamb’s cerebrum to metagenomic analysis (Appendix, http://wwwnc.
cdc.gov/EID/article/25/5/18-1573-App1.pdf) with read classification using RIEMS (2). From the resulting dataset (2 million reads), 99.97% were classified, but only 1 read was reliably classified as a viral sequence. This 326-bp read showed
the highest sequence identity with the 5′ untranslated region
(UTR) of the genome of human rhinovirus (81.3%), belonging to the family Picornaviridae, genus Enterovirus. For
further validation and sample screening, this viral read was
used to design a quantitative reverse transcription PCR (qRTPCR) assay (Appendix). Using this qRT-PCR, we analyzed
lambs that, in 2017, received diagnoses of nonsuppurative
encephalomyelitis and ganglionitis typical of neuronotropic
viral infection; all 3 animals tested positive (Table 1). We detected the highest viral loads in the cerebellum and spinal cord
(PCR quantification cycle [Cq] 18–21), where the most severe
lesions were also observed. We detected lower loads in the
cerebrum (Cq 30), ileum (Cq 29–32), tonsil (Cq 32–36), and
mesenteric lymph node (Cq 34–36). Lung and spleen samples
were negative, as were CNS samples from 2 additional lambs
from the Scotland flock with compressive spinal cord lesions
and no evidence of nonsuppurative encephalitis (Table 1).
We subjected spinal cord samples from selected lambs
affected in the 2017 lambing season to metagenomic analysis (Appendix), which yielded datasets with 2.4 million
reads each. RIEMS analysis classified 99.9% of the reads,
with 900 and 406 reads as sequences related to Picornaviridae (genera Enterovirus and Sapelovirus), and several unclassified species with relatively low sequence identities (64.8%–
96.8%). Several reads were classified only after translation
into amino acid sequences and comparison to the protein database. We found no evidence of other pathogens that could
have resulted in the neuropathological manifestations.
De novo assembly of reads related to Picornaviridae
generated a complete genome of a novel virus, tentatively
named ovine picornavirus (OvPV). The obtained 7.5 kb
OvPV genome is only very distantly related to known picornaviruses, with nucleotide sequence identities of 59% with a
bovine picornavirus (International Nucleotide Sequence Data
Collaboration [INSDC] accession no. LC006971) (3) and
55% with a canine picornavirus (accession no. KU871312)
(4). The OvPV genome comprises a 5′ UTR, a predicted
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Figure 1. Histologic and in situ
hybridization findings in cervical
segment 7 of the spinal cord of
3-week-old lamb in Scotland in
study of picornavirus in lambs
with severe encephalomyelitis.
A) Transverse segmental view
with hematoxylin and eosin stain
under low power. B) Hematoxylin
and eosin stain under high
power. Nonsuppurative myelitis
is oriented on the ventral horn
involving neuronal degeneration
with satellitosis (black arrow),
neuronophagia (arrowhead),
and glial nodule formation
(blue arrow), accompanied by
perivascular mononuclear cell
accumulation and gliosis. Scale
bar indicates 60 µm. C) By in situ
hybridization, ovine picornavirus
(OvPV) probe hybridization
(red) predominates in the region
of ventral horn poliomyelitis.
D) Viral probe hybridization is
dense in neuronal cytoplasm
(black arrows) and within
presumed neuronal extensions
within the neuropil. Scale
bar indicates 60 µm. E) Using an
unrelated probe, no hybridization
is detectable. F, G) Probe
hybridization within scattered
individual neurons within a
spinal ganglion (F, hematoxylin
and eosin stain; G, OvPV probe
in situ hybridization). Original
magnification ×400.

6,885-nt open reading frame encoding the polyprotein with
2,294 aa, a 3′ UTR, and a poly(A)-tail. The putative structure
of the polyprotein is similar to sapeloviruses with the characteristic order 5′-L-1ABCD-2ABC-3ABCD-3′; 3 consecutive
methionins in frame could act as start codons of the polyprotein. The translation initiation site is proposed to be the
third, because it is contained in the best Kozak context (5).
Pairwise amino acid identities with P1, P2, and P3 of related
picornaviruses are <58% (Appendix Table). Within the family Picornaviridae, together with other unclassified viruses
(4,6), OvPV forms a putative new genus that is closest related to the genera Sapelovirus, Rabovirus, and Enterovirus
(Figure 2; Appendix Figure). All whole-genome sequences
we identified are available from the INSDC databases (accession no. PRJEB28719).
We attempted virus propagation from selected samples of affected animals on various mammalian cell lines
964

(Appendix); however, virus could not be isolated. This result
is consistent with other described unsuccessful attempts of viral propagation of related picornaviruses in cell culture (4,7).
To investigate whether the newly detected virus
emerged in 2016 or was present previously, we examined
archived cases from sheep in England with nonsuppurative
encephalomyelitis oriented on gray matter that had tested
negative for Louping ill virus by immunohistochemistry.
Although the impaired RNA extracted from formalin-fixed
paraffin-embedded (FFPE) material proved to be challenging for sequencing and amplification, we identified several
additional cases of OvPV infection using reverse transcription PCR, and we generated whole-genome sequences
from selected cases (Table 2). We detected OvPV in lambs
of different breeds <3–4 weeks of age with neurologic
signs; the earliest case identified dated back to 1998 (Table
2). Compared with the 2017 cases in Wales, the full OvPV
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Table 1. Investigations of neurologic signs in lambs Scotland and Wales, 2016 and 2017*
Year
2016

Flock
I

2017

I

2017

II

Case information
Progressive neurologic signs including tetraparesis,
recumbency, ataxia, and death were observed in several
lambs beginning at 2–3 weeks of age in a flock of 200 ewes
that was accredited free of maedi-visna virus. The lamb
submitted for investigation (S012722-2) was being artificially
reared. Additional lambs showed similar clinical signs, but
they recovered apart from residual slight paresis in one limb.
Neurologic signs resulting from spinal cord
compression by a vertebral abscess.
Approximately one third of a group of 60 young pet
lambs (mainly orphan lambs or triplet lambs because of
insufficient milk to rear 3 lambs) being artificially reared
were affected in a flock of 650 ewes. Clinical signs
reported were stiff back legs, tremors that became
exaggerated on handling, progressing to lateral
recumbency, terminal seizures, and death or euthanasia.
One lamb with mild clinical signs recovered.

Case no.
S012722–1
S012722-2

EM
–
+

S014148

–

S014175

+

S014176

+

S014177

+

Tested
tissue
Cerebrum
Cerebrum

Cq
NA
29.2

OvPV reads,
no. (%)†
0
1 (0.00005)

Cerebrum
Spinal cord
Cerebrum
Spinal cord
Cerebrum
Spinal cord
Cerebrum
Spinal cord

NA
NA
28.1
18.2
26.1
27.6
27.9
19.7

NP
NP
NP
1,383 (0.06)
NP
NP
NP
590 (0.02)

*Testing by quantitative reverse transcription PCR for ovine picornavirus and by metagenomics. Cq, PCR cycle quantification; EM, encephalomyelitis; NA,
not applicable (Cq value in RT-qPCR >45); NP, not performed; OvPV, ovine picornavirus; +, confirmed nonsuppurative encephalomyelitis and ganglionitis;
–, no evidence of nonsuppurative encephalomyelitis and ganglionitis; instead, compressive lesions in the spinal cord.
† Number of OvPV reads in the metagenomics dataset, total (proportion).

Figure 2. Phylogenetic relation of ovine picornavirus to other picornaviruses of the genera Sapelovirus, Rabovirus, and Enterovirus, as
well as unclassified picornaviruses. The maximum-likelihood phylogenetic tree is based on complete coding sequences and calculated
by IQ-TREE version 1.6.5 (http://www.iqtree.org) with the best-fit model general time reversible plus empirical base frequencies plus free
rate model 5. Teschovirus was included as an outgroup. Statistical supports of 100,000 ultrafast bootstraps are indicated at the nodes.
Bold indicates sequences generated in this study; INSDC or GenBank accession numbers are provided. Scale bar indicates nucleotide
substitutions per site.
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Table 2. Clinical history of lambs in England with nonsuppurative encephalomyelitis and results of testing of archived samples for
presence of OvPV in spinal cord and brain*
Signalment (case
OvPV reads, Reference Nucl. seq.
Year
reference)
Case information
RT-PCR†
no. (%)‡
coverage§
identity§
1998 3-week-old mule Clinical signs of head tilt, rolling eyes and star gazing, Positive
570 (0.003)
92%
90%–96%
lamb (1454/98)
and rapid onset of ataxia, recumbency, and paddling;
no response to antimicrobial drugs, multivitamins
including B1. Negative for Louping ill virus antibodies
in cerebrospinal fluid and serum.
2000
2–4-week-old
Cq 35
1061 (0.01)
98%
95%–96%
One of 12 lambs fed artificial colostrum (snatched at
milking breed
birth to prevent transmission of maedi-visna virus) that
lamb (960/00)
developed neurologic signs at 2 weeks of age, first
weak in forelimbs, then hindlimbs, and by the second
day, tremor and incoordination.
2004 Two 7–8-day-old Triplets fed proprietary powdered colostrum because
Cq 32;
747,777
Full; full
95%; 95%
triplet lambs
the ewe had insufficient milk. Signs of fine tremor
positive
(3.02);
(E1028/04 and progressing to recumbency; the third triplet developed
238,627
E1029/04)
similar neurologic signs at 3 weeks of age (not
(1.11)
submitted for investigation).
2008 2-week-old Texel
Neurologic signs not otherwise specified.
Cq 36
242 (0.0006)
89%
93%–95%
X Swaledale
(S313-04-08-1)
2010 1-week-old mule Approximately 25 lambs have been similarly affected.
Cq 24
18,572 (0.07)
Full
95%
X female lamb
Portions of fixed juvenile ovine brain were submitted
(S78-04-10-1)
from field postmortem examination with history of
suspected neurologic disease before euthanasia.
2014
Breed and age
Preweaned lamb with neurologic signs. Field
Cq 34
NP
NP
NP
not known
postmortem samples submitted with clinical history of
(S247-04-14)
“suspect swayback,” thus likely clinical signs of ataxia
and paresis.
*Cq, PCR quantification cycle; NP, not performed; nucl. seq., nucleotide sequence; OvPV, ovine picornavirus; RT-PCR, reverse transcription PCR; qRTPCR, quantitative RT-PCR.
†RT-PCR was performed as prescreening for sample selection for high-throughput sequencing. Where feasible, Cq values of the qRT-PCR are indicated;
positive means positive in semi-nested PCR.
‡Number (proportion) of OvPV reads in the complete high-throughput sequencing dataset.
§Genome coverage and nucleotide sequence identity of the full genome or several contigs in relation to the OvPV reference genome strain
OvPV/Wales/2017/S014175 (International Nucleotide Sequence Data Collaboration accession no. LR216008).

genomes of the archive cases had ≈90%–96% sequence
identity at the nucleotide level but up to 99% sequence
identity at the amino acid level.
We performed in situ hybridization on OvPV PCRpositive FFPE tissues, with a subset of neurons within the
brain and spinal cord as hybridization targets (Figure 1). In
the spinal cord, OvPV in situ hybridization–positive neuronal soma and their projections were dense in the ventral horn
in regions of neuronal degeneration and gliosis (Figure 1,
panel C). Where dorsal root ganglia were in section, probe
hybridization was detected in individual neurons (Figure 1,
panels D, G). No hybridization was detected in sequential
sections of OvPV-positive tissues under probing with an unrelated probe (Figure 1, panel E), and matched sections of
uninfected animals were consistently negative (not shown).
Complete clinical data were not available for all of the
archived cases; however, information was available for 5
flocks. In 4 of these flocks, the affected lambs were being
fed artificially, usually because of maternal death or insufficient colostrum. Therefore, insufficient colostral antibody
intake may predispose to development of neurologic disease
similar to that proposed for porcine teschovirus, but this remains unproven. On the basis of the finding that OvPV has
already been present in Wales, Scotland, and England for
966

>20 years, we suspect that OvPV could be present in the
intestinal tract commonly, similar to porcine teschovirus
and porcine sapelovirus (8,9), but only occasionally causing disease in neonatal and early juvenile lambs.
Conclusions
In this study, we report identification of a novel neuroinvasive picornavirus associated with severe nonsuppurative encephalomyelitis and sensory ganglionitis in sheep. The virus
has been associated with encephalomyelitis for >20 years,
affecting sheep in Scotland, Wales, and England in a range
of sheep breeds and management systems, but solely young
lambs to date. These findings could suggest that OvPV infection is usually subclinical and self-limiting, particularly in
older animals. For some cases, particularly those involving
multiple affected lambs in a single flock over 1 lambing season, the clinical histories of snatching at birth or artificial feeding of orphan or pet lambs indicated likely failure of transfer
of colostral antibodies. The resulting colostrum deficiency
may have acted as a predisposing factor. Further research is
needed to determine geographic distribution, disease burden,
transmission route, and other factors; a serologic assay is also
needed to further analyze the distribution in the field. However, OvPV should be considered in the differential diagnosis
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of ovine nonsuppurative encephalomyelitis oriented on gray
matter, particularly in young lambs with sensory ganglionitis.
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Severe Myasthenic Manifestation of
Leptospirosis Associated with New Sequence
Type of Leptospira interrogans

Matthias Tomschik,1 Inga Koneczny,1
Anna-Margarita Schötta, Sebastian Scharer,
Merima Smajlhodzic,
Paloma Fernandes Rosenegger, Martin Blüthner,
Romana Höftberger, Fritz Zimprich,
Gerold Stanek, Mateusz Markowicz
We report the rapid development of a myasthenic crisis as
the first-time manifestation of myasthenia gravis. The symptoms developed in the course of acute leptospirosis associated with a new sequence type of Leptospira interrogans.
Antibiotic treatment led to rapid amelioration of myasthenia.

L

eptospirosis is a global zoonotic disease, endemic in
tropical areas, and caused by spirochetes of the genus
Leptospira (1). Involvement of the nervous systems is rare,
and only single cases involving aseptic meningitis, encephalitis, movement disorders, neuritis, and polymyositis,
among others (2,3), have been reported. We report a case
of leptospirosis leading to a myasthenic crisis and subsequent diagnosis of a rare form of myasthenia gravis (MG)
in a previously healthy traveler returning to Austria from
Southeast Asia.
In August 2017, a previously healthy man, 32 years of
age, visited an emergency department in Vienna, Austria,
because of generalized weakness, malaise, double vision,
and a 2-day history of fever and diarrhea. His medical history was unremarkable, and he was not taking any medication. Three days before the onset of symptoms, he had
returned from a 4-week vacation in Vietnam and Thailand,
where he swam in a waterfall pool and came into contact
with indigenous animals. In particular, he helped to wash
elephants in northern Thailand 1 week before his return. He
reported feeling well upon arrival in Austria and even went
white-water rafting in an alpine area the next day without
experiencing weakness or malaise. However, 1 day later
Author affiliation: Medical University of Vienna, Vienna, Austria
(M. Tomschik, I. Koneczny, A.-M. Schötta, S. Scharer,
M. Smajlhodzic, P.F. Rosenegger, R. Höftberger, F. Zimprich,
G. Stanek, M. Markowicz); Medizinisches Versorgungszentrum
Labor PD Dr. Volkmann und Kollegen GbR, Karlsruhe, Germany
(M. Blüthner)
DOI: https://doi.org/10.3201/eid2505.181591
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he noticed fatigability in his legs when walking up stairs,
and nonbloody diarrhea developed. The diarrhea subsided,
but other symptoms progressively worsened until he had
trouble swallowing and walking.
A physical examination at the emergency department
revealed elevated temperature (38.0°C), pulse (138 bpm),
and blood pressure (146/104 mm Hg). The patient displayed typical myasthenic symptoms, including bilateral
ptosis, Cogan’s lid twitch signs, bilateral weakness of ocular movements, and dysarthria. Symptoms worsened with
prolonged talking, including dysphagia and myasthenic
weakness of all limbs, such that the patient was dependent
on a wheelchair and unable to raise his arms.
Laboratory diagnostic tests revealed elevated C-reactive protein (27.72 mg/dL [reference <0.50 mg/dL]) and
gamma-glutamyl-transferase (491 U/L [reference <60
U/L]), with left shift of leukocytes and proteinuria. Other
laboratory parameters were within reference limits. In cerebrospinal fluid, cell counts and protein concentration were
within reference limits, but intrathecal IgG production
was evident.
Real-time PCR on EDTA blood targeting the gene
for the major outer membrane protein lip L32 of human
pathogenic Leptospira spp. showed positive results. We
then subjected the sample strain to multilocus sequence
typing (MLST) (4) to investigate its relationship with
other L. interrogans strains and determine whether the
infection was acquired during the patient’s stay in Southeast Asia. In MLST analysis, we sequenced and analyzed
7 housekeeping genes of Leptospira spp. (glmU, pntA,
sucA, tpiA, pfkB, mreA, and caiB). Among these, we
found 2 new alleles (for mreA and tpiA), which resulted
in a new sequence type (ST), 247. We constructed a phylogenetic tree for all 147 currently available L. interrogans STs, including ST247 (Figure 1) (5). The analysis
showed that the isolate we obtained clusters with strains
from Asia; however, the MLST database comprises
strains predominantly from Asia. Further MLST analysis
using eBURST (http://eburst.mlst.net) showed that linking STs were still missing. Further research in this field
is required before a convincing phylogeographic conclusion can be reached.
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Figure 1. Phylogenetic tree
showing only the topology for
all Leptospira interrogans STs
and their continent of origin. The
isolate obtained from the patient in
this study with severe myasthenic
manifestation of leptospirosis is
indicated by a blue dot (ST247).
Tree was constructed using the
maximum-likelihood method
with MEGA version 7.0 (5). ST,
sequence type.

No leptospiral DNA was found in the patient’s cerebrospinal fluid; no Leptospira spp. IgG or IgM were detected
by ELISA (Virion/Serion, https://www.serion-diagnostics.
de). Several days later, a second serum sample showed high
levels of IgM (>100 U/mL).
The neurologic examination suggested MG, which
was corroborated by pathologic decrements in compound muscle action potentials in the orbicularis oculi
(-15%) and trapezius (−46%) muscles on repetitive nerve
stimulation at 3 Hz. Administration of the acetylcholinesterase inhibitor edrophonium resulted in strong and
immediate improvement of ptosis, bulbar symptoms,
and limb weakness. Nerve conduction studies revealed
prolonged latency in the left medianus nerve, compatible
with carpal tunnel syndrome. All other results were unremarkable, largely ruling out peripheral nerve or muscular disorders.
We consequently made a diagnosis of MG and acute
leptospirosis and initiated treatment with pyridostigmine
bromide and intravenous ceftriaxone. We withheld immunosuppressive therapy because of the acute leptospirosis. After 3 days, the patient demonstrated increased

strength without further dysphagia or dysarthria. After
7 days, C-reactive protein levels normalized, proteinuria resolved, and gamma-glutamyltransferase levels
decreased to 373 U/L. Ceftriaxone was discontinued after 10 days. Repetitive nerve stimulation was repeated
1 week after the initial test without prior ingestion of
pyridostigmine and showed improved function of the
neuromuscular junction.
We did not detect antibodies against acetylcholine
receptors (AChRs) and muscle-specific tyrosine kinase
(MuSK). However, testing for antibodies against lowdensity lipoprotein receptor-related protein 4 (LRP4) gave
weakly positive results in a cell-based indirect immunofluorescence assay in an independent external laboratory
(Medizinisches Versorgungszentrum Labor Volkmann
Karlsruhe, Karlsruhe, Germany).
Pyridostigmine was discontinued, and the patient was
discharged symptom-free and in good health. At follow-up
1 month later, examination of the patient found only minor
ocular weakness. Repetitive nerve stimulation of the orbicularis oculi and trapezius muscles yielded normal results.
At 4- and 6-month follow-up visits, minor fatigability of
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Figure 2. Timeline of
medical history for patient
with severe myasthenic
manifestation of leptospirosis,
including results of relevant
neurologic and laboratory
investigations. Decrement in
repetitive stimulation denotes
the maximum decrease in
amplitude of the fourth or
fifth compound muscle action
potential waveform during
supramaximal repetitive
nerve stimulation at 3 Hz. A
decrement >10% is regarded
as pathologic (6). Leptospira
ELISA cutoff values: IgG,
<10 U/mL negative, 15 U/
mL positive; IgM, <15 U/mL
negative, >20 U/mL positive.
CRP, C-reactive protein;
LRP4, lipoprotein receptorrelated protein 4.

the lateral rectus muscle and the upper extremities was observed, but these effects did not impair the patient’s performance in a physically demanding profession and did not
require medication. The timeline of the patient’s medical
history is summarized in Figure 2.
MG is an acquired, antibody-mediated autoimmune
disease of the neuromuscular junction causing muscle
weakness and increased fatigability. Treatment consists
of symptomatic relief with acetylcholinesterase inhibitors. Immunosuppression is often required for disease
control. Approximately 85% of MG patients have AChR
and MuSK antibodies (7); among the remaining patients,
anti-LRP4 autoantibodies can be detected in 1.4%–50%
of patients, depending on the detection method (8,9).
Cell-based assays with live cells appear associated with
lower frequencies compared with fixed-cell assays or with
ELISA. Samples from the patient we describe tested negative for AChR and MuSK antibodies, but testing against
LRP4 antibodies gave positive results in an external laboratory and borderline positive results in an in-house live
cell-based assay (10).
Our results should be interpreted cautiously. We
were unable to reproduce them with remaining serum
samples in the in-house live cell-based assay or ELISA
at a later time.
Case series suggest an association of viral infections
with the development of MG, although a causal link has
yet to be shown (11,12). Worsening of preexisting MG
is often triggered by an infection. A registry study in
Spain found life-threatening events related to MG in up
to 10% of patients, with infection being the most common cause (13).
970

The patient we report had a myasthenic crisis associated with a new ST of L. interrogans. Only 1 other case of
leptospirosis with involvement of the neuromuscular junction has been described (14), but without direct identification of the pathogen and with symptoms occurring after the
leptospiremic phase in the presence of Leptospira-specific
antibodies; no myasthenic antibodies were tested for, and
no diagnosis of MG was made.
In contrast, the patient we describe experienced more
severe weakness at a much earlier point, and his serum
sample tested positive for LRP4 autoantibodies, suggesting
an association between MG and the acute leptospirosis. Reports of leptospirosis-associated, immune-mediated manifestations ranging from mononeuritis and Guillain-Barré–
like syndromes to postinfectious autoimmune epilepsy
(3,15) raise the question of whether Leptospira infections
might precipitate or aggravate autoimmunity.
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Neonatal Conjunctivitis Caused by
Neisseria meningitidis US Urethritis Clade,
New York, USA, August 2017

Cecilia B. Kretz,1 Genevieve Bergeron,1
Margaret Aldrich, Danielle Bloch,
Paula E. Del Rosso, Tanya A. Halse,
Belinda Ostrowsky, Qinghuan Liu,
Edimarlyn Gonzalez, Enoma Omoregie,
Ludwin Chicaiza, Greicy Zayas, Bun Tha,
Angela Liang, Jade C. Wang, Michael Levi,
Scott Hughes, Kimberlee A. Musser,
Don Weiss, Jennifer L. Rakeman
We characterized a case of neonatal conjunctivitis in New
York, USA, caused by Neisseria meningitidis by using
whole-genome sequencing. The case was a rare occurrence, and the isolate obtained belonged to an emerging
clade (N. meningitidis US nongroupable urethritis) associated with an increase in cases of urethritis since 2015.

N

eonatal conjunctivitis caused by Neisseria meningitidis is a rare occurrence. Using whole-genome sequencing, we analyzed an isolate of N. meningitidis from
a 3-day-old infant in New York, USA, who was given a
diagnosis of unilateral conjunctivitis.
The Study
On August 31, 2017, a 3-day-old infant was given a diagnosis of unilateral conjunctivitis caused by Neisseria
meningitidis. The infant was born in a New York City,
New York, USA, hospital to a healthy mother by cesarean
section performed for prolonged rupture of membranes.
A conjunctival swab specimen isolated N. meningitidis,
which was identified by real-time PCR as nongroupable N.
meningitidis. Nongroupable N. meningitidis lacks capsule
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production, which is a major virulence factor in causing
invasive meningococcal disease. The infant received erythromycin gonococcal ophthalmic prophylaxis according to
standard care guidelines and bacitracin/polymyxin ointment for empiric treatment of conjunctivitis and was discharged to home.
When N. meningitidis was identified on day 4 of life,
the infant was hospitalized and underwent a sepsis workup
that included blood and cerebrospinal fluid cultures (both
showed negative results). Upon review of the limited literature available on primary meningococcal conjunctivitis, we
determined that, although the conjunctivitis had improved,
a 5-day course of therapy with parenteral ceftriaxone was
warranted. The infant was discharged on day 8 of life.
N. meningitidis is a rare but known cause of conjunctivitis in newborns. A case of N. meningitidis perinatal
transmission linked to genital and nasopharyngeal parental
colonization has been described (1). In the case-patient described in our study, early onset of illness suggests that the
infant might have acquired the infection intrapartum from
maternal N. meningitidis vaginal colonization.
Because of concerns for parental N. meningitidis colonization and possible future transmission to the newborn,
we offered meningococcal postexposure chemoprophylaxis
to the parents. The mother received 1 dose of ciprofloxacin, which is one of the options for meningococcal postexposure chemoprophylaxis. Maternal nasopharyngeal and
vaginal cultures were obtained 3 weeks after the infant’s diagnosis and maternal chemoprophylaxis, at which time the
mother was able to be evaluated. Maternal cultures showed
negative results. The infant’s father declined to provide
screening cultures.
Whole-genome sequencing performed at the New
York City Public Health Laboratory showed that the conjunctival isolate had specific molecular characteristics
found in the emerging US N. meningitidis nongroupable
urethritis clade associated with an increase in cases of urethritis in Ohio, Michigan (2,3), and other locations (4). This
novel clade belongs to sequence type 11/clonal complex
11, a hyperinvasive lineage that has caused large meningococcal outbreaks (5,6).
1
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Figure. Molecular phylogenetic analysis of
Neisseria meningitidis based on whole-genome
sequence data from New York City, New York,
USA, and publicly available sequences belonging
to the multilocus sequence typing group cc11.
Isolates are listed with serogroup, year of
isolation, source, and study (sp, MSM carriage
[for isolates obtained during the 2016 MSM
carriage study in New York City], or reference
from where they were obtained). N. meningitidis
reference sequences are labeled in blue (Hajj
and Fam18), N. meningitidis Nm urethritis clade
references in green, and the 2017 conjunctivitis
isolate in red. *2015 eye isolate; **oropharyngeal
isolate from the MSM carriage study; ***invasive
isolate from 2016. Numbers along branches are
bootstrap values. The tree is drawn to scale with
branch lengths measured in number of nucleotide
substitutions per site. Internal nodes are labeled
with bootstrap values (500 iterations). Branches
are labeled with associated serogroups. Scale
bar is based on 10,760 positions in the core
single-nucleotide polymorphism matrix. cc, clonal
complex; CSF, cerebrospinal fluid; MSM, men
who have sex with men; NmC, N. meningitidis
serogroup C; NmW, N. meningitidis serogroup
W; NmNG, N. meningitidis nongroupable; sp,
sporadic case.
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Some specific characteristics found in urethritis-associated N. meningitidis genomes include multigene deletion at the capsule locus, causing its nongroupable phenotype, and complete acquisition of a functional norB–aniA
gene cassette, a gonococcal-acquired gene suspected to
enable survival in anaerobic environments (7). The aniA
gene is commonly found in N. meningitidis. However,
many meningococcal strains have frameshift mutations in
the operon.
We performed antimicrobial drug susceptibility tests
for the isolate by using Etest and obtained results similar
to those for other isolates of the N. meningitidis urethritis clade (3). The isolate was sensitive to azithromycin,
cefotaxime, ceftriaxone, chloramphenicol, ciprofloxacin,
levofloxacin, meropenem, minocycline, rifampin, and trimethoprim/sulfamethoxazole and had intermediate susceptibility to penicillin and ampicillin.
We used whole-genome–based single-nucleotide polymorphism (SNP) to compare the isolate from the infant with
9 publicly available N. meningitidis urethritis sequences
(PubMLST, https://pubmlst.org) (4,8) and 48 meningococcal sequences from New York City that belonged to
sequence type 11. These sequences were from isolates obtained from invasive cases detected by surveillance: nonsterile sources, such as urethral, anal, and oropharyngeal
specimens obtained during a men who have sex with men
(MSM) carriage study conducted in 2016.
Genomic analyses confirmed that the conjunctivitis
isolate was phylogenetically part of the N. meningitidis
urethritis clade previously described (2,4,7) (Figure) because it clustered with available sequences that had only
20–50 SNP differences. This clade was composed mostly
of urethral and anal isolates. However, 1 other conjunctivitis-associated isolate from 2015 that was identified from an
immunosuppressed 43-year-old woman in New York City
(Figure) and an oropharyngeal isolate collected during the
MSM carriage study in 2016 (S. Ngai et al., pers. comm.)
(Figure) were also part of the N. meningitidis urethritis
clade. One isolate from the N. meningitidis urethritis clade
had caused invasive meningococcal disease in a healthy,
previously vaccinated, non-MSM man who had a history
of childhood meningitis (Figure).
These findings are unusual because only a few invasive isolates have been described as part of the N. meningitidis US nongroupable urethritis clade (8). These observations demonstrate that strains belonging to this clade can
cause invasive disease. However, additional information
on these cases to characterize risk factors is limited. Although surveillance of N. meningitidis is primarily focused
on invasive disease, N. meningitidis has been reported from
noninvasive sites, such as urethral and oropharyngeal sites.
In addition, few cases of primary meningococcal conjunctivitis are reported in the literature.
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Conclusions
Our study showed that an N. meningitidis isolate belonging to the sequence type 11/clonal complex 11 clade with
multigene deletion at the capsule locus has likely caused
neonatal conjunctivitis in this child. Strains from this clade
have the genetic potential to cause invasive meningococcal disease. The organism was not recovered from the infant’s mother. However, she was not tested until 3 weeks
after identification of the N. meningitidis isolate and after
postexposure prophylaxis. The infant’s infection might
have been healthcare associated, but was more likely acquired by maternal genitourinary colonization ascending to
the amniotic fluid during the period of prolonged rupture
of membranes.
Modes of transmission are not fully understood for the
N. meningitidis US nongroupable urethritis clade. Given
its potential to cause invasive disease, more studies are
needed to increase our understanding and to inform control and prevention measures. A better understanding of N.
meningitidis noninvasive disease, including conjunctivitis
in newborns and urethritis, will improve our understanding
of the clinical manifestation, transmission modes, and epidemiologic evolution of N. meningitidis strains.
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Fatal Meningitis in Patient with X-Linked
Chronic Granulomatous Disease Caused by
Virulent Granulibacter bethesdensis

Mafalda Rebelo,1 Li Ding,1 Ana Isabel Cordeiro,
Conceição Neves, Maria João Simões,
Adrian M. Zelazny, Steven M. Holland,2
João Farela Neves2
Granulibacter bethesdensis is a pathogen reported to cause
recurrent lymphadenitis exclusively in persons with chronic
granulomatous disease. We report a case of fatal meningitis
caused by a highly virulent G. bethesdensis strain in an adolescent in Europe who had chronic granulomatous disease.

C

hronic granulomatous disease (CGD) is a primary
immunodeficiency characterized by a deficient nicotinamide adenine dinucleotide phosphate oxidative burst
that impairs phagocyte superoxide formation and killing
of certain pathogens. Mutations can occur in any of the 5
subunits of nicotinamide adenine dinucleotide phosphate
oxidase. Most cases are inherited as X-linked defects (gp91phox), but they also can occur in an autosomal recessive
manner (1). Increased susceptibility develops to recurrent
infections of the skin, lymph nodes, lungs, and other organs
(2), mostly caused by bacteria and fungi, including Staphylococcus aureus, Serratia marcescens, Burkholderia cepacia, Salmonella spp., Nocardia spp., and Aspergillus spp.
(2). Emerging organisms, such as Granulibacter bethesdensis and other methylotrophs, occur almost exclusively
in CGD patients (3,4).
G. bethesdensis was first described in 2006, when it
was isolated in a CGD patient with lymphadenitis (4). It
is a gram-negative, aerobic, oxidase-negative, catalasepositive, nonmotile coccobacillus to rod-shaped bacterium belonging to the Acetobacteraceae family (5,6).
G. bethesdensis was the first of these Acetobacteraceae
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Medical School, Lisbon (J.F. Neves)
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family bacteria with proven pathogenicity in humans,
causing invasive disease in CGD patients and mice (4). It
has been mostly linked to indolent nonfatal lymphadenitis
and deep neck infections in patients in North America.
The infection can recur over several years by reactivation of the same strain or reinfection with different strains
(3,7–9). The first fatal infection was reported in a 10-yearold boy from Spain, who died of fulminant sepsis (10). In
vitro, G. bethesdensis shows extensive resistance to various antimicrobial drugs, although its slow growth makes
susceptibility testing difficult. Ceftriaxone, aminoglycosides, doxycycline, and trimethoprim/sulfamethoxazole
showed activity in vitro (7).
We report a case of G. bethesdensis meningitis in a patient with X-linked CGD. We also report animal data comparing this G. bethesdensis strain with the strain recovered
from recurrent lymphadenitis in a US CGD patient.
The Study
The patient was a 16-year-old boy whose X-linked CGD
(CYBB exon 13 deletion) was diagnosed when he was 2
years old. His disease had been well-controlled with cotrimoxazole, itraconazole, and interferon-γ. In September
2014, he was hospitalized with a deep cervical abscess
(Figure 1, panel A) and received a 5-week course of intravenous ciprofloxacin, doxycycline, and ceftriaxone that
resulted in complete clinical and radiologic resolution, followed by 6 weeks of oral amoxicillin/clavulanic acid, doxycycline, and ciprofloxacin along with his usual prophylaxis. No pathogen was identified despite blood cultures,
bronchoalveolar lavage, and lymph node biopsy cultures
and broad-range bacterial PCR.
After this regimen was completed, the boy was readmitted for 8 weeks with pneumonia with pleural effusion (Figure 1, panel B). Full 16S rRNA gene sequencing
(≈1,500 bp) identified Cupriavidus spp. in pleural fluid. He
received meropenem, amikacin, ciprofloxacin, teicoplanin,
doxycycline, and voriconazole, and his condition improved. However, 2 weeks later, fever returned, along with
splenomegaly, hemodynamic instability, pancytopenia,
1
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Figure 1. Most relevant imaging results from a 16-year-old boy with X-linked chronic granulomatous disease who died of meningitis caused by
a virulent Granulibacter bethesdensis strain. A) Computed tomography image showing deep cervical abscess (arrow), July 2012. B) Radiograph
showing pneumonia with pleural effusion, October 2012. C) Cranial magnetic resonance image showing multiple intraparenchymal brain
abscesses (arrows), December 2012. D) The patient died of obstructive hydrocephalus (shown) and multiorgan failure, April 2013.

hypofibrinogenemia, hyperferritinemia, and elevated soluble CD25. He received intravenous immunoglobulin and
dexamethasone for this inflammatory condition and fully
recovered. Neck and lung computed tomography images
and positron emission tomography performed 1 month later
showed no signs of active infection.

Nevertheless, a few days later, the patient sought care
for altered mental status, hallucinations, aggressiveness, and
respiratory instability requiring admission to the pediatric intensive care unit. He had extensive bilateral pneumonia and
multiple intraparenchymal brain abscesses (Figure 1, panel
C). Meropenem, ciprofloxacin, amikacin, doxycycline,

Figure 2. Granulibacter bethesdensis colonies and pathology results after inoculation on mouse models. A, B) CSF on chocolate agar
for 4 days showed slowly growing brown-yellow, shiny colonies 2–4 mm in diameter. Full 16S RNA sequencing (≈1,500 bp) led to
identification of G. bethesdensis (with 99.7% match). C) Survival of gp91/p47 KO mice after inoculation of different G. bethesdensis
strains. D) Pathology images of gp91 KO mouse lung after CSF strain infection. E) Pathology images of gp91 KO mouse lungs after type
strain infection. F) Quantification of G. bethesdensis strains in spleens of gp91/p47 KO mice after inoculation. CSF, cerebrospinal fluid;
type, National Institutes of Health type strain; WT, wild type.
Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019
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Table. Bacterial culture from blood and brain samples of gP91
KO mouse infected with Granulibacter bethesdensis after
4 weeks*
Sample
Mouse
Strain
Blood
Brain
Type, USA
0
0
gp91/, n = 10
CSF, Portugal
5
2
gp91/, n = 10
Type
0
0
p47/, n = 5
CSF
0
0
p47/, n = 5
WT, n = 9
CSF, Portugal
0
ND

*Bold indicates the results of the inoculation of CSF strain in the gp91 KO
mouse. CSF, cerebrospinal fluid; ND, not done; WT, wild type.

teicoplanin, and voriconazole were started; results of cerebrospinal fluid (CSF) and lung biopsy samples were
unremarkable. Teicoplanin was switched to linezolid and
voriconazole to caspofungin and liposomal amphotericin
B because of toxicity concerns. Four weeks later, he was
discharged from the intensive care unit. One month later,
fever, vomiting, and focal neurologic deficits developed.
CSF showed pleocytosis and hypoglycorrhachia with elevated protein levels. Cerebral imaging confirmed leptomeningitis. Isoniazid, clarithromycin, and rifampin were
added to his treatment regimen, but his neurologic status
continued to deteriorate. Obstructive hydrocephalus (Figure 1, panel D) and multiorgan failure developed, and he
died 3 months later.
CSF cultures yielded yellow-brown, shiny, small
colonies (2–4 mm) on chocolate agar after 4 days’ incubation. (Figure 2, panels A, B). Full 16S RNA sequencing (≈1,500 bp) showed 99.7% match to the type strain of
G. bethesdensis CGDNIH1T (ATCC BAA-1260T, DSM
17861T) from North America and 100% match to a previously reported G. bethesdensis strain from Spain. Nonstandardized susceptibility test using Etest, performed in
Mueller Hinton agar supplemented with 5% sheep blood
agar with an overnight air incubation at 37°C, showed resistance to doxycycline (MIC 24 mg/L) and ceftriaxone
(MIC >32 mg/L).
We used mouse models of CGD to determine whether
differences existed in immune response, pathogenicity, or
severity of disease between the European (CSF strain) and
the US (type strain) strains. We intraperitoneally infected
gp91phox−/− mice with 107 CFU of G. bethesdensis type
strain and p47phox−/− mice intraperitoneally with 107 CFU
of CSF strain and monitored moribundity during infection.
We euthanized gp91phox−/− mice 4 weeks and p47phox−/−mice
8 weeks after infection and collected brain, spleen, lung,
lymph nodes, and blood for culture, bacterial enumeration, and histopathologic examination. Plasma cytokines
were assayed.
Although we observed differences between gp91phox−/−
and p47pho−/− mice, both CGD mice models showed high
rates of death when infected with CSF strain. No deaths
occurred in mice infected with type strain, nor did CSF
978

strain cause disease in wild-type mice (Figure 2, panel C).
CSF strain–infected mice showed more severe pathologic
organ changes than did type strain–infected mice (Figure 2,
panels D, E; Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/25/5/18-1505-App1.pdf). We performed quantitative cultures to assess bacterial load in the spleens of
inoculated mice. CSF strain CFUs were 100–1,000 times
higher than those of type strain 4 and 8 weeks after infection. (Table; Figure 2, panel F). In addition, infection
with CSF strain yielded 100–1,000 times higher CFUs in
spleens of CGD mice than in wild-type mice 4 and 8 weeks
after infection. (Appendix Figure 2). CSF strain showed
faster growth on solid and in liquid media and a higher optimal growth temperature (37°C) than previously described
North America lymph node isolates (Appendix Figure 3).
CGD mice infected with CSF strain showed higher plasma
interleukin-1β, tumor necrosis factor–α, and interleukin-6
than those infected with type strain 4 and 8 weeks after
infection, which correlated with differences in tissue bacterial load. Cytokine levels did not increase in wild-type mice
infected with CSF strain (Appendix Figure 4).
Conclusions
G. bethesdensis is an emerging pathogen shown to cause
infection exclusively in CGD patients and has a spectrum
of disease severity ranging from chronic and recurrent infections to fulminant sepsis, central nervous system infection, and death (3,7,10). Until recently, all reported North
America cases were nonfatal chronic infections; 1 case
from Europe (Spain) was fatal. Recently, Mayer et al. reported an X-linked CGD patient in the United States who
died of fulminant infection with an organism with 100%
identity to 500 bp of G. bethesdensis 16S (11). Unfortunately, that G. bethesdensis isolate was not available for
analysis and comparison with other G. bethesdensis strains.
The previous strain from Europe was highly resistant to antimicrobial agents, including colistin, most β-lactams, and
quinolones (10).
We found that a CSF G. bethesdensis strain, showing
an identical 16S sequence to a previously described fulminant strain from Europe, was more virulent and lethal
in a mouse model than the G. bethesdensis US type strain
and more virulent in gp91phox−/− than in p47 phox−/− mice.
A fatal case of G. bethesdensis infection in the United
States suggests that heterogeneity might exist among
North America G. bethesdensis strains. Bacterial genome
sequencing may identify discrete virulence factors. G.
bethesdensis must be included as a cause of fatal disseminated infection in CGD.
This work was supported through the Division of Intramural
Research, National Institute of Allergy and Infectious Diseases,
National Institutes of Health.
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Diagnosis of Imported Monkeypox, Israel, 2018
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Rivers State, Nigeria, where he had worked a desk job for
the previous 10 years. On September 17, during his last trip
to Nigeria, he had disposed of 2 rodent carcasses at his residence. He returned to Israel on September 23 and on September 29 noticed 2 itchy lesions on his penis shaft. The
next day, he had fever (38.8°C) and chills and started selfmedicating with nonsteroidal antiinflammatories and oral
penicillin. On October 1, an erythematous rash appeared
first on his face and later on his trunk and extremities.
Examination at Shaare-Zedek Medical Center on
October 4 revealed that the patient was febrile and had a
nonblanching maculopapular rash on his face (Figure 1, panel A), neck, trunk, and lower and upper extremities; several
lesions on his palms and soles; 2 ulcers with an erythematous base on his penis shaft; and bilateral enlarged and tender lymph nodes in his groin. Blood test results indicated
moderate thrombocytopenia (98,000 platelets/μL) and mild
hepatitis. One lesion on the posterior aspect of his left arm
(Figure 1, panel B) was suspected to be an eschar, raising the
possibility of rickettsialpox. The patient was therefore hospitalized and administered oral doxycycline. His condition
improved, and the next day he was discharged with doxycycline and instructions to remain isolated at home.
At a follow-up visit 2 days later (October 7), he was
afebrile. The rash was locally synchronous and had progressed from maculopapular to vesicular and pustular;
some lesions displayed black umbilication and crusting
(Figure 1, panels C, D). Oral examination revealed bilateral
tonsillar enlargement and ulcers in the posterior pharynx.
Serology results were positive for varicella IgG (past infection) and negative for Coxiella burnetii, Rickettsia conori,
Rickettsia typhi, Brucella spp., Treponema pallidum, and
antigen/antibody combination for HIV. Pustular samples
were negative for herpes simplex virus by PCR. Because
of the rash characteristics and the patient’s travel history,
monkeypox was suspected.
Samples were sent to the Israel Institute for Biological
Research, Ness-Ziona, Israel, and processed in Biosafety
Level 3 laboratories. The pustule sample was processed for
PCR analysis and transmission electron microscopy. Vero
cells were infected for immunofluorescence assay and
monitored for cytopathic effect. For transmission electron
microscopy, particles were enriched by using a Beckman
Airfuge (https://www.beckman.com) before negative staining with phosphotungstic acid.
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We report a case of monkeypox in a man who returned
from Nigeria to Israel in 2018. Virus was detected in pustule
swabs by transmission electron microscopy and PCR and
confirmed by immunofluorescence assay, tissue culture,
and ELISA. The West Africa monkeypox outbreak calls for
increased awareness by public health authorities worldwide.

M

onkeypox is a zoonotic disease caused by monkeypox virus, an orthopoxvirus closely related to variola
virus, the causative agent of smallpox. Human cases were
first described in 1970; in subsequent decades, sporadic
outbreaks were reported in Africa. Mortality rates are 1%–
10% (1,2). The 2 clades, Congo-Basin and West African,
each cause disease; the West African clade is considered to
be less virulent and is associated with a lower mortality rate
(3). Nevertheless, this clade is responsible for the largest
documented monkeypox outbreak in West Africa (132 confirmed cases in Nigeria) (4). Human infection with monkeypox occurred in the United States in 2003, when imported animals from Africa infected pet prairie dogs (5). In
September 2018 in the United Kingdom, 2 imported cases
of monkeypox were detected in persons from Nigeria (6);
a healthcare worker (HCW) acquired nosocomial infection
from 1 of those patients. We report a case of monkeypox
in Israel.
The Study
On October 4, 2018, a 38-year-old man sought care for
generalized rash and fever at the Department of Emergency
Medicine at Shaare-Zedek Medical Center, Jerusalem, Israel. This Israel resident had returned from Port Harcourt,
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The sample exhibited numerous brick-shaped particles, characteristic of orthopoxviruses. Particles were observed to be in clusters (up to 10 virions in each cluster)
embedded in skin tissue and as single virions (Figure 2,
panels A, B). Viral particle dimensions (± SD) were 281 ±
18 nm × 220 ± 17 nm (n = 24), in accordance with previously reported dimensions for monkeypox virus (5).
PCR diagnosis was based on specific primers to discriminate between the West African (581 bp) and the
Congo-Basin (832 bp) clades by product size (7). The PCR

Figure 1. Dermal manifestations of monkeypox on patient in
Israel, 2018. Maculopapular rash was apparent on the face (A)
and body on the day of hospital admission. A lesion on the left
proximal extremity (B) was suspected to be a rickettsial eschar.
After 3 days, the rash changed into vesicles and pustules on the
face (C) and body (D). Skin resolution was apparent 13 days after
admission; pustules and vesicles crusted and were shed (E, F). G)
Timeline of disease progression.

product size corresponded to that of the West African clade
currently circulating in Nigeria (8). This finding was confirmed by high-throughput sequencing.
Within 24 hours of infection, cytopathic effect was observed in Vero cells, exhibiting typical monolayer separation and cell rounding (Figure 2, panel C). The result of
immunofluorescence assay with a specific antibody against
orthopoxviruses was positive; some cells exhibited viral
factories, typical for orthopoxvirus infection (Figure 2,
panel D) (9).
The patient was instructed to remain isolated in his
residence until he had fully recovered. Days after he returned home, the pustules turned to scabs (0.3–0.8 mm in
diameter) and were shed (Figure 1, panels E, F). Concomitant with recovery, antibodies against orthopoxvirus and a
neutralizing antibody titer (50% plaque reduction neutralization test titer = 134) developed, comparable to those of
smallpox-vaccinated humans (10). Of note, scabs collected
from the patient during recovery, then homogenized and
tested for monkeypox virus, contained viable viral loads of
105–107 PFU/scab.
All of the patient’s contacts in Israel (5 household
members and 11 HCWs) were offered smallpox vaccination, but only 1 HCW agreed. All contacts were followed
up for 21 days; no virus transmission was detected.
Conclusions
Since the first documented case of human monkeypox in
1970, sporadic outbreaks have been reported, especially in
the Congo Basin and West Africa. Contributing to the increased frequency of such occurrences were discontinued
vaccination against smallpox, increased interaction with
wildlife because of deforestation and population movement, consumption of bushmeat, and increased population
density (11,12). Although most infections are acquired
from wildlife, human-to-human transmission has been reported, as in the 1996–1997 outbreak in the Democratic Republic of the Congo (13) and the current outbreak in West
Africa (8). The availability and speed of international transportation combined with the natural progression of the disease (long incubation and prodromal periods, up to 21 days
combined) increase the risk for monkeypox spread from rural regions into urban areas and to countries outside Africa.
Indeed, during September and October 2018, monkeypox
was diagnosed in the United Kingdom and Israel (6,14).
Thus far, all imported cases of monkeypox in humans
(United States in 2003, United Kingdom and Israel in 2018)
have involved the West African clade of the virus (3,6). After a similar incubation period (12 days), all patients had
fever and chills, lymphadenopathy, and skin lesions (5,6).
Although the patient in Israel had numerous vesiculopustules on his face and body, the patients involved in the US
outbreak had substantially fewer (1–50) and reported a
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Figure 2. Transmission electron
microscopy and cell culture–
based diagnosis of monkeypox
in patient in Israel, 2018.
Virus particles were detected
in lesion samples as either
virion aggregates (arrows) (A)
or individual virions (B) with a
typical brick shape. Infected Vero
cells depicted typical cytopathic
effect, exhibiting cell detachment
and rounding. Scale bar in A
indicates 0.2 μm; scale bar in
B indicates 100 nm.
C) Infected Vero cells depicting
typical cytopathic effect: cell
detachment and rounding.
Original magnification ×10. D)
Immunofluorescent staining of
infected Vero cells: DNA (DAPI
[4′,6-diamidino-2-phenylindole]
stain, blue) and monkeypox
virus (green); viral factories
are evident (arrows). Original
magnification ×25.

persistent cough, which the patient from Israel did not
report. Of note, the first sign noted by the Israel and UK
patients was groin lesions (6). Although past reports considered the Congo-Basin clade to be more virulent (2,3,12),
recent reports show that the West African clade can also
cause disseminated disease and can be transmitted from human to human (4,8).
For this study, we used multiple diagnostic approaches.
The virus was detected in pustule swab specimens by transmission electron microscopy and PCR within 3 hours of
sample arrival and confirmed by immunofluorescence assay, tissue culture, and ELISA for orthopoxvirus antigens.
The very high virus titers contained by pustules and
scabs, as demonstrated in this case, increase the risk for
human-to-human transmission and environmental spread.
To prevent further transmission, HCWs should implement
safety practices and local authorities should map contacts
and consider use of smallpox vaccines or antiviral drugs
(14,15), according to risk assessment.
Acknowledgment
We thank Itai Glinert for help with the manuscript.

References
1.
2.
3.

4.

5.

6.

7.

8.

About the Author
Drs. Erez and Achdout are researchers at the Department of
Infectious Diseases, Israel Institute for Biological Research,
Ness-Ziona, Israel. Their research interests include immune
response to vaccines and viral infections.
982

9.

Di Giulio DB, Eckburg PB. Human monkeypox: an emerging
zoonosis. Lancet Infect Dis. 2004;4:15–25. http://dx.doi.org/
10.1016/S1473-3099(03)00856-9
Breman JG, Kalisa-Ruti, Steniowski MV, Zanotto E, Gromyko AI,
Arita I. Human monkeypox, 1970–79. Bull World Health Organ.
1980;58:165–82.
Likos AM, Sammons SA, Olson VA, Frace AM, Li Y,
Olsen-Rasmussen M, et al. A tale of two clades: monkeypox
viruses. J Gen Virol. 2005;86:2661–72. http://dx.doi.org/10.1099/
vir.0.81215-0
Petersen E, Abubakar I, Ihekweazu C, Heymann D, Ntoumi F,
Blumberg L, et al. Monkeypox— enhancing public health
preparedness for an emerging lethal human zoonotic epidemic
threat in the wake of the smallpox post-eradication era. Int J Infect
Dis. 2019;78:78–84. http://dx.doi.org/10.1016/j.ijid.2018.11.008
Reed KD, Melski JW, Graham MB, Regnery RL, Sotir MJ,
Wegner MV, et al. The detection of monkeypox in humans in the
Western Hemisphere. N Engl J Med. 2004;350:342–50.
http://dx.doi.org/10.1056/NEJMoa032299
Vaughan A, Aarons E, Astbury J, Balasegaram S, Beadsworth M,
Beck CR, et al. Two cases of monkeypox imported to the
United Kingdom, September 2018. Euro Surveill. 2018;23.
http://dx.doi.org/10.2807/1560-7917.ES.2018.23.38.1800509
Shchelkunov SN, Gavrilova EV, Babkin IV. Multiplex PCR
detection and species differentiation of orthopoxviruses pathogenic
to humans. Mol Cell Probes. 2005;19:1–8. http://dx.doi.org/
10.1016/j.mcp.2004.07.004
Yinka-Ogunleye A, Aruna O, Ogoina D, Aworabhi N, Eteng W,
Badaru S, et al. Reemergence of human monkeypox in Nigeria,
2017. Emerg Infect Dis. 2018;24:1149–51. http://dx.doi.org/
w10.3201/eid2406.180017
Smith GL, Vanderplasschen A, Law M. The formation and
function of extracellular enveloped vaccinia virus. J Gen Virol.
2002;83:2915–31. http://dx.doi.org/10.1099/0022-131783-12-2915

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

Diagnosis of Imported Monkeypox, Israel, 2018
10.

Orr N, Forman M, Marcus H, Lustig S, Paran N, Grotto I, et al.;
Vaccinia Study Group, Medical Corps, Israel Defense Force;
Vaccinia Study Group, Israel Institute for Biological Research.
Clinical and immune responses after revaccination of
Israeli adults with the Lister strain of vaccinia virus. J Infect Dis.
2004;190:1295–302. http://dx.doi.org/10.1086/423851
11. Nolen LD, Osadebe L, Katomba J, Likofata J, Mukadi D,
Monroe B, et al. Introduction of monkeypox into a community and
household: risk factors and zoonotic reservoirs in the Democratic
Republic of the Congo. Am J Trop Med Hyg. 2015;93:410–5.
http://dx.doi.org/10.4269/ajtmh.15-0168
12. McCollum AM, Damon IK. Human monkeypox. Clin Infect Dis.
2014;58:260–7. http://dx.doi.org/10.1093/cid/cit703
13. Centers for Disease Control and Prevention. Human
monkeypox—Kasai Oriental, Democratic Republic of Congo,

EID
journal

February 1996–October 1997. MMWR Morb Mortal Wkly Rep.
1997;46:1168–71.
14. Angelo KM, Petersen BW, Hamer DH, Schwartz E, Brunette G.
Monkeypox transmission among international travelers—
serious monkey business? J Travel Med. 2019. http://dx.doi.org/
10.1093/jtm/taz002
15. Melamed S, Israely T, Paran N. Challenges and achievements
in prevention and treatment of smallpox. Vaccines
(Basel). 2018;6:E8. http://dx.doi.org/10.3390/vaccines
6010008
Address for correspondence: Sharon Melamed, Israel Institute for
Biological Research, Department of Infectious Diseases, Ness-Ziona
74100, POB 019, Israel; email: sharonm@iibr.gov.il

@CDC_EIDjournal
Follow the EID journal on Twitter and
get the most current information
from Emerging Infectious Diseases.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

983

DISPATCHES

Population-Based Estimate of Melioidosis, Kenya

Esther M. Muthumbi, Nicola C. Gordon,
George Mochamah, Sammy Nyongesa,
Emily Odipo, Salim Mwarumba, Neema Mturi,
Anthony O. Etyang, David A.B. Dance,
J. Anthony G. Scott, Susan C. Morpeth
Melioidosis is thought to be endemic, although underdiagnosed, in Africa. We identified 5 autochthonous cases of
Burkholderia pseudomallei infection in a case series in Kenya. Incidence of B. pseudomallei bacteremia in Kenya’s
Kilifi County is low, at 1.5 cases per million person-years,
but this result might be an underestimate.

B

urkholderia pseudomallei, the causative agent of melioidosis, is a gram-negative bacillus endemic particularly in northern Australia and South and Southeast Asia.
Worldwide, B. pseudomallei causes ≈165,000 cases of
disease and ≈89,000 deaths annually (1). The presence of
B. pseudomallei in Africa has been demonstrated by sporadic cases of melioidosis reported in travelers returning
from countries including Kenya (2). Indigenous cultureconfirmed cases have been reported in only 4 countries in
Africa, mainly from research centers with diagnostic laboratory facilities (3).
The first case of melioidosis linked to Kenya was diagnosed in 1982 in a tourist from Denmark who had visited
Nyali (an area of Mombasa City), ≈50 km south of the town
of Kilifi (2). Follow-up clinical surveillance in Nairobi and
environmental surveillance from other regions in Kenya
yielded no B. pseudomallei isolates (4). However, growing concerns over possible underestimation of the disease
in potentially endemic areas, including in tropical Africa,
have led to calls for improved surveillance (5).
In 2010, at Kilifi County Hospital (KCH), we isolated
B. pseudomallei from the blood culture of a 3-year-old
child after a near-drowning accident in a seasonal river.
Author affiliations: KEMRI–Wellcome Trust Research Programme,
Kilifi, Kenya (E.M. Muthumbi, N.C. Gordon, G. Mochamah,
S. Nyongesa, E. Odipo, S. Mwarumba, N. Mturi, A.O. Etyang,
J.A.G. Scott, S.C. Morpeth); London School of Hygiene & Tropical
Medicine, London, UK (N.C. Gordon, D.A.B. Dance, J.A.G. Scott,
S.C. Morpeth); Lao-Oxford-Mahosot Hospital–Wellcome Trust
Research Unit, Vientiane, Laos (D.A.B. Dance); University of
Oxford, Oxford, UK (D.A.B. Dance, J.A.G. Scott, S.C. Morpeth)
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The identity of the isolate was confirmed by real-time PCR
targeting the type III secretion system genes of B. pseudomallei (6), and the isolate was later sequenced for a study
of geographic dissemination of B. pseudomallei (7). After
this identification, we conducted a retrospective analysis of
archived blood culture isolates collected during 1994–2012
to investigate possible missed cases of invasive B. pseudomallei infection.
The Study
During 1994–1998, blood culture was performed on all
febrile patients admitted to the pediatric wards at KCH.
Since 1998, all pediatric patients <15 years of age admitted, except those having trauma, burns, or elective surgery,
have had blood samples drawn for culture. Surveillance for
patients >15 years of age began in 2007; blood samples are
drawn at admission for cultures on patients meeting clinical criteria for possible invasive bacterial disease. Since
2002, hospitalization events have been linked to the Kilifi
Health and Demographic Surveillance System (KHDSS),
which monitors the population of ≈280,000 over an area of
891 km2 (8). Informed consent is obtained from all patients
participating in the surveillance, including for storage of
isolates and future use of clinical data.
Blood samples for bacterial cultures were collected in
BACTEC Peds Plus or BACTEC Plus Aerobic/F bottles
(Becton Dickinson, https://www.bd.com) and incubated
on a BACTEC FX 9050 Automated Blood Culture instrument (Becton Dickinson). Nonfastidious, oxidase-positive,
gram-negative bacilli were identified by using API 20NE
test kits (bioMérieux, https://www.biomerieux.com). We
reviewed all gentamicin-resistant, glucose-nonfermenting,
gram-negative rods, with the exception of Pseudomonas
aeruginosa, even if the API 20NE identification was acceptable, to account for difficulties in speciating Burkholderia spp. with biochemical methods.
A total of 86,582 patients <15 years of age were admitted during 1994–2012 and 18,864 patients ≥15 years
of age during 2007–2012. Surveillance identified 33 gentamicin-resistant, glucose-nonfermenting bacilli in 14,235
positive blood cultures from patients <15 years of age
and 5 gentamicin-resistant, glucose-nonfermenting bacilli
in 705 positive blood cultures from patients ≥15 years of
age (Figure). We retrieved all 38 isolates from storage for
PCR, which we performed using published primer and
probe sequences (6).
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admission. No further information is available for the 2
case-patients who survived because they were not residents
of the area surveyed by KHDSS.
To estimate the incidence of melioidosis bloodstream
infection, we divided the number of invasive B. pseudomallei cases among KHDSS residents by the sum of the
annual midyear population counts during 2002–2012 for
those <15 years of age and during 2007–2012 for those
>15 years of age. We also adjusted for the sensitivity of
the surveillance to account for the proportion of patients
not consenting to the surveillance study and those who
did not have a blood culture drawn. For the period before
2002, we extrapolated age-specific population estimates
by using a log-linear model of age-specific population
data based on subsequent enumerations. The estimated
incidence was 1.3 cases/1 million person-years of observation for those <15 years of age and 2 cases/1 million
person-years of observation for those ≥15 years of age
(Table 2).

Figure. Identification of gentamicin-resistant, glucose-nonfermenting
bacilli and Burkholderia pseudomallei from isolates collected from
patients at Kilifi County Hospital, Kilifi, Kenya, 1994–2012.

We identified 4 isolates as B. pseudomallei by PCR,
including the index isolate from 2010 (Table 1; Appendix,
https://wwwnc.cdc.gov/EID/25/5/18-0545-App1.pdf). One
isolate was previously identified as B. cepacia, and 2 were
previously labeled as Pseudomonas species. We identified
a fifth B. pseudomallei case in July 2014 in a 68-year-old
female patient with diabetes mellitus and bilateral cervical
abscesses (Table 1; Appendix). Blood culture results were
negative, but aspirated pus grew B. pseudomallei, identified by API 20NE and confirmed by PCR.
None of the case-patients had any history of travel outside Kilifi County. Three died during the course of their

Conclusions
We identified 5 cases of melioidosis from a single surveillance site in Kenya. Despite reports suggesting that
melioidosis is endemic but underdetected in the region
(5), we demonstrated low incidence in this part of Kenya. Even so, B. pseudomallei has emerged as an underdiagnosed cause of sepsis in Kilifi County. The empirical treatment used for sepsis, ampicillin and gentamicin,
does not cover B. pseudomallei. The lack of pathogenomonic clinical features makes it difficult to detect
melioidosis clinically, especially in areas to which the
disease is not endemic. In the series we report, 2 casepatients died before receiving definitive treatment, and
only 1 case-patient received antimicrobial drugs recommended to treat melioidosis.
The integrated, population-based bacterial surveillance system in Kilifi County provides a unique opportunity to estimate incidence. Routine blood culture sampling of
all admitted patients <15 years of age and eligible patients
>15 years of age eliminates reliance on clinical suspicion
for bacteremic melioidosis. The use of molecular methods
on isolates suspected to be B. pseudomallei will probably
enhance case detection because B. pseudomallei is commonly misidentified or unidentified by culture (9). Only
2 isolates in our study were identified by using standard
techniques, despite the reported good discriminatory performance of API 20NE in distinguishing B. pseudomallei
and B. cepacia (10).
Our reported incidence rates might still be underestimated. Our data do not account for KHDSS residents
who do not go to KCH. For example, ≈64% of deaths
in children <5 years of age in the KHDSS area occur at
home or in other healthcare facilities (8). Furthermore, as
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Table 1. Clinical summary of patients with positive Burkholderia pseudomallei isolates, Kilifi, Kenya, 2002–2014*
Antimicrobial sensitivity
Risk
Culture
Year
Age/sex Clinical features
factors
Diagnosis†
source
AMC STX TET CAZ IMI
2002
8 d/M
Fever, jaundice,
None
Neonatal sepsis
Blood
S
S
S
S
S
respiratory
identified
distress
2008
7 d/M
Respiratory
None
Severe
Blood
S
S
S
S
S
distress
identified
pneumonia,
neonatal sepsis
2010
3 y/F
Fever,
NearSevere
Blood
S
S
S
S
S
respiratory
drowning
pneumonia,
distress
septic shock
2011
52 y/M
Persistent fever
None
Acute renal
Blood
S
S
S
S
S
and night
identified
failure,
sweats of
meningitis
unknown
duration
2014
68 y/F
Fever, bilateral
Diabetes
Diabetes,
Pus swab
S
S
S
S
S
cervical neck
mellitus
cervical
swellings
lymphadenitis

Days in
hospital
3

Outcome
Died

3

Survived

6

Died

5

Died

40

Survived

*AMC, amoxicillin/clavulanic acid; CAZ, ceftazidime; IMI, imipenem; S, susceptible; STX, sulfamethoxazole/trimethoprim; TET, tetracycline.
†Diagnosis at time of admission.

demonstrated by the fifth case, the incidence of nonbacteremic infection might be higher because non–blood
culture samples are not systematically collected. Only
50%–75% of patients with melioidosis are bacteremic
(11), and culture has an estimated sensitivity of 60.2%
for melioidosis (12). In addition, our screening method
excluded gentamicin-susceptible isolates. If gentamicinsusceptible B. pseudomallei is as common in Kenya as
reported in other areas (13), additional surveillance that
includes these organisms could increase the reported incidence rates. Finally, melioidosis often is unevenly distributed within endemic areas, as noted in Thailand (14).
Despite these factors, our results suggest that, although B.
pseudomallei is present in tropical Africa, the incidence
of invasive melioidosis is surprisingly low.
The differences in disease incidence in Africa and
Asia are striking. Host factors, such as diabetes mellitus,
might contribute, but environmental factors and agricultural practices, such as rice farming, are probably more
important in permitting exposure to and environmental
persistence and proliferation of the organism. Nonetheless, Kenya has been identified as environmentally suitable for B. pseudomallei because of its soil type, agricultural practices, and rainfall (1). Our study demonstrates
the presence of B. pseudomallei in Kenya. Changes
in climate and agricultural practices might lead to future increases in melioidosis, and ongoing surveillance
is necessary.
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Table 2. Incidence of melioidosis in Kilifi County Hospital, Kilifi, Kenya, 1994–2012*
No. case-patients
Person-years
Patient age group
No. cases residing in KHDSS area Study period of observation
<15 y
3
2
1994–2012
2,026,781
≥15 y
1
1
2007–2012
782,373
Overall
4
3
NA
2,809,154

Crude incidence†
(95% CI)
1.0 (0.12–3.56)
1.3 (0.03–7.1)
1.1 (0.22–3.12)

Adjusted incidence†
(95% CI)
1.3 (0.17–5.17)
2.0 (0.08–15.6)
1.5 (0.35–5.0)

*KHDSS, Kilifi Health and Demographic Surveillance System; NA, not applicable.
†Incidence per 106 person-years of observation, adjusted for nonconsenters and missing blood cultures among eligible consenters.
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etymologia revisited
Burkholderia
[burk′′hol-dēr′e-ə]
This genus of gram-negative, rod-shaped bacteria comprising
animal and plant pathogens was named for American plant
pathologist Walter H. Burkholder. Dr. Burkholder first described a
particular species of this genus, later called Burkholderia cepacia
(Latin for “like onion”), after an outbreak of infection in vegetable
growers in New York State in 1949. Previously known to cause
disease in onion bulbs, these organisms are now recognized as
major bacterial lung pathogens in patients with cystic fibrosis.
B. mallei causes glanders in horses, and B. pseudomallei is
the etiologic agent of melioidosis in humans and animals. Dr.
Burkholder is recognized for helping establish the role of bacteria
as plant pathogens.

Originally published
in November 2009

Source: Dorland’s illustrated medical dictionary, 31st edition. Philadelphia:
Saunders; 2007; De Soyza A, Silipo A, Lanzetta R, Govan JR, Molinaro A.
Chemical and biological features of Burkholderia cepacia complex
lipopolysaccarides. Innate Immunity. 2008;14:127.
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Novel Method for Rapid Detection
of Spatiotemporal HIV Clusters
Potentially Warranting Intervention

Arthur G. Fitzmaurice, Laurie Linley,
Chenhua Zhang, Meg Watson,
Anne Marie France, Alexandra M. Oster
Rapid detection of increases in HIV transmission enables
targeted outbreak response efforts to reduce the number
of new infections. We analyzed US HIV surveillance data
and identified spatiotemporal clusters of diagnoses. This
systematic method can help target timely investigations and
preventive interventions for maximum public health benefit.

D

espite innovations in HIV prevention and treatment,
HIV outbreaks do occur in the United States. Local public health staff identified >200 persons with HIV
resulting from an injection drug use (IDU)–associated
outbreak in 2015 in Scott County, Indiana (1). The multipronged outbreak response included the establishment of
Indiana’s first syringe services program. The number of
cases might have been worse without intervention, suggesting the value of rapidly detecting and responding to
increases in HIV transmission, whether related to IDU or
other transmission modes.
The Centers for Disease Control and Prevention
(CDC) recently began using HIV nucleotide sequence
data from the National HIV Surveillance System (NHSS)
to identify clusters of recent and rapid HIV transmission
(2). Sequences are generated through HIV drug resistance
testing routinely conducted as part of clinical care, but sequence reporting to health departments and CDC can be
delayed or incomplete (3). Case surveillance data (i.e., reported diagnoses), which are timelier and more complete
than sequence data, can be used to detect spatiotemporal
increases in diagnoses.
CDC has not previously used systematic methods to
analyze HIV case surveillance data to detect outbreaks as
they occur. We developed a method to identify spatiotemporal clusters of increased diagnoses. Our proposed method enables efficient analysis at local and national levels to
Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (A.G. Fitzmaurice, L. Linley, M. Watson,
A.M. France, A.M. Oster); ICF International, Atlanta (C. Zhang)
DOI: https://doi.org/10.3201/eid2505.180776
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generate spatiotemporal alerts representing concentrated
increases that require further investigation.
The Study
We reviewed non–HIV outbreak detection literature
and methods employed by disease and syndromic surveillance programs at CDC and in several state and local health departments. Methods generally inferred
outbreaks from statistically significant increases above
historical baselines (4–6). We tested analytic parameters
on NHSS data to adapt existing methodologies. For example, HIV symptom onset and diagnosis can be delayed
compared with other infectious diseases, so we varied
frames for batching data and manually compared method
outputs to determine optimal parameters based on epidemiologists’ assessments of the most concerning clusters.
This systematic method detects increases in HIV diagnoses above expected baselines (i.e., alerts) in specified
geographic areas.
We applied this method to NHSS data reported from
all 50 US states and the District of Columbia, examining the
numbers of cases by state and county or countyequivalent
(e.g., borough, parish; hereafter, collectively referred to as
“county” and including the District of Columbia). For each
state or county, we determined the total number of diagnoses
during the most recent 12 months (January–December 2016)
on the basis of residence address at time of HIV diagnosis
(Figure 1). We calculated the baseline as mean diagnoses in
the 3 prior 12-month periods (calendar years 2013, 2014, and
2015). An alert was generated in a geographic area when the
total number of cases during the most recent 12 months was
>2 SD and >2 diagnoses greater than the baseline mean. The
latter criterion eliminates alerts resulting from small diagnosis levels (e.g., baseline of 0 alerting with only 1 diagnosis).
We repeated these analyses limiting to IDU-related diagnoses, excluding men who reported both male-to-male sexual
contact and IDU.
State-level alerts occurred for 4 (8%) of 50 states
(Midwest 3, South 1); county-level alerts occurred for 143
(5%) of 3,142 counties nationwide (Table). A median of 2
and mean of 4 counties per state had alerts. Using the exact
Pearson test for homogeneity, we determined that alerting
counties were disproportionately located in the Northeast
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Figure 1. Alert criteria used in method for identifying spatiotemporal clusters of HIV diagnoses. For each cluster, the total number of
cases (X) in a specified geographic area during the most recent 12 months exceeds the baseline mean (µ) of the previous 3 12-month
periods by >2 SD (σ) and >2 diagnoses.

(15%; p<0.001) and South (59%; p<0.001), compared
with nonalerting counties in the Northeast (7%) and South
(45%). Among cases with reported IDU risk, alerts occurred for 2 states in the Midwest, 1 state in the West, and
21 counties, which were located mostly in the South (38%)
and Midwest (29%). Baseline rates for county-level IDU
alerts averaged 0.3–9 diagnoses per year.
Discussion
We aimed to develop a spatiotemporal cluster detection
method that could efficiently be used and adapted to identify potential increases in HIV transmission in different
local contexts. We identified significant increases in HIV
diagnoses across all regions, capturing alerts from counties with small, medium, and large baseline numbers of
HIV diagnoses. Some counties had small increases in the
number of diagnoses and large percentage increases; others had larger increases in numbers but smaller increases
in percentages (Figure 2). IDU-attributable diagnoses constitute a small proportion of total diagnoses, so the ability
to identify potential IDU transmission clusters by analyzing IDU-attributable diagnoses separately is a strength of
this method. Transmission through sexual and other risk
networks might cross arbitrary geographic boundaries, but
this method uses administrative boundaries aligned with
existing data systems, so surveillance staff at state and local
levels can automate monthly data analyses. States can
conduct analyses at intermediary levels between state

and county (e.g., regions within a state), and state or local
health departments can analyze smaller areas (e.g., census
tracts); national analyses will be vital for identifying spatiotemporal clusters across state boundaries.
We discussed our results with several state and local
health departments that expressed interest in a robust, systematic method for routine identification of spatiotemporal
clusters. They confirmed that this method identified alerts
where they had recently begun responding and that new
alerts provided actionable information regarding concerning HIV transmission increases.
Small median and mean numbers of alerts suggest
reasonable investigative loads for this method. Batching
data into moving 12-month frames reduces alerts resulting from seasonal variability and data noise. The chronic
nature of HIV infection means that related cases might
not be diagnosed until months or years after infection, so
the 12-month analysis frame might not capture all related
diagnoses, but it does account for delays between diagnosis and reporting to surveillance systems. These delays
need to be addressed differently across states (8). State
and local health departments with longer delays should
improve reporting processes or analyze preliminary data;
others can adapt the method by lagging or contracting the
analysis frame.
Further investigation is needed to determine whether
spatiotemporal clusters repre sent true increases in HIV
transmission. Alerts might result from programmatic arti-

Table. Distribution of spatiotemporal clusters of HIV diagnoses among counties in 50 states and the District of Columbia, 2016
All diagnoses
Diagnoses attributable to injection drug use
Counties with
Counties without
Counties with
Counties without
Characteristic
alerts, no. (%)*
alerts, no. (%)
p value
alerts, no. (%)*
alerts, no. (%)
p value
Region (7)
Northeast
21 (15)
196 (7)
0.0002
3 (14)
214 (7)
0.18
Midwest
27 (19)
1,028 (34)
0.0001
6 (29)
1,049 (34)
0.63
South
84 (59)
1,338 (45)
0.0009
8 (38)
1,414 (45)
0.51
West
11 (8)
437 (15)
0.022
4 (19)
444 (14)
0.53
Baseline mean annual HIV diagnoses, 2013–2015
<3
52 (36)
2,128 (71)
<10–4
13 (62)
2,176 (69)
0.46
3–9
40 (28)
463 (15)
<10–4
8 (38)
495 (16)
0.0056
>9
51 (36)
408 (14)
<10–4
0
459 (15)
0.057
Total counties
143 (100)
2,999 (100)
21 (100)
3,121 (100)
*An alert occurred when the number of diagnoses in 2016 increased by >2 SD and >2 diagnoses compared with the mean annual baseline over the
preceding 3 years (2013–2015).
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Figure 2. Percentage and absolute increases in annual HIV diagnoses above 3-year baseline means used in method for identifying
spatiotemporal clusters of HIV diagnoses. Alerts are shown for 138 counties, as well as 21 county alerts attributable to injection drug use
(inset). Five county alerts with 0 baseline diagnoses not shown (infinite percentage increase).

facts, although local epidemiologists would be aware of such
programmatic influences (e.g., testing campaigns resulting in
increased diagnoses not representing recent transmission).
Reviewing testing history, partner services, contact tracing,
and molecular data might help determine whether alerts represent clusters of recent infections that warrant investigation.
Future evaluation will assess the extent to which this method
identifies recent transmission and whether modifications
might improve the method for different contexts.
The ideal cluster and outbreak detection system would
use both case surveillance and molecular sequence-based
approaches. Each method might help overcome the other’s
limitations. Although some alerts occurred in counties with
large baseline HIV numbers, this method is less sensitive for these areas and might not capture all meaningful
clusters. Analysis of sequence data is crucial for identifying transmission clusters in areas with larger numbers of
cases and those distributed over broader geographic areas.
However, this method is timelier than molecular methods
and can provide state and local health officials with actionable data for early investigation. This factor might be particularly necessary for identifying increases in transmission
associated with IDU, given increasing opioid use and the
potential for rapid spread of HIV among vulnerable populations (1,9–11).
Conclusions
In summary, we developed a systematic method to identify spatiotemporal clusters of HIV diagnoses. Routine use
990

of this method in near real-time can automate detection of
increases in HIV diagnoses meriting further investigation,
helping state and local health departments prioritize and
target HIV prevention and outbreak response efforts for
maximum public health benefit.
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EID SPOTLIGHT TOPIC

HIV-AIDS
The HIV virus spreads through body
fluids and attacks the body’s
immune system—specifically the
CD4 cells, often called T cells. These
special cells help the immune
system fight off infections.
Untreated, HIV reduces the number
of CD4 cells (T cells) in the body.
Over time, HIV can destroy so many
of these cells that the body can’t
fight off infections and disease.
This damage to the immune
system makes it harder and harder
for the body to fight off infections
and some other diseases.
Opportunistic infections or cancers
take advantage of a very weak
immune system and signal that the
person has AIDS.

®

http://wwwnc.cdc.gov/
eid/page/world-aids
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Rickettsia japonica and Novel Rickettsia
Species in Ticks, China

Xiang-Rong Qin, Hui-Ju Han, Fu-Jun Han,
Fu-Ming Zhao, Zhen-Tang Zhang, Zai-Feng Xue,
Dong-Qiang Ma, Rui Qi, Min Zhao, Li-Jun Wang,
Li Zhao, Hao Yu, Jian-Wei Liu, Xue-Jie Yu
PCR amplification indicated the minimum infection rate of
Rickettsia spp. was 0.66% in Haemaphysalis longicornis
ticks collected from Shandong Province, China. Phylogenetic analysis based on the rrs, gltA, ompA, and ompB
genes indicated that the ticks carried R. japonica, Candidatus Rickettsia longicornii, and a novel Rickettsia species
related to R. canadensis.

R

ickettsia species are gram-negative obligate intracellular
bacteria that infect humans and a variety of vertebrates
through the bite of arthropod vectors. Hard-body ticks are
the primary vector of spotted fever group (SFG) rickettsiae;
recently, several emerging and reemerging SFG rickettsiae
were found to infect humans (1). Rickettsia japonica is the
pathogenic agent of Japanese spotted fever that has been reported in Japan, South Korea, and Thailand since 1984 (2–
4). Japanese spotted fever is a severe zoonosis and develops
abruptly with headache, fever, shaking chills, skin eruptions,
tick bite eschars, and malaise (2). R. canadensis was initially
isolated from ticks in Canada; a serologic study indicated the
presence of R. canadensis antibodies in febrile patients (5).
The presence of Rickettsia species and their distributions in
China are not very clear. In this study, we analyzed Rickettsia
species in Haemaphysalis longicornis ticks collected from
Shandong Province, China, and found R. japonica, Candidatus Rickettsia longicornii, and a novel Rickettsia species
closely related to R. canadensis in the ticks.
The Study
We collected questing ticks by flagging during April–July
2013–2015. We collected them in Jiaonan County (35°35′–
Author affiliations: Wuhan University, Wuhan, China (X.-R. Qin,
H.-J. Han, R. Qi, M. Zhao, L.-J. Wang, J.-W. Liu, X.-J. Yu);
Huangdao District Center for Disease Control and Prevention,
Qingdao City, China (F.-J. Han, F.-M. Zhao, Z.-T. Zhang, Z.-F. Xue,
D.-Q. Ma); Shandong University, Jinan, China (L. Zhao); Fudan
University, Shanghai, China (H. Yu)
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36°8′ N and 119°30′–120°11′E), Shandong Province, China. Jiaonan County is located on the Pacific coast of China
and has a maritime monsoon-type climate. We identified
tick species individually by morphology and confirmed by
PCR amplification and DNA sequencing of the 16S rRNA
gene of 2 nymphs and 2 adult ticks of each species as described previously (6,7).
For detection of Rickettsia DNA, we pooled ticks
according to their developmental stages, with each pool
consisting of 20 nymphs or 10 adult ticks. We homogenized them with Tissue Lyser II (QIAGEN, http://www.
qiagen.com). We extracted total nucleic acids from the
tick suspension using the AllPrep DNA/RNA Mini
Kit (QIAGEN).
Initially, in all the tick pools, we amplified nucleic
acid preparations with rickettsial universal primers targeting rrs, gltA, and ompB (B1–B4). We further amplified
Rickettsia clones in the tick pools closely related to R.
japonica with primers of ompA, an SFG rickettsia unique
gene. The clones positive with rrs and gltA gene primers but negative with ompB primers (B1–B4) we further
amplified with primers Cand-1 to Cand-4, which were
designed from the R. canadensis ompB gene because the
Rickettsia clones from these tick pools were closely related to R. canadensis on the basis of the rrs and gltA gene
sequences (Table). We used distilled water as a negative
control in each run.
We performed electrophoresis on the PCR products in
1.2% agarose gels, stained them with ethidium bromide,
and visualized them under UV light. DNA bands with the
expected size were excised and extracted by Gel Extraction Kit (Omega Bio-tek, https://www.omegabiotek.com).
We cloned the purified PCR products into pMD19-T vector
(Takara, https://www.takara-bio.com) and engaged Sangon Biotech (Shanghai, China) (https://www.life-biotech.
com) to conduct sequencing on both strands. We compared
nucleotide sequences with BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) and constructed a phylogenetic tree using the maximum-likelihood method with MEGA version
6.0 (https://www.megasoftware.net). We deposited the
Rickettsia genes obtained in this study in GenBank under
accession nos. MF496152–MF496168 (rrs), MF496169–
MF496185 (gltA), MF496186–MF496199 (ompB), and
MK102707–MK102720 (ompA).
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Table. Primer sequences and PCR conditions used in study of Rickettsia species, China
Target gene
rrs

gltA

ompB

ompB

ompA
Tick mitochondrial
16S RNA

Primer name
S1
S2
S3
S4
gltA1
gltA2
gltA3
gltA4
B1
B2
B3
B4
Cand-1
Cand-2
Cand-3
Cand-4
Rr190.70p
Rr190.701n
Forward
Reverse

Sequence, 5′  3′
TGATCCTGGCTCAGAACGAAC
TAAGGAGGTAATCCAGCCGC
AACACATGCAAGTCGRACGG
GGCTGCCTCTTGCGTTAGCT
GATTGCTTTACTTACGACCC
TGCATTTCTTTCCATTGTGC
TATAGACGGTGATAAAGGAATC
CAGAACTACCGATTTCTTTAAGC
ATATGCAGGTATCGGTACT
CCATATACCGTAAGCTACAT
GCAGGTATCGGTACTATAAAC
AATTTACGAAACGATTACTTCCGG
CCGGACTTTGCGGTGTAGAT
AAAGCCAGAAGGTGAGGCTG
ACCGCACTTGTATCGGTAGT
AAGCAGGTGGTGTAGTCGGA
ATGGCGAATATTTCTCCAAAA
GTTCCGTTAATGGCAGCATCT
AGTATTTTGACTATACAAAGGTATTG
GTAGGATTTTAAAAGTTGAACAAACTT

We collected a total of 2,560 H. longicornis ticks,
2,080 nymphs and 480 adults. PCR amplification indicated
that 14 tick pools were positive with rrs, gltA, and ompB
(B1–B4) primers and further positively amplified by PCR
with ompA primers. In addition, 3 clones were positive with
rrs, gltA, and ompB (Cand-1 to Cand-4) primers. The minimum infection rate of Rickettsia in the ticks was 0.66%
(17/2,560), assuming 1 tick was positive in each positive
pool of ticks.
Sequence analysis indicated that 3 clones (J84, J85,
and J217) detected from the tick pools were closely
related to R. canadensis, showing sequence homology
of 98.7%–99.1% for rrs, 97.8%–98.4% for gltA and
94.8%–95.1% for ompB. One clone (J244) was highly
homologous to Candidatus Rickettsia longicornii, showing sequence homology of 99.2% for rrs, 100% for gltA,
and 99.7% for ompA. The remaining 13 clones were homologous to each other and to R. japonica, showing sequence homology of 99. 2%–100% for rrs, 99.1%–100%
for gltA, 99.3%–99.4% for ompB, and 97%–97.3% for
ompA of a variety strains of R. japonica (Appendix Tables 1–4, https://wwwnc.cdc.gov/EID/article/25/5/171745-App1.xlsx).
Phylogenetic analysis based on the concatenated sequences of rrs, gltA, ompB, and ompA showed that Rickettsia clones (J84, J85, and J217) were clustered in the
same clade with, but distinct from, R. canadensis; clone
J244 was in the same clade as Candidatus Rickettsia longicornii; the remaining 13 clones were in the same clade as
R. japonica. These results indicated that clones J84, J85,
and J217 were a novel Rickettsia species; clone 244 was
Candidatus Rickettsia longicornii; and other clones were
R. japonica (Figure).

Amplicon size,
bp
1,486

Annealing
temp, °C
55

1,371

55

1,087

52

667

53

1,355

56

843

56

1,136

52

874

50

631

50

(10)

408

55

(7)

Reference
(8)

(9)

(9)

This study

Conclusions
In this study, we demonstrated that H. longicornis ticks
from China were infected with multiple Rickettsia species,
including R. japonica, Candidatus Rickettsia longicornii,
and a novel Rickettsia species. We named the novel species
Candidatus Rickettsia jiaonani after the sampling site. The
exact classification of Candidatus Rickettsia jiaonani needs
to be further studied by sequencing the whole genomes of
the organisms.
R. japonica infection in humans has been reported recently in Anhui Province in central China (11), suggesting that R. japonica is widely distributed in China and its
epidemiology needs to be further investigated. Candidatus
Rickettsia longicornii was previously detected in H. longicornis ticks collected from South Korea (12). Candidatus Rickettsia jiaonani is closely related to R. canadensis,
which was first isolated from H. leporispalustris ticks removed from rabbits in Ontario, Canada, in 1963 and then
from a H. leporispalustris tick removed from a black-tailed
jackrabbit in California in 1980 (13).
H. longicornis ticks are native to East Asia, including China, Korea, and Japan, and they were introduced
into Oceania, including Australia, New Zealand, Fiji, and
Hawaii, through cattle importation (6). Recently, this tick
species was found in 8 states in the eastern United States
(14). This study and previous studies demonstrated that H.
longicornis ticks carry R. japonica, Candidatus Rickettsia
longicornii, Candidatus Rickettsia jiaonani, Anaplasma
phagocytophilum, Ehrlichia, and severe fever with thrombocytopenia syndrome virus (12,15). These pathogens need
to be monitored in countries in East Asia in which the H.
longicornis tick is native and in the countries that this tick
species has invaded.
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Figure 1. Phylogenetic tree of
isolates from study of Rickettsia
species in China (black dots) and
comparison isolates. The tree was
generated using the concatenated
sequences of rrs, gltA, ompB, and
ompA of Rickettsia species by
the maximum-likelihood method
in MEGA6 software (http://www.
megasoftware.net) with 1,000
replicates for bootstrap testing.
Numbers (>70) above or below
branches are posterior node
probabilities. Dots indicate rickettsial
sequences obtained in this study.
Rickettsia clones J69, J70, and J73
represent 13 similar clones in the
phylogenetic analysis. Scale bar
indicates nucleotide substitutions per
site. The Rickettsia species name
and complete genome GenBank
accession no. appear on each line.
For the Rickettsia species without
complete genome sequences,
the GenBank accession nos. in
the order of rrs, gltA, ompB and
ompA are NR_074469, KT899087,
and AY280712, AF179362 for R.
heilongjiangensis; KY474575,
KX963389, KU310593, and
KX506738 for R. raoultii; MG906672,
MG906678, and MG906676,0020 for
Candidatus Rickettsia longicornii; and
AF394906, AF394901 and DQ110870
for R. asiatica.
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a low sensitivity (3); PCR and serology are more widely
available, but their diagnostic value is not well established.
The aim of our study was to compare the diagnostic values
of the available microbiological tests in a prospectively selected series of patients with clinical signs and symptoms
consistent with an HGA diagnosis.

We prospectively examined the effectiveness of diagnostic tests for anaplasmosis using patients with suspected
diagnoses in France. PCR (sensitivity 0.74, specificity 1)
was the best-suited test. Serology had a lower specificity
but higher sensitivity when testing acute and convalescent
samples. PCR and serology should be used in combination
for anaplasmosis diagnosis.

The Study
In this prospective, multicenter study, we enrolled symptomatic patients living in Alsace, a region of northeastern
France where tickborne diseases are highly endemic. Patients gave written, informed consent to participate in our
study, which was approved by the ethics committee of the
University Hospital of Strasbourg (Strasbourg, France).
We included patients if they had 1 of the following
combinations of signs and symptoms occurring no more
than 4 weeks after a tick bite: 1) fever or other symptom
presumed related to a tick bite, 2) fever plus thrombocytopenia with or without leukopenia or elevated liver enzyme
levels, 3) thrombocytopenia with or without leukopenia,
or 4) elevated liver enzyme levels without fever. The first
visit included clinical and epidemiologic evaluations and
the collection of blood samples for A. phagocytophilum
serology, May Grünwald-Giemsa staining, and A. phagocytophilum–specific PCR. We did not culture for A. phagocytophilum. An etiologic investigation was also conducted
to obtain a differential diagnosis. After >4 weeks, a second visit was scheduled to obtain a clinical evaluation, A.
phagocytophilum serology, and (if necessary) a complete
differential diagnosis.
We stratified patients into 3 groups on the basis of
their diagnosis. One group included controls, who were patients with a clinical and microbiologically confirmed nonanaplasmosis diagnosis. The second group included anaplasmosis patients defined by >1 if the following criteria:
intraleukocyte morulae on blood smears, a positive PCR
result for Anaplasma, a 4-fold increased antibody titer for
A. phagocytophilum in the follow-up sample or a seroconversion (i.e., change in antibody titer from negative in first
sample to >1:64 in second sample), or a high antibody titer
for Anaplasma (>1:256) by indirect immunofluorescence
antibody assay. The third group were patients without
any diagnosis.

H

uman granulocytic anaplasmosis (HGA) is a tickborne
intracellular bacterial infection caused by Anaplasma
phagocytophilum. The disease is present in North America,
Europe, and northern Asia, areas with Ixodes ricinus ticks,
the primary vector for transmission to humans (1,2). Clinical manifestations of disease include acute fever, headache,
and myalgia occurring 2–3 weeks after tick bite. Diagnosis
requires the isolation of A. phagocytophilum in blood culture, the presence of morulae in polymorphonuclear cells
after May Grünwald-Giemsa staining of peripheral blood
smears, positive serologic results (seroconversion or high
titer of specific antibodies), or a positive A. phagocytophilum PCR result. The May Grünwald-Giemsa stain test has
Author affiliations: Université de Strasbourg, Strasbourg, France
(Y. Hansmann, B. Jaulhac, E. Talagrand-Reboul, S. De Martino);
Hôpitaux Universitaires de Strasbourg, Strasbourg
(Y. Hansmann, N. Lefebvre, X. Argemi); Centre National de
Référence des Borrelia, Strasbourg (B. Jaulhac, S. De Martino);
Centre Hospitalier Emile Muller, Mulhouse, France (P. Kieffer);
Centre Hospitalier Pasteur, Colmar, France (M. Martinot);
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We performed DNA extraction, PCR, and serologic
testing blinded to sample identification as previously described (4). The PCR targeted the A. phagocytophilum
msp2/p44 gene. We performed serologic testing using
the Anaplasma phagocytophilum IFA IgG assay (Focus
Diagnostics, http://www.focusdx.com) (4). Trained staff
examined May Grünwald-Giemsa–stained smear preparations of whole blood samples for intracellular morulae.
We collected data by using EpiData version 3.1.2701.2008
(http://epidata.dk) and extracted data to Excel spreadsheets
(Microsoft, https://www.microsoft.com) for analysis. After patient stratification, we estimated the sensitivity and
specificity of the different diagnostic tests.
During May 2010–July 2012, we enrolled 155 patients
into the study, 25 of whom did not complete the second visit.
None of these 25 patients had a positive PCR result or an
antibody titer >1:256 at the first visit. The remaining 130
patients completed both study visits and were thus included
in the study evaluation. Of these 130 patients, 19 had confirmed anaplasmosis diagnoses and 36 were controls with
confirmed nonanaplasmosis diagnoses (infections with Borrelia burgdorferi, Epstein-Barr virus, cytomegalovirus, HIV,
tick-borne encephalitis virus, Leptospira spp., Babesia spp.,
parvovirus B19, hantavirus, Francisella tularensis, Plasmodium spp., and Aeromonas spp.). Of the patients with HGA,
84.2% (16/19) met the serologic criteria and 73.7% (14/19)
met the PCR criteria (Table; Figure). Fever, the most frequent symptom (89%), was associated with joint and muscle
pain. Cytopenia of platelets, neutrophils, or both (74%) and
elevated liver enzyme levels (63%) were frequently present.
Calculations of the diagnostic value of each test
method showed that PCR had a sensitivity of 0.74 and a
Table. Anaplasma phagocytophilum diagnostic test results of
patients with nonanaplasmosis and human granulocytic
anaplasmosis diagnoses, France, May 2010–July 2012
Control group,
Anaplasma
Test result
no./total
group, no./total
Positive blood smear
0/36
4/19
Positive by serology
2/36
16/19
Seroconversion* or 4-fold rise
1/36†
6/19‡§
in antibody titer
Antibody titer >1:256 at first
1/36¶
11/19§
visit
Positive PCR
0/36
14/19
*Seroconversion is defined as a change in antibody titer from negative in
the first sample obtained during acute illness to >1/64 in the second
sample acquired >4 weeks later.
†One patient had a seroconversion with a microbiologically confirmed
diagnosis of parvovirus B19 infection.
‡Only 1 patient had a 4-fold increase in antibody titer, but the titer at the
first study visit was already high enough to establish the diagnosis
(increase from 1:512 to 1:2,048).
§One patient had a seroconversion with an A. phagocytophilum antibody
titer >1:256 at the second visit (patient counted once in both serology
categories). All other patients with seroconversion had an antibody titer
<1:256.
¶One patient with microbiologically confirmed leptospirosis had an A.
phagocytophilum antibody titer of 1:256 at the first visit that decreased to
1:64 at the second visit.

specificity of 1 and blood smear staining had a sensitivity
of 0.21 and a specificity of 1. Seroconversion or a 4-fold
increase of antibody titer had a sensitivity of 0.32 and
specificity of 0.97, an antibody titer >1:256 had a sensitivity of 0.58 and specificity of 0.97, and overall serology
had a sensitivity of 0.84 and specificity of 0.94.
The interval between the first and second serologic
tests for most patients in the anaplasmosis group was 4–8
weeks (mean 49.8 days). Five patients had the second test
>8 weeks after the first. Of these patients, 2 seroconverted,
1 experienced a substantial decrease in antibody titer, 1 experienced a substantial increase at week 12, and 1 had a
stable antibody titer.
Our study confirms PCR as the gold standard for diagnosis of HGA; this test enabled rapid diagnosis during the
acute stage of infection with good sensitivity and excellent specificity. However, the absence of a gold standard
diagnostic test to compare our results with is a limitation to
our study. A. phagocytophilum culture is the reference test
for HGA diagnosis (5,6) but is not well suited for routine
use because culturing is time-consuming and not widely
performed. The diagnosis of anaplasmosis often involves
assessing for the presence of morulae, but this test has low
sensitivity (3). In our study, this test was of limited value
for HGA diagnosis because whenever morulae were detected on blood smears >1 of the other diagnostic tests was
positive. However, May Grünwald-Giemsa staining is the
quickest test to do, and when performed by trained staff,
positive results are helpful for physicians.
In clinical practice, diagnosis of HGA often relies on
serology (7–9), but 2 limitations are associated with this
method: a risk for false-negative results during the acute
stage of infection because A. phagocytophilum antibodies
are detected on average 11.5 days after symptom onset and
a risk for false-positive results because Anaplasma antibodies are detectable in 86.4% of patients for 6–10 months and
in 40% of patients up to 2 years after the initial infection
(10). Positive serologic criteria are seroconversion, a 4-fold
increase in antibody titer, or a stable and high antibody titer

Figure. Distribution of positive diagnostic test results for patients
with confirmed human granulocytic anaplasmosis, France, May
2010–July 2012.
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(11,12). In our study, we observed that each of these criteria can lead to misdiagnosis at the beginning of infection,
as previously reported (13).
PCR is considered the most effective diagnostic
method during early stage A. phagocytophilum infection
(14,15). Our results confirm this belief, despite our limitation of a small study population. However, if PCR is use
alone, HGA might be underdiagnosed.
Conclusions
The presentation of fever in a patient with a history of tick
bite does not qualify for an anaplasmosis diagnosis; microbiological tests need to be performed. For anaplasmosis, PCR testing appears to be the most effective diagnostic
tool. However, the sensitivity of PCR is <100%, and combining PCR with serologic testing at the first visit appears
to be the best strategy for early diagnosis of acute anaplasmosis. In cases of high suspicion for HGA in patients without any diagnosis at the first visit, a second serologic test
>4 weeks later can be helpful. A multiplex approach could
also be used in such cases to look for differential diagnoses.
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Lassa and Crimean-Congo
Hemorrhagic Fever Viruses, Mali

Jan Baumann,1 Mandy Knüpfer,1
Judicael Ouedraogo, Brehima Y. Traoré,
Asli Heitzer, Bourama Kané, Belco Maiga,
Mariam Sylla, Bouréma Kouriba,2 Roman Wölfel2
We report detection of Lassa virus and Crimean-Congo
hemorrhagic fever virus infections in the area of Bamako,
the capital of Mali. Our investigation found 2 cases of infection with each of these viruses. These results show the
potential for both of these viruses to be endemic to Mali.

N

umerous viral hemorrhagic fevers are endemic to countries in Africa. Despite the underlying pathogens originating from diverse virus families, clinical features of hemorrhagic fevers are similar, including fever, malaise, abdominal
pain, vomiting, headache, and myalgia (1). These nonspecific symptoms and their similarity to other infectious diseases
common in West Africa, such as malaria, complicate the
differential diagnosis. In regions where surveillance data are
limited and healthcare workers are less aware of viral hemorrhagic diseases, the possibility for misdiagnosis is high.
Lassa virus (LASV; species Lassa mammarenavirus,
genus Arenaviridae) is the causative agent of Lassa fever.
The multimammate rat, Mastomys spp., is the natural host
of LASV and sheds the virus in urine and droppings. Transmission of LASV to humans usually occurs through contact with the excreta of infected rodents or with body fluids
from persons with symptomatic illness.
Lassa fever is known to be endemic in parts of West
Africa; most cases are reported from Guinea, Liberia, Sierra Leone, and Nigeria. LASV species in these geographic
regions are related genetically, suggesting an ongoing exchange between LASV-endemic regions (2). People living in rural areas of West Africa are most at risk for Lassa
fever. In recent years, an increasing trend in the number
of Lassa fever cases has been observed in countries of
West Africa. Annually, ≈300,000 persons are infected with
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LASV in virus-endemic areas, and ≈5,000 die. Because
LASV infections can be asymptomatic, case numbers likely are underestimated (3). Although some reports describe
serologic evidence that LASV is endemic to Mali (4,5), few
surveillance studies have been conducted. One such study
identified a distinct LASV clade in rodents 280 km south of
Bamako, the capital of Mali (6). In addition, a young man
traveling in the border region of Mali and Burkina Faso
died from an acute LASV infection in 2009 after returning
to the United Kingdom (7).
Another prominent pathogen causing hemorrhagic
fever, Crimean-Congo hemorrhagic fever virus (CCHFV;
family Nairoviridae, genus Orthonairovirus), is endemic
to many regions, including Eurasia, Central America, and
parts of Europe and Africa. To date, reports of acute CCHFV infections in West Africa are limited to Senegal (8) and
Mauritania (9). Nevertheless, recent studies confirmed the
incidence of CCHFV in Hyalomma spp. ticks collected
from domestic cattle in southern Mali (10). In addition,
serologic studies show evidence for human contact with
CCHFV (11). However, no human cases of acute infection
with CCHFV have been identified in Mali. We describe 2
cases of LASV infection and 2 cases of CCHFV infection
detected in hospitalized pediatric patients in Bamako.
The Study
During April 2016–May 2017, we screened malaria-negative blood samples collected at the pediatric department
of the University Hospital Gabriel Touré and the pediatric ward of Hôpital du Mali, both located in Bamako. We
included febrile patients 3 months to 14 years of age in
the study. We obtained ethics approval from the Research
Ethics Institutional Review Board, University of Bamako,
Mali (no. 2016/01/CE/FMPOS).
We screened 489 samples for various bacterial and viral pathogens, including LASV and CCHFV. We extracted
total nucleic acid using the QIAamp viral RNA kit (QIAGEN, https://www.qiagen.com) and amplified viral RNA
by using LASV reverse transcription PCR (12) and CCHFV reverse transcription quantitative PCR (13) protocols.
We detected LASV RNA in blood samples from
2 patients, a 5-year-old boy and a 13-year-old girl. Both
children were treated for episodes of high fever during
1
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September–October 2016 at the Hôpital du Mali. The Centre d’Infectiologie Charles Mérieux du Mali in Bamako
performed conventional reverse transcription PCR and gel
electrophoresis on the LASV. Isolated DNA fragments
were shipped to the Bundeswehr Institute of Microbiology
(Munich, Germany) for further investigation.
Diagnostic amplicons of the LASV small (S) RNA
segment, 278 nt from the boy and 276 nt from the girl, were
sequenced by Sanger sequencing (GenBank accession nos.
MH473586–7). Sequence analysis of the viral S segment
showed that 1 patient was infected by a LASV strain that
clusters genetically with viruses belonging to lineage IV
(Figure 1). Because lineage IV strains previously were not

reported to circulate in wildlife in Mali, we suspect this virus reached the country through regional migratory activity
of wildlife. Nevertheless, epidemiologic data about LASV
in Mali are limited, and frequent exchange between the
LASV lineages in West Africa is possible.
The second identified Lassa fever case was caused
by a LASV strain belonging to the Mano River clade
with 91% similarity to Lassa Soromba R (GenBank accession no. KF478765) (Figure 1). This virus was first
isolated in 2010 from rodents near the village Soromba at the southern tip of Mali (6). Additional laboratory characterization at that time revealed a relatively
mild pathogenicity in macaques (14). However, Lassa
Figure 1. Phylogenetic
analysis of representative
Lassa virus (LASV) isolates
identified in Mali in 2016
(bold) and reference isolates.
The tree was constructed by
using full-length sequences of
the small RNA segment and
the neighbor-joining method
with bootstrapping to 10,000
iterations. Partial sequences
were compared by using the
pairwise deletion method.
The tree is drawn to scale.
Evolutionary analyses were
conducted in MEGA7 (https://
www.megasoftware.net).
Scale bar indicates nucleotide
substitutions per site.
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Soromba R is closely related to the AV strain (GenBank
accession no. FR832711) that caused a fatal infection in
a young man who returned to Germany after traveling
to Ghana, Côte d’Ivoire, and Burkina Faso in 2000 (15)
and is related to a strain from a patient in the United
Kingdom who likely was infected in the border region
between Mali and Burkina Faso in 2009 (7). Because
the case we identified originated in a district of Bamako,
we believe LASV could be more widely distributed in
southern Mali than previously believed.
We also detected CCHFV, which previously was not
known to circulate in the population of Mali. Using reverse

transcription quantitative PCR, we detected acute CCHFV
infection in 2 patients hospitalized at Hospital Gabriel Touré in April 2017, a 1-year-old boy (cycle threshold 32.74)
and a 2-year-old boy (cycle threshold 36.95). We obtained
sequence data from the viral S segment for the 1-year-old
boy. Phylogenetic analysis showed that this virus is related
to CCHFV strain ArD39554 from Mauritania and CCHFV
sequence (GenBank accession no. KF793333) recently
detected in ticks collected only 25 km from Bamako (10)
(Figure 2). We were unable to extract sufficient genomic
material to perform sequencing on samples from the second case-patient.
Conclusions
In summary, our study detected 2 cases of infection with
LASV in Bamako, Mali, indicating a broader distribution
of LASV in Mali than previously known. This finding
raises serious public health concerns for future LASV infection in cities in Mali. We also identified 2 human cases
of infection with CCHFV in Mali, suggesting an extended
CCHFV-endemic region in Africa. Our results underline
the need for LASV and CCHFV surveillance programs
in sub-Saharan regions of Mali, Burkina Faso, and Niger,
which have similar ecology.
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EID Podcast: A Worm’s Eye View
Seeing a several-centimeters-long worm traversing the conjunctiva of an eye is often the moment when many people realize they
are infected with Loa loa, commonly called the African eyeworm,
a parasitic nematode that migrates throughout the subcutaneous
and connective tissues of infected persons. Infection with this
worm is called loiasis and is typically diagnosed either by the
worm’s appearance in the eye or by a history of localized Calabar
swellings, named for the coastal Nigerian town where that symptom was initially observed among infected persons. Endemic to
a large region of the western and central African rainforests, the
Loa loa microfilariae are passed to humans primarily from bites
by flies from two species of the genus Chrysops, C. silacea and
C. dimidiate. The more than 29 million people who live in affected
areas of Central and West Africa are potentially at risk of loiasis.
Ben Taylor, cover artist for the August 2018 issue of EID,
discusses how his personal experience with the Loa loa parasite
influenced this painting.

Visit our website to listen:
https://tools.cdc.gov/
medialibrary/index.aspx#/
media/id/392605
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Nipah Virus Sequences from Humans and Bats
during Nipah Outbreak, Kerala, India, 2018

Pragya D. Yadav, Anita M. Shete,
G. Arun Kumar, Prasad Sarkale,
Rima R. Sahay, Chandni Radhakrishnan,
Rajen Lakra, Prachi Pardeshi, Nivedita Gupta,
Raman R. Gangakhedkar, V.R. Rajendran,
Rajeev Sadanandan, Devendra T. Mourya
We retrieved Nipah virus (NiV) sequences from 4 human
and 3 fruit bat (Pteropus medius) samples from a 2018 outbreak in Kerala, India. Phylogenetic analysis demonstrated
that NiV from humans was 96.15% similar to a Bangladesh
strain but 99.7%–100% similar to virus from Pteropus spp.
bats, indicating bats were the source of the outbreak.

N

ipah virus (NiV) was first reported from Malaysia in
1999 (1). Additional NiV outbreaks have occurred
in Bangladesh (2–4) and India (5,6). NiV is a negativesense enveloped RNA encoding for 6 genes (nucleocapsid,
phosphoprotein, matrix, fusion protein, glycoprotein, and
polymerase) (7,8). Two NiV clades have been proposed: B
genotype, predominantly found circulating in Bangladesh,
and M genotype in Malaysia and Cambodia (9). NiV-positive fruit bats (Pteropus medius) were found in West Bengal, Assam, and Haryana states in India, posing a possible
source of NiV infection in humans (10–12).
The Study
In May 2018, the Indian Council of Medical Research–National Institute of Virology (ICMR-NIV; Pune, India) received clinical specimens (throat swab, urine, and serum)
from 3 persons from Kozhikode district, Kerala state, who
were suspected to have NiV infection. Their clinical signs
and symptoms were moderate to high-grade fever, headache, vomiting, myalgia, cough, and rapidly progressing
breathlessness. Neurologic symptoms included altered
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sensorium and seizures. Details of the index case-patient
and all secondary case-patients have been described (13).
We tested clinical samples from 9 secondary case-patients (Table 1, https://wwwnc.cdc.gov/EID/article/25/5/181076-T1.htm) for NiV using quantitative reverse transcription
PCR (RT-PCR), nested RT-PCR, and IgM and IgG ELISA
(4,5,11–14). The nested RT-PCR amplification was performed
using first set primers NipahNF31166 5′-CGTGGTTATCTTGAACCTATGTACTTCAG-3′ and Nipahreverse1771
5′-CGCAACTTTAATGTAATTGGTCCCTTAGTG-3′
and nested set primers NipahNF45–1342 5′-CAGAGAAGCTAAATTTGCTGCAGGAGG-3′ and NipahN168455′-TCACACATCAGCTCTGACAAAGTCAAG-3′. These
reactions were conducted using SuperScript III SingleStep RT-PCR system with PlatinumTaq High-fidelity
(https://www.thermofisher.com).
We attempted to isolate virus from 26 specimens from
9 Nipah-confirmed case-patients and 1 NiV-negative patient by processing throat swab, lung tissue, urine, and
serum specimens in the Biosafety Level 4 laboratory of
ICMR-NIV, as described previously (14) (Table 1). We inoculated 100 µL of each sample into a 24-well culture plate
of Vero (ATCC, CCL-81) cells in 1 ml of Eagle minimal
essential growth medium containing 10% fetal calf serum
in each well. The culture plate was incubated at 37°C with
5% CO2. All culture fluid was passaged 4 times, irrespective of showing cytopathic effect. We adjusted urine sample
pH to 7.4 using 1N sodium hydroxide before proceeding to
virus isolation.
To determine the possible role of bats in NiV transmission in this outbreak, we captured bats from the area
near the index case-patient’s house using specialized nets,
21–30 days after illness onset in the index case-patient.
Two species of bats, the fruit bat (Pteropus medius; n =
52) and Leschenault’s rousette (Rousettus leschenaulti; n =
12), as well as 5 birds, were trapped. We euthanized them,
collected rectal and throat swab specimens in the field, then
transported these animals in a liquid nitrogen transport
container to ICMR-NIV. The animals were dissected in the
containment laboratory, and organs (lung, spleen/liver, kidney, intestine, brain) were collected. All specimens were
tested by quantitative and nested RT-PCR.
We conducted next-generation sequencing (NGS) for
each positive sample with a minimum volume of 250 μL,
if available. We followed a library preparation method as
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described previously (15) and analyzed the paired-end
reads from Illumina Miniseq (Illumina, https://www.illumina.com) using CLC Genomics Workbench software
(QIAGEN, https://www.qiagen.com). We performed reference-based mapping to retrieve the NiV genome.
Only 1 throat swab sample (MCL-18-H-1088) inoculated in Vero CCL81 cells showed significant cellular morphologic changes, beginning at 8 h into 1 day postinfection
(dpi) of passage 2 (Figure 1). We observed cell fusion and
syncytial formation, and the frequency of the giant multinucleated cells increased as infection progressed. At 48 h, cells
with dendritic-like projections appeared, and at 64 h, extensive cell damage occurred, and cells were detached. There
was no obvious cell lysis, but we observed apoptosis such as
nuclear invagination and membrane blebbing. The NiV isolate (MH523642) obtained showed a cycle threshold of 15.
Throat and rectal swab specimens from 13 (25%)
Pteropus sp. bats were positive for NiV; cycle threshold

ranged from 28 to 37. Of these positive bats, liver, spleen,
or both of 3 bats was also NiV positive (product size 342
bp) by nested RT-PCR for partial nucleocapsid (N) gene.
The product was sequenced and compared with Kerala human NiV sequences.
We retrieved 4 complete protein encoding regions of
NiV using NGS from a secondary case-patient’s throat
swab sample (MH396625), lung tissue of a secondary
case-patient (MH523640), and throat swab sample of a recovered case-patient (MH523641) and from a NiV isolate
(from a throat swab specimen; MH523642) (Table 1). Approximately 18,100 nt of the NiV genome was retrieved,
encoding nucleocapsid, phosphoprotein, matrix, fusion,
glycoprotein, and RNA polymerase protein. We tried
NGS on positive NiV bat tissues/specimens, but attempts
were unsuccessful.
We compared the retrieved genome sequence with
the sequences available in GenBank and generated a
Figure 1. Cytopathic effect
(CPE) of Nipah virus from throat
swab samples of a patient in
Kerala, India, 2018. Virus was
inoculated into Vero CCL81
cells. A) CPE at postinfection
days 1 (top) and 2 (bottom). Left
panels depict the control cell;
right panels depict the
NiV-infected cell. B) NiV-infected
cells. Original magnification ×10.
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maximum-likelihood tree using the Tamura-Nei model on
the complete coding region and a 316-nt region of the nucleocapsid region (Figure 2). Kerala NiV sequences from
humans and bats clustered with the B clade, circulating
in Bangladesh. The Nadia NiV sequence (GenBank accession no. FJ513078.1) showed higher similarity to and
clustering with the Bangladesh viruses. However, the bat
N gene sequences matched more closely with human sequences from Kerala than with others; Kerala human NiV
sequences were 99.7%–100.0% homologous with the bat
NiV sequences. The complete NiV genome of the Kerala
strain had 85.14%–96.15% similarity with M and B NiV
genotype. Despite having 96.15% similarity to the Bangladesh strain, Kerala NiV strain forms a separate cluster
(Table 2, https://wwwnc.cdc.gov/EID/article/25/5/181076-T2.htm; Appendix Table, https://wwwnc.cdc.gov/
EID/article/25/5/18-1076-App1.pdf).
Conclusions
In this outbreak, NGS helped identify the circulating NiV in
Kerala as B genotype. We found the highest similarity between human NiV complete sequences from Kerala and NiV
N gene sequences from Pteropus spp. fruit bats (99.7%–
100%), compared with NiV sequences reported from Malaysia, Cambodia, and Bangladesh (85.14%–96.15%). This
finding indicates that Pteropus spp. bats were most likely
the source for human infection in this outbreak.

Distinct clustering of Kerala sequences suggests
that this strain may be circulating locally in bats and
some evolution might exist that differentiates it from
the northern Bangladesh/West Bengal strain. It may also
suggest that the colony of bats sampled in this outbreak
had active infection, but additional epidemiologic studies in bats may be needed to support this. Freeze–thawing of organs, lack of collection of fresh tissue samples
in the field, or preserving tissues in virus transport medium might be the reasons for failure to retrieve the complete genome from bats.
Because of the lack of effective specific treatment or
preventive vaccines for NiV infection, emphasis should
be placed on containment of this virus. Strict isolation; biorisk mitigation; and hospital infection control
policies, including the explicit use of personal protective equipment as a part of risk mitigation by healthcare workers, needs to be strengthened. Effective close
contact and suspected NiV case surveillance will help
in early diagnosis and isolation, thereby preventing secondary transmission (4).
Ingestion of fruit coming in contact with the saliva
of bats or inhalation of tiny droplets produced from the
infected urine or saliva of the bats residing at the tops of
trees can be an important mode of transmission of NiV
to humans. Even though the route of infection of the index case-patient in this outbreak was unknown, further

Figure 2. Maximum-likelihood phylogenetic tree of the nucleocapsid gene (region 1293–1608) of Nipah virus from Kerala, India,
2018, and reference sequences. A) Complete coding region. The evolution distance for 17 complete sequences was generated using
the Tamura-Nei model plus gamma distance using different isolates. Bootstrap replication of 500 replication cycles was used for the
statistical assessment of the generated tree. B) Partial nucleocapsid gene. The evolution distance for 25 nucleocapsid gene sequences
of length 316 nt was generated using the Tamura-Nei model plus gamma distance using different isolates. Bootstrap replication of
500-replication cycle was used for the statistical assessment of the generated tree. GenBank accession numbers are provided for all
sequences. Scale bars indicate nucleotide substitutions per site.
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investigation is needed to determine how contaminated
fruit can be a route of NiV transmission. High positivity in
bats shows the epizootic of NiV infection. Health education
and community awareness are needed to break the chain of
NiV transmission.
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We conducted a serosurvey of 155 healthcare workers and
124 household and community members who had close
contact with 18 patients who had laboratory-confirmed
Nipah virus infections in Kerala, India. We detected 3 subclinical infections; 2 persons had IgM and IgG and 1 only
IgM against Nipah virus.

N

ipah virus (NiV) infection is an emerging zoonotic disease that has the potential to cause severe disease in both
animals and humans (1). Fruit bats of the Pteropus genus
(family Pteropodidae) are the natural hosts of NiV (2). Outbreaks of NiV have been reported from Malaysia, Singapore,
Bangladesh, and eastern India; mortality rates are 40%–70%
(3–5). In an outbreak in Malaysia, pigs were intermediate hosts
and most human infections occurred from close contact with
infected pigs (6), whereas during outbreaks in Bangladesh, ingestion of date palm sap contaminated with saliva or excreta
from infected fruit bats was the main spillover route (7). During outbreaks in Bangladesh (4) and West Bengal, India (5),
person-to-person transmission occurred among close contacts,
including healthcare workers (HCWs), after initial spillover
of NiV into humans.aDuring May 2018, an NiV outbreak occurred in the Kozhikode and Malappuram districts of Kerala,
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India (8). The initial case-patient was hospitalized on May 3,
2018, but his blood sample could not be collected for laboratory confirmation of NiV. During May 3–29, NiV infection was
confirmed in another 18 patients, linked to the initial probable
case-patient, through detection of NiV RNA by reverse transcription PCR of throat swab, urine, or blood samples. Sixteen
patients with laboratory-confirmed NiV infection died (casefatality rate 89%). Although the source of infection for the
initial case remained unknown, all subsequent cases occurred
by person-to-person transmission through close contact with
NiV patients.
As part of contact tracing, district health authorities
identified ≈2,600 contacts of laboratory-confirmed NiV
patients. Contacts were classified into 5 categories depending on the type of exposure they had with patients, similar
to the scheme of classification followed during Ebola outbreaks (9). Contacts were monitored for 21 days postexposure for development of febrile illness.
Although 17 of the 18 laboratory-confirmed NiV patients exhibited acute neurologic or respiratory symptoms,
1 had mild, uncomplicated febrile illness. This patient had a
history of close contact with another laboratory-confirmed
patient and survived after being treated with ribavirin and
supportive therapy. Laboratory-confirmed infection in a
NiV patient with only mild febrile illness raised a question
of whether additional, mildly symptomatic or asymptomatic NiV infections might also occur among close contacts
in this outbreak. To address this question, we conducted a
cross-sectional study during July 2–13, 2018 (60–71 days
after the initial case was hospitalized), of persons with
high-risk exposure to NiV patients to estimate the seroprevalence of NiV-specific IgM and IgG.
The Study
We used a line list of high-risk exposure contacts of the initial 18 laboratory-confirmed NiV patients, including 235
HCWs and 191 household and community contacts. We
needed to survey 300 contacts (150 HCW and 150 household and community contacts) because our assumption was
that 5% of contacts would have asymptomatic infection develop, and absolute precision of the estimate would be 2.5%
for a 95% confidence level. The Institutional Human Ethics
Committee of the ICMR–National Institute of Epidemiology, Chennai (approval no. NIE/IHEC/201806-01) and the
Government Medical College, Kozhikode (approval no.
GMCKKD/RP2018/IEC/97) approved the study protocol.
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We approached the contacts at their residences or
workplaces and interviewed them using a structured questionnaire. We collected sociodemographic information,
data on the type and frequency of contact with >1 NiV patient, and history of febrile illness after contact with NiV
patients. For each person who consented to participate,
we collected a 3-mL blood sample, separated serum, and
transported samples to the National Institute of Virology
(Pune, India), where they were tested for human IgM and
IgG against NiV.
We collected 279 blood samples from 155 HCWs and
124 household and community contacts. The median age
for HCWs was 37 years (interquartile range 29–48 years)
and for household and community contacts was 39 years
(interquartile range 30–51 years). Thirty-two HCWs and
36 household contacts reported exposure to body fluids of
NiV patients; 123 (79.4%) HCWs and 88 (71.0%) household contacts reported physical contact with ≥1 NiV patient
(Table 1).
We performed ELISA on samples with reagents provided by the US Centers for Disease Control and Prevention (Atlanta, GA, USA) and tested serum at 4 dilutions:
1:100, 1:400, 1:1,600, and 1:6,400. For IgM assays, we
considered samples positive when the sum of the optical
density for all 4 dilutions was >0.45 (10). For IgG assays,
we considered samples positive when the sum of the optical
density for all dilutions was >0.95.
Of the 279 serum samples tested, 2 had IgM and IgG
and 1 had only IgM against NiV. We calculated the overall seroprevalence of NiV as 1.08% (95% CI 0.37–3.11).
None of the seropositive persons reported having a febrile
illness after their last contact with an NiV patient, indicating subclinical infections. Two seropositive persons were
family members of a laboratory-confirmed patient, and the
third was a HCW in the emergency medicine department.
All 3 had a history of exposure to body fluids of >1 NiV
patient (Table 2).

The risk for subclinical infection was higher among
the contacts who had exposure to body fluids (3/68, 4.4%
[95% CI 1.5%–12.2%]) than for those who only had
physical contact with ≥1 NiV patient (0/211, 0% [95% CI
0%–1.8%]; p = 0.007). The epidemiologic association between exposure and seropositivity suggests our results are
accurate. Applying the proportion of asymptomatic infection found in our sample of 279 to all 426 persons exposed
to laboratory-confirmed NiV infection yields an expected
total of 23 NiV infections among contacts, including 5
(21.7%) asymptomatic cases.
Conclusions
Although NiV is known to cause subclinical infections,
the extent of these infections among close contacts varies during outbreaks. For instance, no subclinical infections have been reported from outbreaks in Bangladesh
(11), but 1%–15% of infections were subclinical during
outbreaks in Malaysia (12–15). Parashar et al. reported
clinically undetected NiV infection in 6% of 166 community-farm controls and in 11% of 178 case-farm controls (12). Another study of household contacts of hospitalized NiV patients indicated that 8% had subclinical
infections (13). In an outbreak in Singapore, infections
were reported in 2 (4.6%) of 43 asymptomatic abattoir
workers (14). Another study conducted in Singapore
among 1,460 HCWs having contact with NiV patients
identified antibodies specific for NiV in 22 (1.5%), 10
of whom were asymptomatic (15). These studies suggest that infection with the Malaysian strain of NiV
causes less severe illness, a lower case-fatality rate, and
higher prevalence of asymptomatic infections compared
with outbreaks involving the Bangladesh strain. Studies
in African green monkeys also suggest the Bangladesh
strain of NiV is more pathogenic than the Malaysian
strain (1). The NiV strain responsible for the Kerala outbreak was closer to the Bangladesh strain and was more

Table 1. Distribution of contacts of patients with laboratory-confirmed Nipah virus by selected characteristics, Kerala, India, 2018
Healthcare workers, no. (%),
Household and community contacts,
Characteristic
n = 155
no. (%), n = 124
Age, y
<15
0
3 (2.4)
15–45
103 (66.4)
72 (58.1)
>45
52 (33.6)
49 (39.5)
Sex
M
39 (25.2)
91 (73.4)
F
116 (74.8)
33 (26.6)
Type of exposure
In patient’s room
123 (79.4)
113 (91.1)
Contact with patient, no contact with body fluids
123 (79.4)
88 (71.0)
Exposure to body fluids*
32 (20.6)
36 (29.0)
Saliva
5 (3.2)
28 (22.6)
Cough
15 (9.7)
16 (12.9)
Vomit
6 (3.9)
14 (11.3)
Blood
10 (6.5)
0
*Contacts reported exposure to >1 type of body fluid.
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Table 2. Details of Nipah virus seropositive samples among close patient contacts, Kerala, India, 2018
Characteristic
Contact 1*
Contact 2*
Age, y
58
60
Sex
M
F
Date of contact
22 May 2018
22 May 2018
Time between exposure and blood sample collection
49 d
49 d
Laboratory findings
IgM against Nipah virus (optical density)
Positive (0.55)
Positive (0.77)
IgG against Nipah virus (optical density)
Positive (0.85)
Positive (1.86)
Time of exposure
During patient’s illness
Yes
Yes
On day of patient’s death
Yes
Yes
After patient’s death (e.g., funeral rituals)
Yes
Yes
Type of exposure
Touched patient
Yes
Yes
Had contact with a patient’s body fluids
Yes
Yes
Spent >1 day with a patient in same room or ward
Yes
Yes
Fed patient with hands
No
Yes
Changed patient’s bed linen
No
Yes
Changed patient’s clothes
No
Yes
Washed patient’s bed linen
No
Yes
Washed patient’s clothes
No
Yes
*Family member of patient with Nipah virus.

pathogenic (8). Although previous studies did not show
any subclinical infections during NiV outbreaks with the
Bangladesh strain, our study suggested that NiV strain of
Kerala outbreak generated asymptomatic infections. Our
study also found that IgM could be detected ≤2 months
after NiV infection and the immunoglobulin class switch
to IgG could occur beyond 2 months.
Our study had 1 limitation. Although we approached
all line-listed contacts, we collected samples from only 124
of 191 household and community members. The remaining
contacts were either unavailable (17%) or declined to give
a blood sample (18%). However, this limitation is unlikely
to affect overall seroprevalence because nonparticipation in
the survey was not based on exposure status.
Our findings indicate that subclinical infections occurred among close contacts of patients during an NiV outbreak in Kerala, India, but were infrequent. In addition, we
found the risk for subclinical infections was higher among
persons with a history of exposure to body fluids of NiV
patients than for those with only physical contact.
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etymologia
Nipah Virus [neʹ-pə vīʹ-rəs]
Ronnie Henry

I

n 1994, a newly described virus, initially called equine morbillivirus, killed 13 horses and a trainer in Hendra, a suburb of
Brisbane, Australia. The reservoir was subsequently identified as
flying foxes, bats of the genus Pteropus (Greek pteron [“wing”]
+ pous [“foot”]). In 1999, scientists investigated reports of febrile
encephalitis and respiratory illness among workers exposed to
pigs in Malaysia and Singapore. (The pigs were believed to have
consumed partially eaten fruit discarded by bats.)
The causative agent was determined to be closely related to
Hendra virus and was later named for the Malaysian village of
Kampung Sungai Nipah. The 2 viruses were combined into the
genus Henipavirus, in the family Paramyxoviridae. Three additional species of Henipavirus—Cedar virus, Ghanaian bat virus,
and Mojiang virus—have since been described, but none is known
to cause human disease. Outbreaks of Nipah virus occur almost
annually in India and Bangladesh, but Pteropus bats can be found
throughout the tropics and subtropics, and henipaviruses have been
isolated from them in Central and South America, Asia, Oceania,
and East Africa.
Sources
1.

Centers for Disease Control and Prevention. Outbreak
of Hendra-like virus—Malaysia and Singapore, 1998–
1999. MMWR Morb Mortal Wkly Rep. 1999;48:265–9.

2.

Spectacled flying fox (Pteropus conspicullatus)
feeding on nectar of unidentified flowers. The
natural reservoir for Hendra virus is believed to be
flying foxes (bats of the genus Pteropus) found in
Australia. The natural reservoir for Nipah virus is
still unknown, but preliminary data suggest that
these bats are also reservoirs for Nipah virus in
Malaysia. CDC/Brian W.J. Mahy.

Selvey LA, Wells RM, McCormack JG, Ansford AJ,
Murray K, Rogers RJ, et al. Infection of humans and
horses by a newly described morbillivirus. Med J Aust.
1995;162:642–5.
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Estimating Risk to Responders Exposed
to Avian Influenza A H5 and H7 Viruses
in Poultry, United States, 2014–2017

Sonja J. Olsen, Jane A. Rooney, Lenee Blanton,
Melissa A. Rolfes, Deborah I. Nelson,
Thomas M. Gomez, Steven A. Karli,
Susan C. Trock, Alicia M. Fry
In the United States, outbreaks of avian influenza H5
and H7 virus infections in poultry have raised concern
about the risk for infections in humans. We reviewed the
data collected during 2014–2017 and found no human
infections among 4,555 exposed responders who were
wearing protection.

I

n late 2014 and early 2015, highly pathogenic avian
influenza (HPAI) A(H5N2), A(H5N1), and A(H5N8)
viruses were detected in poultry and wild birds in the
United States and Canada. A fully Eurasian A/goose/
Guangdong/1/1996-lineage (gs/GD/96) HPAI H5N8 clade
2.3.4.4 virus was detected along with reassortants of gs/
GD/96 H5N8 with North American wild bird lineage low
pathogenicity avian influenza (LPAI) viruses (reassortants
H5N2 and H5N1). The gs/GD/96 H5N8 virus was detected
sporadically along the Pacific flyway with few detections
of the reassortant H5N2 virus in poultry. However, shortly
after the reassortant H5N2 virus was detected in the Midwest, it rapidly spread, infected domestic poultry flocks in
15 states, and required a massive response effort to depopulate >50 million birds (1). Although ample data regarding
potential public health impacts were available for the gs/
GD/96 H5N1 virus, less was known about the more recent
subclades (H5 2.3.4.4). Since 2003, gs/GD/96 had been reported to have caused 860 human infections in 16 countries
(2). Furthermore, reported illness from the gs/GD/96 H5
virus infections has been severe; this virus caused deaths in
53% of persons infected (3).
On the basis of the theoretical risk for transmission from
poultry to humans, in 2015 the Centers for Disease Control
Author affiliations: Centers for Disease Control and
Prevention, Atlanta, Georgia, USA (S.J. Olsen, L. Blanton,
M.A. Rolfes, S.C. Trock, A.M. Fry); US Department of Agriculture,
Riverdale, Maryland, USA (J.A. Rooney, D.I. Nelson, T.M. Gomez,
S.A. Karli)
DOI: https://doi.org/10.3201/eid2505.181253

and Prevention (CDC) and the US Department of Agriculture
(USDA) Animal and Plant Health Inspection Service (APHIS)
drafted monitoring recommendations for persons potentially
exposed to low pathogenicity and highly pathogenic H5 and
H7 viruses as a part of the official USDA APHIS response
efforts in the United States (Table 1). The recommendations
were phased in during late 2015 and called for active monitoring for illness in persons exposed to virus through these
response activities (e.g., handling infected birds or carcasses
or working in a virus-contaminated environment) during and
for 10 days after the last exposure. We reviewed the data and
proposed a revision to the recommendations for monitoring.
The Study
The objective of this evaluation was to estimate the risk for
infection in persons responding to outbreaks by using data
retrospectively obtained during December 2014–September 2017. We used several sources of data. We identified
the domestic poultry detection events that were reported to
USDA. Then, to identify the number of persons exposed
during a response (i.e., responders), we used USDA reports
from each incident and limited to persons who were deployed to the field. For the numerator, we used state reports
to CDC of any ill responders and testing results. Specimens
were tested for influenza viruses by reverse transcription
PCR. We calculated the percent positive among exposed
official responders and estimated 95% binomial CIs.
We found 264 detections of H5 or H7 viruses in poultry across 20 states; most (≈92%) were during the outbreak
of infection with gs/GD H5 HPAI virus during 2014–
2015, and 4,555 responders were potentially exposed to
a virus (Table 2). Responders were from 3 main groups:
USDA, USDA contractors, and state/local agriculture. All
responders were recommended to receive seasonal influenza vaccine and were assumed to have properly worn adequate personal protective equipment (PPE) (4); no data
were systematically collected on PPE breaches. CDC did
not recommend antiviral chemoprophylaxis for persons
using proper PPE. The APHIS Health and Safety and PPE
Guidance for HPAI and APHIS-CDC monitoring guidance applied to all responders. Twenty-three persons became ill and were tested; no human infections with avian
influenza viruses were detected. The risk for infection
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Table 1. Information on monitoring guidelines for persons responding to an outbreak of avian influenza in poultry, United States,
2014–2017*
Area of information
Guidance
Definition of active monitoring
Active monitoring indicates that someone contacted each responder daily to
assess responder health status. Monitoring for signs of illness was
recommended for the duration of the exposure and for 10 d after the last
exposure.
Responders asked to report if they had new onset or
Fever or feeling feverish/chills; cough; sore throat; runny or stuffy nose; eye
worsening of any of the following signs and symptoms
tearing, redness, irritation (pink eye); sneezing; difficulty breathing;
shortness of breath; fatigue (feeling tired); muscle or body aches;
headaches; nausea; vomiting; diarrhea; seizures; rash
Specimen
Respiratory or conjunctival
Who monitored
Mobilized responders
USDA/APHIS safety officers or contractor safety officers performed daily
monitoring on-site
Demobilized responders
State or local health department officials made contact with demobilized
responders at least twice, upon arrival and at the end of the 10-d period
Who performs testing
State health department
Who is tested
Decision based on recommendations of state health department after
assessing clinical illness, exposure, and use/breach of personal protective
equipment
*USDA/APHIS, US Department of Agriculture Animal and Plant Health Inspection Service.

with avian influenza for responders was low, although our
power to make this statement with confidence varied by
year and virus because there was a wide range (74–3,962)
of number of persons involved in each response. The data
were most robust during the outbreaks of infection with
gs/GD/96 H5N8 and reassortant HPAI H5N2 viruses in
poultry during 2014–2015.
These results complement data previously published
for outbreaks in the United States during 2014–2015,
which found no avian influenza infections in 164 persons
mostly exposed while not wearing PPE (5). Animal model
data also support these epidemiologic data. The gs/GD/96
H5N8 and reassortant HPAI H5N2 viruses can replicate
efficiently in the respiratory tract of ferrets, but illness

was mild and did not transmit through direct contact between ferrets (6). North American lineage H7N8 virus
also replicated in ferrets, and pathogenicity was greater
for HPAI viruses than for LPAI viruses. Limited transmission in ferrets through direct contact was observed
only for the LPAI virus (7). Similarly, North American
lineage LPAI H7N9 viruses demonstrated limited transmissibility through direct contact in ferrets (8). The viruses from each of these events were evaluated by using
the Influenza Risk Assessment Tool (9), which is used to
assess the potential pandemic risk. The North American
H7N8 and H7N9 viruses had low risk, and the gs/GD
H5N8 and reassortant H5N2 and H5N1 viruses had low
to moderate risk.

Table 2. Influenza virus detection in poultry and persons potentially exposed, ill and tested, United States, 2014–2017*
No. ill persons
Total responders
positive for avian
potentially exposed
influenza/no. tested Other pathogens
No.
No. domestic
Time
states
Virus
No. premises
poultry
(by affiliation)
(95% CI)
detected
Dec 2014–
15
H5N2, H5N8, 242: all HPAI
50.4 million
3,962 (3,009
0/5 (0–0.001)
Not
Jun 2015
H5N1†
contractors, 773
systematically
USDA; 180
collected
state/local)
Jan 2016‡
1
H7N8
9: 1 HPAI, 8
414,000
519§ (374
0/16¶ (0–0.007)
1 coronavirus
LPAI
contractors; 78 USDA;
OC43, 1
67 state/local)
rhino/enterovirus
Mar 2017
4
H7N9
13: 2 HPAI, 11
272,000
74# (45 USDA; 29
0/2** (0–0.001)
1 coronavirus, 1
LPAI
state/local)
influenza B virus

*HPAI, highly pathogenic avian influenza; LPAI, low pathogenicity avian influenza; USDA, US Department of Agriculture.
†There were no data on persons potentially exposed in response to detection of reassortant H5N1 virus in wild birds. We were not able to differentiate the
number of responders exposed to each virus separately.
‡https://www.cdc.gov/mmwr/volumes/67/wr/mm6748a2.htm.
§In response to the outbreak of infection with North American wild bird lineage H7N8 virus (LPAI that mutated to HPAI on 1 premise) in poultry in the
United States during 2016. Median time a responder was on a premise was 14 d (range 1 d–44 d).
¶All 16 responders reported >1 sign or symptom: 2 had fever, 11 cough, 6 conjunctivitis, 7 sore throat, 4 rhinorrhea, 3 muscle ache, and 2 difficulty
breathing. Of 11 with information, 9 (82%) were tested within 2 d of illness onset.
#In response to the outbreak of infection with North American wild bird lineage H7N9 virus (LPAI with 1 mutation to HPAI) in poultry in the United States
during 2017. Median time a responder was on a premise was 5 d (range 2 d–41 d).
**One responder infected with coronavirus reported coughing and sneezing. One responder infected with influenza B virus reported having a fever. No
other signs or symptoms were reported from responders.
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Conclusions
On the basis of these data, CDC and USDA revised the recommendations for monitoring illness in responders (https://
www.cdc.gov/flu/avianflu/h5/infected-birds-exposure.
htm). When responding to H5 or H7 viruses similar to
those previously encountered in the United States to date,
we recommend passive monitoring (i.e., self-report if ill)
for persons wearing adequate PPE. For response personnel
with inadequate or no PPE, or after experiencing a breach
of PPE, we continue to recommend active monitoring. If
personnel are responding to an avian influenza virus of
unknown origin, we recommend active monitoring during
exposure and for 10 days postexposure, regardless of PPE
use. The change in procedure will substantially reduce the
workload for safety officers and public health officials, and
shift much of the reporting responsibility to the individual.
A limitation to this report is the lack of information regarding breaches in PPE. It is likely that breaches occurred,
which, in turn, might have increased the risk for transmission. PPE noncompliance had been well-documented in
the healthcare setting (10). The fact that we were unable to
detect such a transmission event while actively monitoring,
combined with what we know about the genetic and receptor binding characteristics of these viruses and the animal
studies (7–9,11), might suggest that the viruses are not well
adapted to humans. Another limitation was the challenge
to follow-up responders after they returned to their home
states. These data further support the rationale for revising
the current monitoring recommendations. In contrast, if infection causes mild illness, it might have been missed. It is
possible that in revising the monitoring recommendations
we will risk missing a human infection. However, we might
expect to detect an illness severe enough that the person
seeks medical care and is tested for influenza.
The gs/GD/96 lineage clade 2.3.4.4 HPAI H5 viruses continue to cause outbreaks in poultry and wild birds
in other parts of the world (12). One report from Canada
monitored 50 household members or animal caretakers on
affected farms potentially exposed to gs/GD/96 reassortant
H5N2 or H5N1 viruses during 2014–2015, and no infections were identified (13). A recent study of 23 countries
in Europe on outbreaks of infection with gs/GD/96 H5N8
virus in poultry during 2016–2017 reported no infections
among 524 exposed persons who were monitored by a mixture of active and passive monitoring (14). Globally, many
more persons have likely been exposed, but no human infections with gs/GD/96 H5N8 clade 2.3.4.4 viruses have
been reported. Novel influenza virus infections in persons
are reportable to the World Health Organization through
the International Health Regulations (15). Given the nature
of influenza viruses, we will continue to monitor the epidemiology and the viruses. Going forward, CDC and USDA
should prospectively collect data on exposure and PPE use

to better define the risk for responders exposed to avian
influenza viruses.
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Mycobacterium obuense is a pigmented, rapidly growing
mycobacterium. Because it has been considered nonpathogenic, M. obuense is being investigated in clinical trials of
cancer immunotherapy and bioremediation. We report a
case of bacteremia caused by M. obuense in a patient with
pneumonia, showing its potential pathogenicity.

A

pproximately 75 species of rapidly growing mycobacteria (RGM) have been isolated from soil, animals,
and water (1). The RGM Mycobacterium obuense, an environmental pigmented mycobacterium, is mobile and easily adaptable to the environment and possesses oxygenases
that enable it to degrade organic compounds and dechlorinate methoxychlor-based insecticides (2). Until recently,
M. obuense has been considered nonpathogenic. We report
a case of bacteremia caused by M. obuense.
A 29-year-old man from a rural community in
Puebla, Mexico, arrived at an emergency department in
Mexico City reporting a 2-day history of chest pain, dyspnea, and fever. On physical examination, his heart rate
was 94 bpm, blood pressure 175/88 mm Hg, temperature
38.5°C, and peripheral oxygen saturation 70%. Chest
auscultation revealed bibasilar fine crackles and signs of
pleural effusion.
The patient was a farmer; had been in close contact
with pigs, sheep, and cows; and reported consuming unpasteurized dairy products. He had a history of diabetes
mellitus with chronic kidney disease categorized as stage
G4 A3 (glomerular filtration rate 16.7 mL/min/1.73 m2;
proteinuria >2.8 g/d) of the KDIGO classification (Kidney
Disease: Improving Global Outcomes, https://kdigo.org)
without replacement therapy. He reported taking metformin, amlodipine, furosemide, and iron sulfate.
At admission, laboratory test results included leukocyte count, 11,900 cells/µL with 88.2% neutrophils; Creactive protein, 250 mg/L; procalcitonin, 17 ng/mL; creatinine, 4.0 mg/dL; and arterial blood gases, pH 7.24, pO2
40.8 mm Hg, pCO2 34.8 mm Hg, lactate 2.9 mmol/L, HCO3
14.6 mmol/L, and sO2 71% on ambient air. Findings of a

computed tomography scan of the chest suggested that the
patient had a lung infection (Figure).
The patient began empirical treatment for communityacquired pneumonia with ceftriaxone and clarithromycin.
No respiratory samples were obtained because the patient
was unable to produce sputum. We performed blood cultures in Aerobic/F medium (Becton Dickinson, https://
www.bd.com). After a 7-day incubation period, we detected growth and observed gram-positive bacilli in the gram
stain (Appendix Figure, panel A, http://wwwnc.cdc.gov/
EID/article/25/5/18-0208-App1.pdf). We made subcultures on sheep blood, chocolate, and Sabouraud agar and
performed Kinyoun and Ziehl-Neelsen stains, in which
we observed partially acidic alcohol-resistant coccobacilli
(Appendix Figure, panels B,C). After 2 weeks of incubation at 35°–37°C, we observed rough, mucoid colonies
(Appendix Figure, panels D,E).
We attempted to identify the bacilli by using GenoType Mycobacterium (Hain Lifescience, https://www.
hain-lifescience.de) but were unsuccessful because no
species-specific probe is available. We performed amplification and sequencing of the 16S rRNA gene (498 bp) and
hsp65 gene (400 bp). Pairwise sequence aligned 100%
with 16S rRNA and 99.6% with hsp65 to the sequences
of M. obuense strain CIP 106803 (GenBank accession no.
AF547954.1).
The patient was started on intravenous amikacin,
clarithromycin, and moxifloxacin as soon as we notified
clinicians of RGM isolated from his blood cultures. We
conducted susceptibility testing by broth microdilution,
which showed susceptibility to all antimicrobial drugs
tested except tobramycin (intermediate susceptibility)
(Appendix) (3).
The patient completed 2 weeks of intravenous moxifloxacin, amikacin, and clarithromycin and was discharged.
He received 4 additional weeks of oral azithromycin and
moxifloxacin and experienced complete resolution.
M. obuense, first described as a scotochromogenic
RGM species isolated primarily from soil >40 years ago in
Obu, Japan, is a catalase-positive, peroxidase-negative bacillus that can degrade salicylates, forming a black product
(4,5). In culture, M. obuense has 2 morphotypes, smooth
and rough variants. In the smooth variants, its cell wall contains long-chain saturated fatty acids that enable it to colonize the environment and are responsible for the pleomorphism observed on the surface of solid agars (6). Although
this species was later isolated from sputum samples from
patients with apparent pulmonary disease, no additional
clinical data were reported, and thus, no evidence of pathogenicity was established (4,7).
Phylogenetic analysis of M. obuense shows close association with M. chubuense (81.3% identity) and M. rufum
(92.2% identity) (7). Its genome consists of 5,576,960 bp
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Figure. Computed tomography scan of the chest in a patient with
Mycobacterium obuense pneumonia, Mexico, showing air space
infiltration in the left parahilar and a tree bud pattern in the left
upper lobe (arrow), as well as bilateral interstitial thickening and
ground glass opacities.

(of which 133,713 bp are of plasmid origin with 68% GC
content) and 800 unique genes, more than related species,
such as M. chubuense. Although these mycobacteria are
considered nonpathogenic, they have homologous genes to
mammalian cell entry that encode proteins involved in virulence and cell invasion. In addition, M. obuense contains
genes involved in antimicrobial resistance, such as marA,
aminoglycoside-resistance protein kinase, β-lactamases,
and monooxygenases, which confer M. obuense with intrinsic rifampin resistance (2,7).
Establishing etiology in this case was challenging
because current nucleic acid probe assays cannot identify
M. obuense correctly. Clinicians should avoid discarding
RGM or misclassifying these isolates as colonizers until
definitive species identification confirms etiology.
M. obuense has been evaluated as an adjuvant immunotherapy in phase I and II trials on patients with melanoma, pancreatic cancer, and colorectal cancer, with promising results. This treatment consists of an intradermal
application of a suspension of heat-killed whole cell M.
obuense (8–10).
The isolation of M. obuense from blood cultures of a
patient with community-acquired pneumonia suggests its
capacity for virulence and invasiveness in humans. Because M. obuense might become an adjuvant in cancer therapy, researchers should ensure implementation of proper,
standardized inactivation protocols.
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Gordonia bronchialis is an aerobic actinomycetes that rarely
causes infections in humans. Few reports describe Gordonia spp. causing eye-related infections. We report a case of
chronic infectious endophthalmitis in Oregon, USA, associated with infection by G. bronchialis.

G

ordonia bronchialis is an aerobic bacteria that rarely causes infections in humans. We report a case of
chronic infectious endophthalmitis caused by infection
with G. bronchialis.
A 63-year-old woman was referred to a uveitis service
in Portland, Oregon, USA, because of a 10-month history
of decreased vision in the left eye caused by 3 recurrences
of anterior and intermediate uveitis that was refractory to
topical corticosteroids. Her ocular history included cataract

surgery with intraocular lens implants placed bilaterally 2.5
years before symptom onset. Her medical history included
chronic obstructive pulmonary disease, diabetes mellitus
type 2, and hypertension. A complete review of systems,
including fevers, chills, night sweats, weight loss, or history of contacts with ill persons, was unremarkable.
Her visual acuity was 20/20, and she had hand motion vision at 2 feet in the right and left eyes. No afferent
pupillary defect was appreciated, and intraocular pressures
were normal bilaterally. In the left eye, anterior segment
examination showed 4+ anterior chamber cell with a hypopyon and a diffuse white granular sheet along the posterior
face of the intraocular lens implant. Visualization of the left
fundus was precluded by 4+ vitreous cell and haze. B-scan
ultrasonography showed extensive vitreous opacities and
an attached retina (Figure).
Laboratory test results were negative for rapid plasma reagin, fluorescent treponemal antibody absorption,
tuberculosis (Quantiferon-Gold TB; Quest Diagnostics,
https://www.questdiagnostics.com), angiotensin-converting enzyme, rheumatoid factor, antinuclear antibody, and
human leukocyte antigen B27. We obtained standard results for a complete blood count with differential counts,
erythrocyte sedimentation rate, complete metabolic panel,
and chest radiography.
The patient was given a diagnosis of presumptive
chronic infectious endophthalmitis and underwent a pars
plana vitrectomy and intraocular lens implant removal of
the left eye. A vitreous sample was sent for pan-culture,
cytologic analysis, flow cytometry, and broad-range PCR
Figure. B-scan ultrasonography
of the left eye of a 63-yearold woman with Gordonia
bronchialis–associated
endophthalmitis, Oregon, USA,
showing dense opacities in the
vitreous space.
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analyses with 16S rRNA gene sequencing. Results of cytology analysis and flow cytometry were negative for neoplastic processes. Culture analysis showed gram-positive
bacilli but did not identify the species.
The 16S rRNA gene sequencing yielded positive results for G. bronchialis. We confirmed the bacterium to be
G. bronchialis by using matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. Antimicrobial
susceptibility testing showed favorable MICs for amikacin,
ceftriaxone, amoxicillin/clavulanic acid, and ciprofloxacin.
Subsequently, the patient was treated with an intravitreal
injection of 400 µg of amikacin to the left eye.
Two weeks after this intervention, visual acuity had
improved to 20/100 in the left eye and ocular inflammation
had resolved. However, 3 weeks later, the patient returned
because of worsening symptoms, hand motion vision, and
severe symptomatic recurrent anterior chamber and vitreous inflammation in the left eye. Intravitreal ceftazidime
(2.25 mg) was administered to the left eye, and a 21-day
course of oral moxifloxacin (400 mg/d) was prescribed.
One week after completing her moxifloxacin regimen, her
symptoms had improved, her best corrected visual acuity
had improved to 20/40 in the left eye, and intraocular inflammation had resolved.
Gordonia spp. are gram-positive, weakly acid-fast aerobic actinomycetes that are ubiquitous in the environment;
29 species have been identified (1). Human infections are
rare, although a few case reports of sternal wound infections, bloodstream and intravascular catheter related infections, and skin abscesses have been published (2). Optimal
antimicrobial drug treatment for infection with Gordonia
spp. is unknown. However, the organisms are generally
believed to be susceptible to cephalosporins, aminoglycosides, and fluoroquinolones (3).
One previous case of Gordonia spp. playing a pathogenic role in an eye-related infection in a case of traumatic
endophthalmitis secondary to infection with G. sputi has
been reported (4). In contrast, the peculiarity of our case
was the lack of obvious mode of transmission for G. bronchialis into the intraocular space. Seeding of the intraocular
lens implant at the time of cataract surgery is possible, but
unlikely, given the time lapse of 2.5 years between surgery
and onset of symptoms. The patient also had no risk factors
or history suggesting seeding from the bloodstream.
The course of our patient was of particular interest
because the eye initially improved after vitrectomy and
administration of intravitreal amikacin. However, a robust
recurrence of inflammation occurred 3 weeks later, probably caused by incomplete treatment during initial therapy.
Although previously accurate identification of Gordonia spp. by using traditional culturing techniques has
been challenging, advent of molecular biology techniques,
such as 16S rRNA sequencing and matrix-assisted laser
1018

desorption/ionization time-of-flight mass spectrometry, has
improved identification of aerobic actinomycetes (3–8).
Because the organism was partially identified by culture
and fully identified by multiple molecular techniques and
responded clinically to targeted antimicrobial drugs, we
believe this case was a pathogenic infection and not a nonpathogenic contaminant/colonizer.
We report a case of chronic infectious endophthalmitis
caused by infection with G. bronchialis. Molecular methods have enabled successful identification of this organism,
which is generally considered to have low virulence and
be highly susceptible to antimicrobial drugs. A combination approach of pars plana vitrectomy and intraocular lens
explantation with intravitreal and oral antimicrobial drugs
might lead to a successful outcome.
This study was supported by core grant P30 EY010572 (to the
Casey Eye Institute) from the National Institutes of Health and
an unrestricted grant to the Casey Eye Institute from Research to
Prevent Blindness (New York, NY)
About the Author
Dr. Choi is a vitreoretinal surgery fellow at the Casey Eye
Institute at Oregon Health and Science University, Portland, OR.
His primary research interest is in elucidating the mechanisms
that govern infectious and noninfectious causes of uveitis.
References
1.

2.
3.

4.

5.

6.

7.

Sukackiene D, Rimsevicius L, Kiveryte S, Marcinkeviciene K,
Bratchikov M, Zokaityte D, et al. A case of successfully treated
relapsing peritoneal dialysis-associated peritonitis caused by
Gordonia bronchialis in a farmer. Nephrol Ther. 2017.
Ramanan P, Deziel PJ, Wengenack NL. Gordonia bacteremia.
J Clin Microbiol. 2013;51:3443–7. http://dx.doi.org/10.1128/
JCM.01449-13
Blaschke AJ, Bender J, Byington CL, Korgenski K, Daly J,
Petti CA, et al. Gordonia species: emerging pathogens in pediatric
patients that are identified by 16S ribosomal RNA gene sequencing.
Clin Infect Dis. 2007;45:483–6. http://dx.doi.org/10.1086/520018
Fang W, Li J, Cui HS, Jin X, Zhai J, Dai Y, et al. First identification
of Gordonia sputi in a post-traumatic endophthalmitis patient: a
case report and literatures review. BMC Ophthalmol. 2017;17:190.
http://dx.doi.org/10.1186/s12886-017-0573-5
Verma P, Brown JM, Nunez VH, Morey RE, Steigerwalt AG,
Pellegrini GJ, et al. Native valve endocarditis due to Gordonia
polyisoprenivorans: case report and review of literature of
bloodstream infections caused by Gordonia species. J Clin
Microbiol. 2006;44:1905–8. http://dx.doi.org/10.1128/
JCM.44.5.1905-1908.2006
Gil-Sande E, Brun-Otero M, Campo-Cerecedo F, Esteban E,
Aguilar L, García-de-Lomas J. Etiological misidentification by
routine biochemical tests of bacteremia caused by Gordonia terrae
infection in the course of an episode of acute cholecystitis.
J Clin Microbiol. 2006;44:2645–7. http://dx.doi.org/10.1128/
JCM.00444-06
Wang T, Kong F, Chen S, Xiao M, Sorrell T, Wang X, et al.
Improved identification of Gordonia, Rhodococcus and
Tsukamurella species by 5′-end 16S rRNA gene sequencing.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

RESEARCH LETTERS
Pathology. 2011;43:58–63. http://dx.doi.org/10.1097/
PAT.0b013e328340e431
8. Rodriguez-Lozano J, Pérez-Llantada E, Agüero J,
Rodríguez-Fernández A, Ruiz de Alegria C, Martinez-Martinez L,
et al. Sternal wound infection caused by Gordonia bronchialis:
identification by MALDI-TOF MS. JMM Case Rep. 2016;3:
e005067.
Address for correspondence: Rene Choi, Department of Ophthalmology,
Casey Eye Institute, Oregon Health and Science University, 3375 SW
Terwilliger Blvd, Portland, OR 97239, USA; email: choir@ohsu.edu

Rickettsiales in Ticks
Removed from Outdoor
Workers, Southwest Georgia
and Northwest Florida, USA
Elizabeth R. Gleim,1 L. Mike Conner,
Galina E. Zemtsova, Michael L. Levin,
Pamela Wong, Madeleine A. Pfaff,
Michael J. Yabsley
Author affiliations: Joseph W. Jones Ecological Research Center
at Ichauway, Newton, Georgia, USA (E.R. Gleim, L.M. Conner);
Oxford College of Emory University, Oxford, Georgia, USA
(E.R. Gleim, P. Wong); University of Georgia, Athens, Georgia,
USA (E.R. Gleim, M.A. Pfaff, M.J. Yabsley); Centers for Disease
Control and Prevention, Atlanta, Georgia, USA (G.E. Zemtsova,
M.L. Levin)
DOI: https://doi.org/10.3201/eid2505.180438

We determined the prevalence of selected Rickettsiales
in 362 ticks removed from outdoor workers in southwest
Georgia and northwest Florida, USA. Persons submitted an
average of 1.1 ticks/month. We found Ehrlichia chaffeensis
in an Amblyomma maculatum tick, and Panola Mountain
Ehrlichia sp. in 2 A. maculatum ticks and 1 Dermacentor
variabilis tick.

T

he southeastern United States has multiple tick species
that can transmit pathogens to humans. The most common tick species, Amblyomma americanum, is the vector
for the causative agents of human ehrlichioses and southern
tick-associated rash illness, among others (1). Dermacentor
1

Current affiliation: Hollins University, Roanoke, Virginia, USA.

variabilis ticks can transmit the causative agent of Rocky
Mountain spotted fever, and Ixodes scapularis ticks can
transmit the causative agents of Lyme disease, babesiosis,
and human granulocytic anaplasmosis (1). Although less
common in the region, A. maculatum ticks are dominant
in specific habitats and can transmit the causative agent of
Rickettsia parkeri rickettsiosis (1).
Persons who have occupations that require them to be
outside on a regular basis might have a greater risk for acquiring a tickborne disease (2). Although numerous studies have been conducted regarding risks for tickborne diseases among forestry workers in Europe, few studies have
been performed in the United States (2,3). The studies that
have been conducted in the United States have focused on
forestry workers in the northeastern region (2). However,
because of variable phenology and densities of ticks, it is
useful to evaluate tick activity and pathogen prevalence in
various regions and ecosystems.
Burn-tolerant and burn-dependent ecosystems, such as
pine (Pinus spp.) and mixed pine forests commonly found
in the southeastern United States, have unique tick dynamics compared with those of other habitats (4). The objective
of this study was to determine the tick bite risk and tickborne pathogen prevalence in ticks removed from forestry
workers working in pine and mixed pine forests in southwest Georgia and northwest Florida, USA.
During June 2009–December 2011, forestry workers
in southwestern Georgia (7 counties) and northwestern
Florida (1 county) submitted ticks crawling on or attached
to them. We identified ticks and tested them for selected pathogens (Appendix, https://wwwnc.cdc.gov/EID/
article/25/5/18-0438-App1.pdf). Immature forms of the
same species from the same day and person were pooled
(<5 nymphs and <20 larvae) for testing.
A total of 53 persons submitted 362 ticks (Table). Excluding larvae, the most common tick species submitted
was A. maculatum, followed by A. americanum, I. scapularis, and D. variabilis. On 4 occasions, 1 person submitted
A. tuberculatum ticks (3 batches of larvae and 1 batch of
nymphs) from a longleaf pine site in Baker County, Georgia. Average submissions per person were 2.6 ticks (median 1 tick), but 1 person submitted 100 ticks. A total of 24
persons submitted ticks more than once, and they submitted
an average of 0.08–6.5 ticks/month (overall average submission rate of 1.1 ticks/month). Three ticks were engorged
(1 D. variabilis adult, 1 A. americanum nymph, and 1 Amblyomma sp. nymph); only the Amblyomma sp. nymph was
positive for a pathogen (R. amblyommatis).
Rickettsia spp. prevalence was 36.4% in adult, 27.9%
in nymphal, and 20% in larval A. americanum ticks; R. amblyommatis was the only species identified (Table). Rickettsia spp. were detected in 23% of A. maculatum adults;
R. amblyommatis was most common (6.0%), followed by
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Table. Prevalence of Ehrlichia chaffeensis, PME, and Rickettsia spp. in ticks submitted by outdoor workers, southwestern Georgia and
northwestern Florida, USA*
No. positive ticks/no. tested (%)
Tick species and stage
Months submitted
E. chaffeensis
PME
Rickettsia spp.
Rickettsia spp.†
Amblyomma americanum, adults
Feb–Sep
0/11 (0)
0/11 (0)
4/11 (36.4)
2 R. amblyommatis
A. americanum nymphs‡
Mar–Sep
0/43 (0)
0/43 (0)
12/43 (27.9)
9 R. amblyommatis
A. americanum larvae‡
Apr and Oct
0/5 (0)
0/5 (0)
1/5 (20.0)
1 R.amblyommatis
Amblyomma sp. nymphs
Jun and Oct
0/3 (0)
0/3 (0)
1/3 (33.3)
1 R. amblyommatis§
Amblyomma sp. larvae
Oct
0/5 (0)
0/5 (0)
0/5 (0)
A. maculatum adults
May–Oct
1/83 (1.2)
2/83 (2.4)¶ 18/83 (21.7)
5 R. amblyommatis,§
4 R. parkeri,§ 1 Rickettsia sp.
TR-39/TX125, 2 Candidatus
R. andeanae
A. tuberculatum nymphs‡
Apr
0/5 (0)
0/5 (0)
1/5 (5.0)
1 novel SFG Rickettsia sp.
A. tuberculatum larvae‡
Feb#
0/182 (0)
0/182 (0) 10/182 (5.5)** 10 novel SFG Rickettsia sp.**
Dermacentor variabilis adults
Jun–Aug
0/10 (0)
1/10 (10.0)
2/10 (20.0)
1 R. amblyommatis§
Ixodes scapularis adults
Oct–Mar
NT
0/15 (0)
7/15 (46.7)
4 Rickettsia sp. TR-39, 3 R.
buchneri
*All Rickettsia spp. were identified by sequencing unless otherwise noted. NT, not tested; PME, Panola Mountain Ehrlichia sp., SFG, spotted fever group.
†Rickettsia spp. for whom amplicons did not provide high-quality bidirectional sequences were categorized as unknown Rickettsia spp.
‡Minimum infection prevalence is no. positive tick pools/no. ticks tested.
§The following R. amblyommatis samples were identified by restriction fragment length polymorphism analysis: for 1 D. variabilis adult, 5 A. maculatum
adults, and 1 Amblyomma sp. nymph; for A. americanum, 1 adult, 2 nymphs, and 1 larva. Three A. maculatum adults were also identified as containing R.
parkeri positive by restriction fragment length polymorphism analysis.
¶Data included in Loftis et al. (5).
#Date was known only for 1 submission of 20 larvae. Dates for others were not provided when submitted.
**Data included in Zemtsova et al. (6).

R. parkeri (4.8%). A previously detected novel Rickettsia
sp. was identified in 10 of 11 A. tuberculatum larval pools
and was reported by Zemtsova et al. (6). An additional pool
of A. tuberculatum nymphs was tested in this study and also
was positive for the novel Rickettsia sp. E. chaffeensis was
detected in 1 A. maculatum adult (prevalence 1.2%), and
Panola mountain Ehrlichia sp. was detected in 2 A. maculatum adults (prevalence 2.4%) and 1 D. variabilis adult
(prevalence 10%). No ticks were positive for Borrelia spp.,
E. ewingii, or Anaplasma phagocytophilum.
Thus, forestry workers were found to encounter ticks
on a regular basis, and peak encounter rates reflected previously reported tick seasonality in this region (4). Only
3 (0.8%) of the ticks submitted were engorged, indicating
prompt removal of most ticks and thus low risk for pathogen transmission. A. maculatum, a fairly uncommon tick
in the southeastern United States, was the most commonly
submitted tick. However, A. maculatum ticks dominate in
regularly burned pine ecosystems (4), which is where most
of these workers spent their time.
We observed several unique findings related to pathogens during this study. Larvae and nymphs of A. tuberculatum ticks were submitted on multiple occasions, a tick
rarely reported on humans (7). These findings, in conjunction with the identification of a novel Rickettsia sp. (6),
suggest that additional research is warranted. This study
also identified E. chaffeensis and Panola Mountain Ehrlichia in A. maculatum ticks. Although A. americanum
ticks are considered the primary vector of Ehrlichia spp.,
these pathogens have been occasionally reported in questing A. maculatum ticks, suggesting that this tick might be
involved in their transmission cycles (5,8). We also de1020

tected Panola Mountain Ehrlichia in 1 D. variabilis tick.
Thus, further research regarding these alternative tick species as potential vectors of these pathogens is warranted,
particularly in the case of A. maculatum ticks, which were
a common species on forestry workers and are widespread
in this region (4).
Acknowledgments
We thank the persons whom submitted ticks for this study and
members of the Yabsley and Levin laboratories for providing
laboratory assistance.
This study was supported by the Centers for Disease Control
and Prevention/University of Georgia (UGA) collaborative
grant (#8212, Ecosystem Health and Human Health:
Understanding the Ecological Effects of Prescribed Fire
Regimes on the Distribution and Population Dynamics of
Tick-Borne Zoonoses); the Oxford Research Scholars Program
at Oxford College of Emory University; the Joseph W. Jones
Ecological Research Center, the Warnell School of Forestry
and Natural Resources (UGA); the Southeastern Cooperative
Wildlife Disease Study (UGA) through the Federal Aid to
Wildlife Restoration Act (50 Statute 917); and Southeastern
Cooperative Wildlife Disease Study sponsorship from fish and
wildlife agencies of member states.
About the Author
At the time of this study, Dr. Gleim was a research scientist at
the University of Georgia, Athens, GA. She is currently a disease
ecologist at Hollins University, Roanoke, VA. Her research
interests include wildlife and zoonotic diseases with a particular
emphasis on tickborne diseases.

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 5, May 2019

RESEARCH LETTERS
References
1.

2.
3.

4.

5.

6.

7.
8.

Stromdahl EY, Hickling GJ. Beyond Lyme: aetiology of tick-borne
human diseases with emphasis on the south-eastern United States.
Zoonoses Public Health. 2012;59(Suppl 2):48–64. http://dx.doi.org/
10.1111/j.1863-2378.2012.01475.x
Covert DJ, Langley RL. Infectious disease occurrence in forestry
workers: a systematic review. J Agromed. 2002;8:95–111.
http://dx.doi.org/10.1300/J096v08n02_12
Lee S, Kakumanu ML, Ponnusamy L, Vaughn M, Funkhouser S,
Thornton H, et al. Prevalence of Rickettsiales in ticks removed
from the skin of outdoor workers in North Carolina. Parasit
Vectors. 2014;7:607. http://dx.doi.org/10.1186/s13071-0140607-2
Gleim ER, Conner LM, Berghaus RD, Levin ML, Zemtsova GE,
Yabsley MJ. The phenology of ticks and the effects of long-term
prescribed burning on tick population dynamics in southwestern
Georgia and northwestern Florida. PLoS One. 2014;9:e112174.
http://dx.doi.org/10.1371/journal.pone.0112174
Loftis AD, Kelly PJ, Paddock CD, Blount K, Johnson JW,
Gleim ER, et al. Panola Mountain Ehrlichia in Amblyomma
maculatum from the United States and Amblyomma variegatum
(Acari: Ixodidae) from the Caribbean and Africa. J Med Entomol.
2016;53:696–8. http://dx.doi.org/10.1093/jme/tjv240
Zemtsova GE, Gleim E, Yabsley MJ, Conner LM, Mann T,
Brown MD, et al. Detection of a novel spotted fever group
Rickettsia in the gophertortoise tick. J Med Entomol. 2012;
49:783–6. http://dx.doi.org/10.1603/ME11264
Goddard J. A ten-year study of tick biting in Mississippi:
implications for human disease transmission. J Agromed.
2002;8:25–32. http://dx.doi.org/10.1300/J096v08n02_06
Allerdice ME, Hecht JA, Karpathy SE, Paddock CD. Evaluation
of Gulf Coast ticks (Acari: Ixodidae) for Ehrlichia and Anaplasma
species. J Med Entomol. 2017;54:481–4.

Address for correspondence: Elizabeth R. Gleim, Department of Biology
and Environmental Studies. Hollins University, 8003 Fishburn Dr, PO
Box 9615, Roanoke, VA 24020, USA; email: egleim@hollins.edu

Hepatic Brucelloma
Diagnosis and Long-Term
Treatment, France
Marie Amsilli, Olivier Epaulard, Jean-Paul Brion,
Patricia Pavese, Christian Letoublon,
Isabelle Pelloux, Max Maurin
Author affiliations: Centre Hospitalier Universitaire de Grenoble,
Grenoble, France (M. Amsilli, O. Epaulard, J.-P. Brion, P. Pavese,
C. Letoublon, I. Pelloux, M. Maurin); Université Grenoble Alpes,
Grenoble (O. Epaulard, C. Letoublon, M. Maurin)
DOI: https://doi.org/10.3201/eid2505.180613

We report a case of hepatic brucelloma in France. This diagnosis may be suspected in any patient who has a liver
abscess after traveling to a brucellosis-endemic area. Brucella spp. may be detected by PCR in the liver tissue or
suppuration. Abscess drainage and prolonged antimicrobial
therapy help achieve healing.

B

rucellosis is a zoonosis found worldwide (1,2)
caused by gram-negative, facultative intracellular
bacteria of the genus Brucella. Approximately 500,000
new infections are diagnosed annually, mainly in the
Mediterranean basin, the Middle East, Latin America,
and Asia (1–3). Brucellosis is a rare and mainly imported disease in other countries, including France (1,4).
Brucella infection usually occurs after contact with infected animals or consumption of contaminated unpasteurized dairy products. Hepatic brucelloma (HB) is a
chronic form of brucellosis arising up to 40 years after
initial infection (1,3,5). Only 60 cases (1%–2% of all
brucellosis infections) have been reported in Englishlanguage literature since 1904 (1,3,5,6). HB is associated with nonspecific systemic clinical symptoms (e.g.,
fever, malaise, weight loss, upper abdominal pain),
moderate biologic abnormalities, and typical hypodense
hepatic lesion with peripheral enhancement and central
calcification (1–3,5,6).
In April 2015, a previously healthy 55-year-old woman
was referred to Grenoble University Hospital after 7 days
of fever, asthenia, and weight loss. She had lived in France
for 20 years, but had been born in and had traveled every
year to Algeria. Her clinical examination was unrevealing.
Blood tests showed moderate inflammation and anicteric
cholestasis (Table). Hepatic ultrasound (HUS) and computed tomography (CT) confirmed a defect 60 mm in diameter
in liver segments IV and VIII with several subcapsular liquid collections and central calcification (Appendix Figure,
panel A, https://wwwnc.cdc.gov/EID/article/25/5/18-0613App1.pdf).
Blood cultures remained sterile. Serologic test results were negative for HIV, amebiasis, and echinococcosis, but positive for Yersinia enterocolitica serotype
O:9 and Brucella sp. (Table). HUS-guided drainage of
the abscess yielded thick purulent fluid. Fluid cultures
were negative, but we detected Brucella melitensis DNA
by PCR amplification and sequencing of the 16S rRNA–
encoding gene. Histological findings of liver tissue were
compatible with a chronic abscess. We confirmed diagnosis on 2 occasions by PCR detection of Brucella DNA
in the liver abscess, as previously reported (1,3,5–7).The
serologic profile was suggestive of chronic brucellosis
combining low IgM but strong IgG Brucella antibody
titers (1,3,5,7). However, Brucella serologic diagnosis
is poorly specific, due to antigenic cross-reactions (e.g.,
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Table. Diagnostic and blood tests on patient with hepatic brucellosis, Grenoble, France*
Test
Reference value
2015 Apr
Rose Bengal plate agglutination test (bioMérieux,
NA
Strongly
https://www.biomerieux.com)
positive
Tube agglutination test (Elitech, https://www.elitechgroup.com)
>80
160
Immunofluorescence IgM (BioRad, http://www.bio-rad.com)
>40
<20
Immunofluorescence IgG (BioRad)
>80
160
Brucella PCR testing of liver tissue biopsies
NA
Positive for
16S rDNA
Blood cultures
NA
Negative
Liver abscess and tissue cultures† (bacteria, fungi and
NA
Negative
mycobacteria)
C-reactive protein, mg/L
<3
56
Fibrinogen, g/L
2.1–4.1
6.1
Leukocyte count, G/L
4–11
8.5
Neutrophil count, G/L
1.6–8.8
5.9
Thrombocyte count, G/L
150–400
489
Bilirubin, µmol/L
3–17
5
Alkaline phosphatase, IU/L
50–136
158
γ-glutamyl transferase, IU/L
5–55
107
Aspartate aminotransferase, IU/L
15–37
20
Alanine aminotransferase, IU/L
12–78
28

2015 Nov
Positive

2016 Jan
Negative

20
<20
160
NA
Negative
NA

<20
<20
320
Positive for
bcsp31 gene
Negative
Negative

5

4

5
2.5
287
5
85
31
16
26

4.9
2.1
284
5
69
23
14
22

*NA, not applicable.
†Tissues were cultured for bacteria, fungi, and mycobacteria.

Y. enterocolitica 0:9) and residual antibodies related to
past exposure in patients from Brucella-endemic areas (3).
Brucella cultures of blood or tissue samples and PCR on
serum are usually not contributing factors in chronic focal
brucellosis (1,3,5–7).
Upon diagnosis of hepatic brucellosis, we administered doxycycline plus rifampin, replacing initial empirical treatment with ceftriaxone and metronidazole for
suspected pyogenic abscess. After 2 months of treatment, clinical and biologic abnormalities had regressed.
CT with contrast revealed substantial reduction of the
abscess, but also thrombosis of the median hepatic vein,
infiltration of the gallbladder, and new lesions in segment VIII (Appendix Figure, panel B). We continued
the antimicrobial therapy and surgery was recused. After
6 months of treatment, antibody titers were decreasing
(Table). Three months later, positron emission tomography highlighted intense focal uptake in segments IV
and VIII. Fluid from a second HUS-guided drainage
was positive by Brucella-specific PCR test (Table). We
changed the treatment to trimethoprim/sulfamethoxazole
plus doxycycline for another 6 months. At completion,
magnetic resonance imaging showed abscess reduction
with stable central calcification.
HB patients are difficult to manage because of lack of
optimized treatment (1,8), and clinical course is the only
reliable evidence in disease control (1,3,9).Our treatment
was conservative, including 15 months of antimicrobial
therapy and repeated HUS drainages. We continued treatment despite worsening radiological findings (including
onset of cholecystitis and deep vein thrombosis) on the
basis of early favorable clinical course and patient compliance (1–3,8,9). We monitored the improvement of
1022

radiological lesions using positron emission tomography–
computed tomography and magnetic resonance imaging,
both of which are sensitive for diagnosis although not assessed for monitoring, for 15 months after treatment. Few
studies have described the radiological evolution over time
in complicated cases (1–3,5,8), but persistence of calcifications is usual in HB (2,3,9).
Administration of doxycycline plus rifampin, an
aminoglycoside, or both is currently recommended for
brucellosis (1–3); choice and duration of treatment must
be individualized to the patient’s symptomatology and
treatment tolerability (1–3,8,9) and the involved tissues (2,8). Surgical resection and percutaneous drainage
of the abscess are both reported as effective adjunctive
therapy, with surgery indicated when evacuation of pus
is ineffective or clinical symptoms persist despite drainage (1–3,5,6). A short course of an aminoglycoside could
have been added at the time of radiological diagnosis of
complications, as reported in other focal brucellosis with
poor clinical evolution (2,8,9), in which a prolonged regimen (6–52 weeks) is also described (3,8,9). As of January
2019, after 2.5 years of treatment and follow-up care, our
patient is considered cured. Relapses mainly occur within
a few months of treatment completion but may occasionally occur later (2,5).
Any patient with characteristic liver abscess after
traveling in brucellosis-endemic areas should undergo
serologic testing for a presumptive diagnosis, and PCR
testing of abscess fluid or hepatic tissue for confirmation of
brucelloma. A conservative treatment combining long-term
antimicrobial therapy and repeated HUS drainage may be
effective. Long-term clinical comprehensive follow-up
is required.
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We note the reemergence of human monkeypox in Sierra
Leone following a 44-year absence of reported disease.
The persons affected were an 11-month-old boy and, several years later, a 35-year-old man. The reappearance of
monkeypox in this country suggests a need for renewed vigilance and awareness of the disease and its manifestations.

M

onkeypox, a tropical zoonosis with an estimated
death rate of 15% in children, is a resurgent presence
in several countries in West and Central Africa (1,2). Before 2000, only 21 cases of monkeypox had been reported
from these regions, including a single case in Sierra Leone
in 1970 (3). The disease had not been observed in Sierra
Leone since then, although a 2007 survey for orthopoxvirus
antibodies among populations near Kenema, Sierra Leone,
generated evidence to suggest ongoing circulation of orthopoxviruses in the area (4).
On March 18, 2014, a resident of Kpetema town in Sierra Leone brought her 11-month-old son to the community
health post in nearby Mano village. There, he was evaluated for fever and released. The child failed to improve, and
the next day his mother again sought medical care, this time
from the community health center (CHC) in Koribondo. At
this time, the child remained febrile and was exhibiting a
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nascent-stage rash. At the Koribondo CHC the child was
given a presumptive diagnosis of early stage chickenpox
and sent home.
Within 2 days of the child’s evaluation at the Koribondo CHC, pustular, umbilicated lesions had spread to
cover his body, including his face, mouth, oral mucosa,
trunk, back, palms, and genital area. In addition, the child
was experiencing sweats, chills, vomiting, loss of appetite, cough, and pruritus. On March 21, the child was
taken to the Médicins sans Frontières Gondama Referral
Center and was admitted with fever (body temperature
38.9°C) and disseminated vesiculopustular rash. Notably,
lymphadenopathy was absent. On hospital day 4 (day 8
after fever onset), physicians from Médicins sans Frontières working in a pediatric ward at the facility alerted
national authorities that they suspected the child might
have monkeypox. After consultation with the Directorate of Disease Prevention and Control of the Sierra Leone Ministry of Health and Sanitation, Kenema scientists
contacted the Centers for Disease Control and Prevention
(CDC) in Atlanta, Georgia, USA.
Diagnostic specimens were collected from the patient
on April 1. At that time his rash was desquamating. Lesion

crusts and serum samples were obtained, and specimens
were shipped to CDC on April 4. On April 8, real-time PCR
testing for nonvariola Orthopoxvirus and for West African
variant monkeypox virus (5) yielded weak positive findings
from both the lesion and serum specimens. The patient’s
serum sample also tested positive for the presence of Orthopoxvirus IgG and IgM (6).
No viable virus was detected in the specimens. Further
genetic characterization of the virus was unsuccessful owing to the limited quality and quantity of specimens.
Upon confirmation of monkeypox etiology, investigators from the Bo District Surveillance Office and the
Lassa Fever Outreach Program traveled to the child’s town
(Kpetema; Figure) to interview his parents. By that time,
the child had recovered. The child’s mother denied that he
had had any contact with persons exhibiting a monkeypoxlike illness in the 2 weeks before onset of his illness. The
mother also denied that the child had had any history of
contact with animals. However, both the mother and father
of the boy stated that they regularly prepare and consume
meat from wild animals. The mother and father also confirmed that small rodents were sometimes present in the
family house.
Figure. Locations of monkeypox
cases in Sierra Leone from
2014 (Kpetema) and 1970
(Aguebu). Map credits: Esri,
HERE, Delorme, MapmyIndia,
© OpenStreetMap contributors,
and the GIS user community.
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On March 25, 2017, a 35-year-old male farmer in Pujehun district came to Pujehun Government Hospital in Sierra Leone with fever, generalized body pain, enlarged cervical lymph nodes, dysphagia, malaise, and macular rash
with cropping of papules and macules. Various samples
were taken and shipped out of the country for laboratory
investigations. Monkeypox was confirmed, and community
sensitization was instituted.
The detection of monkeypox virus infection in an
11-month-old child and a 35-year-old man signals the possible reemergence of this disease in Sierra Leone (3), from
which it had not been reported for 44 years. The reappearance of monkeypox in Sierra Leone suggests a need for
renewed vigilance and heightened awareness of the disease
and its manifestations. In the early stages of illness, monkeypox can be mistaken for chickenpox, as happened in the
case of the child. The confusion led to a delay in diagnosing
and reporting the Kpetema case.
Multiple factors are probably driving the resurgence of
monkeypox in West and Central Africa. Increasing population susceptibility is likely to be one (7). Smallpox vaccine
has been shown to confer protection against monkeypox virus
infection (8). However, routine vaccination ceased worldwide
after the declaration by the World Health Organization in 1980
that smallpox had been eradicated. The lack of smallpox vaccination has led to the steady accumulation of poxvirus-susceptible human hosts in the areas of West and Central Africa
where humans routinely encounter sylvatic animals, some of
which may harbor monkeypox virus. Disease control efforts
could be further aided by dedicated surveillance for monkeypox virus among target animal species (9).
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We reviewed data pertaining to the massive wave of Lassa
fever cases that occurred in Nigeria in 2018. No new virus
strains were detected, but in 2018, the outbreak response
was intensified, additional diagnostic support was available,
and surveillance sensitivity increased. These factors probably contributed to the high case count.

A

massive wave of laboratory-confirmed cases of Lassa
fever occurred in Nigeria in 2018. Whether this high
case count was caused by a new virus variant, increased
seasonal incidence, improved case recognition, availability
of laboratory diagnostics and therapy, or a combination of
these factors is unknown. We set out to determine the factors that contributed to this outbreak using data available
through the Nigerian Disease Surveillance System.
Lassa fever is endemic in Nigeria and peaks during
the first 12 weeks of the year (January–March; Figure)
(https://ncdc.gov.ng/themes/common/files/sitreps/b7cd08c8047e52ceabb09e5318a3b0a7.pdf). A total of 107
1
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laboratory-confirmed cases were reported during the
first 12 weeks of 2017 and 394 during the same period
in 2018. Among confirmed and probable cases, 50 deaths
were reported during the peak season in 2017 and 104 in
2018. In the neighboring states of Edo and Ondo, 45.0%
of confirmed cases occurred in 2017 and 66.0% in 2018.
These states have access to the long-established and largest Lassa fever treatment center that has Lassa virus diagnostic capabilities in Nigeria. Although Edo and Ondo
comprise only 4.6% of Nigeria’s population, the population in these states accounted for 74.6% of the increase in
confirmed cases during the 2017 and 2018 peak seasons.
Another area with a strong increase in case numbers in
2018 was the nonadjacent Ebonyi State, where another
laboratory was outfitted to conduct Lassa virus diagnostics by early 2018.
Evidence from sequencing studies yielded no indication that viruses circulating in 2018 were different from
those found in previous years (1). Phylogenetic data suggest multiple zoonotic infections instead of extensive person-to-person transmission.
The increased case numbers in Edo, Ondo, and Ebonyi could not be accounted for by gross population
changes; these states are distant from the refugee emergency in northeastern Nigeria (http://reporting.unhcr.org/
node/21275). Studies on climatic and other environmental
circumstances (e.g., new agricultural practices or larger
harvests) that could have potentially contributed to changes
in the way and frequency humans come into contact with
the Lassa virus reservoir, Mastomys natalensis mice, have
not been established. Also, data on rodent abundance are
not available.
However, in 2018, many changes occurred in Nigeria regarding Lassa virus surveillance and treatment.
Instead of only 1 Lassa virus laboratory for Edo and
Ondo and 1 in Lagos, 2 additional laboratories (in Ebonyi and Abuja) started providing diagnostic services
in early 2018. Sample transport logistics had improved,
and patients’ samples were transported and tested without charge. Considering that laboratory confirmation is
a prerequisite for counting cases, laboratory capacity
building directly affects surveillance case numbers. By
early 2018, Lassa fever surveillance had been strengthened by the formulation of standard operating procedures, and rapid response teams provided capacity building and support to affected states 4 weeks earlier than
they did in 2017. Clinical cases of Lassa fever need to
be treated in isolation facilities, and by 2018, additional
treatment centers had been assessed and were being supported by the federal government. At this time, ribavirin
was also available to patients without charge, and the
media actively advertised this message, encouraging patients to seek medical treatment. In addition, Lassa fever
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Figure. Weekly trends of
confirmed Lassa fever cases,
Nigeria, 2016–2018.

received strong media attention in early January 2018
because of an incident in a healthcare facility where 3 of
4 infected healthcare workers died.
Surveillance data are incomplete for 2018, but higher
surveillance sensitivity is visible in the available data from
the peak 2017 and 2018 seasons. The percentage of suspected Lassa fever cases testing positive decreased from
31.0% in 2017 to 21.6% in 2018 (30.2% decrease). Nosebleed, an indicator of disease severity in nonfatal confirmed
cases, was noted on 10.8% of case report forms for surviving patients in 2017, but this frequency declined to 2.6% in
2018 (75.9% decrease), and the case-fatality ratio among
confirmed and probable cases declined from 43.9% in 2017
to 25.8% in 2018 (41.2% decrease). Disease severity and
case-fatality ratios are also influenced by the timeliness
of patients seeking treatment and treatment availability.
The decrease in the 3 aforementioned factors (percentage
of Lassa virus–positive cases, percentage of nonfatal confirmed cases with nosebleeds, and case-fatality ratio) reflects lowering of the surveillance threshold to detect cases.
More patients with comparatively mild disease probably
sought treatment because of the increased Lassa fever publicity and communication about available therapy; moreover, additional suspected cases were probably detected in
the community through enhanced contact tracing and active case finding.
In conclusion, we cannot exclude that early 2018
represents a particularly active Lassa fever season in Nigeria, especially in Edo, Ondo, and Ebonyi. However,
no available evidence indicates that higher case numbers
could be attributed to new virus strains. The addition of

new laboratories with growing surveillance capacities, an
overall intensified response, and increasing surveillance
sensitivity are likely major drivers of the high number
of Lassa fever cases reported in early 2018. The weekly case numbers reported in early 2019 slightly surpass
those from 2018 (https://ncdc.gov.ng/themes/common/
files/sitreps/b94e459c79a59ca9d667a55539cda5db.pdf).
Improved identification of Lassa fever cases in Nigeria
provides the basis for epidemiologic studies of disease
and effective disease control. Also, each identified case
treated in isolation centers reduces the likelihood of person-to-person transmission.
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In China in 2013, a man acquired rabies after sucking
wounds of his son, who had been bitten by a stray dog.
The man declined postexposure prophylaxis (hyperimmunoglobulin and vaccine) and died; the son accepted prophylaxis and survived. Physicians should be aware of rabies
transmission through mucosal exposure and encourage
postexposure prophylaxis.

R

abies, caused by the rabies virus (family Rhabdoviridae, genus Lyssavirus), is a zoonotic encephalitis with a mortality rate of almost 100%. Although
rare in industrialized countries because of mandatory
vaccination of dogs and other domestic pets, rabies frequently occurs in developing countries (1). In industrialized countries, the virus is transmitted to humans mostly
by contact with wild animals; in developing countries,
by dog bites (1). We report a fatal case of rabies in a
man who had sucked the wounds of his son who had
been bitten by a stray dog. The study was approved by
the institutional ethics review committees of the Second
Hospital of Nanjing and Nanjing Drum Tower Hospital,
Nanjing, China, and was performed in accordance with
the ethics standards in the 1964 Declaration of Helsinki
and its later amendments. Written informed consent was
obtained from the patient’s son.
The patient was a 41-year-old man from a village in
northern Jiangsu Province, China. On August 19, 2013,
the man’s 17-year-old son was bitten on the left leg by
a stray dog, leaving bleeding wounds on the lower part
of the gastrocnemius muscles. Because of concern about
rabies, the man and other family members immediately washed the boy’s wounds with water, and the man’s
neighbors killed and buried the stray dog. While washing his son’s wounds, the man made a dramatic scene
by crouching down to suck “toxic blood” from his son’s
wounds and spitting out the blood several times. He then
sent his son to a local hospital, where the physicians immediately (within 1 hour after the dog bite) cleaned the
wounds by using standard procedures and administered
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postexposure prophylaxis (rabies hyperimmunoglobulin
and the first dose of freeze-dried rabies vaccine for human
use [Vero cells]; Liaoning Chengda Biotechnology, http://
www.cdbio.cn). The son received another 4 doses of rabies vaccine on days 3, 7, 14, and 28 after the bite. Because the man had sucked the wounds, the physicians also
recommended that he receive postexposure prophylaxis
(rabies hyperimmunoglobulin and vaccine); however, the
man declined because of concern over the relatively high
cost and because he considered that he had spat out all the
sucked blood and could not have “so bad luck.” Thus, the
man did not receive any medical treatment.
On September 23, 2013, the man was referred to the
Nanjing Second Hospital, the main infectious diseases
hospital in Jiangsu, with a 2-day history of general malaise, sleep disturbance, waking in a cold sweat, irritability to air and sound, involuntary contraction of pharyngeal
muscles, and choking when drinking and eating. At the
time of examination, the patient showed remarkable agitation, delirium, and hallucination. Saliva was collected
and tested for rabies viral RNA by reverse transcription
PCR; the result was positive for rabies virus. The patient
received systemic support and symptomatic therapy but
died on September 24. The clinical course of rabies in
this patient progressed rapidly; although the incubation
period for this patient was 33 days (in agreement with
incubation period of 20–60 days for most patients), he
died 3 days after the appearance of furious (classical)
symptoms. The patient’s son remained in good health 5
years later.
The main route for rabies virus transmission is bites
of infected dogs and other animals. Unusual transmission routes include mucosal exposure, aerosol inhalation, organ transplantation (2–7), and contamination of
broken skin by blood from wounds of a person bitten by
an infected dog (8). The most effective way to control
rabies in humans is mandatory vaccination of all dogs
and other domestic pets, but widespread vaccination is
not feasible in China and resource-limited countries.
Although China’s central and local governments recommend that all domestic pets be vaccinated against rabies,
implementation of vaccination is difficult in many rural
areas of China. Thus, for preventing rabies in humans
in rabies-endemic countries and regions, postexposure
prophylaxis is crucial.
The rabies case that we report was acquired after sucking wounds created by the bite of a presumably rabies-infected dog. Evidently, the virus invaded the patient through
his oral mucosa. Unfortunately, the patient declined postexposure prophylaxis and died.
This case underscores the possibility of rabies transmission by mucosal exposure, which should be made widely known to the public. To further reduce this disease in
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rabies-endemic countries, physicians should emphasize the
high likelihood of transmission of rabies virus after mucosal exposure and try to persuade persons at risk to receive
postexposure prophylaxis.
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Severe fever with thrombocytopenia syndrome (SFTS), a
tickborne viral disease, has been identified in China, South
Korea, and Japan since 2009. We found retrospective evidence of SFTS virus (SFTSV) infection in Vietnam, which
suggests that SFTSV infections also occur in Vietnam,
where the virus has not been known to be endemic.

S

evere fever with thrombocytopenia syndrome virus
(SFTSV) is a tickborne virus (genus Phlebovirus, family Phenuiviridae) that can cause a mild to severe febrile illness similar to hemorrhagic fever (1). Phleboviruses have
been found in the Americas, Asia, Africa, and the Mediterranean region. For example, Heartland virus (HRTV),
another tickborne phlebovirus, was identified in northwestern Missouri, USA, in 2009 (2). Malsoor virus, a new bat
phlebovirus closely related to SFTSV and HRTV, was identified in western India, and a phlebovirus similar to SFTSV
and HRTV was isolated from ticks in Australia (3,4).
Severe fever with thrombocytopenia syndrome (SFTS)
illness was first confirmed in China in 2009. It was retrospectively identified in South Korea in 2010 and the western regions of Japan in 2013 (1,5,6). SFTS is characterized
by acute high fever, thrombocytopenia, leukopenia, elevated serum hepatic enzymes, gastrointestinal symptoms,
and multiorgan failure and has a death rate of 16.2%–30%
(1,6,7). Atypical signs and symptoms and asymptomatic
infections also have been identified (5,8). Most SFTSV
infections occur through Haemaphysalis longicornis ticks,
although SFTSV transmission can also occur through close
contact with an infected patient (8).
To investigate evidence of SFTSV infections in Vietnam,
we collected serum samples from 80 patients with acute febrile
illnesses admitted to Hue University Hospital (Hue, Vietnam)
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during October 1, 2017–March 31, 2018. The Institutional Review Board of Hue University Hospital approved the study.
For the molecular diagnosis of SFTSV, we extracted
RNA from stored patient serum using a QIAamp Viral
RNA Mini Kit (QIAGEN, https://www.qiagen.com) and
performed real-time reverse transcription PCR (rRT-PCR)
to amplify the partial small (S) segment of the viral RNA
from the stored serum and confirm SFTSV infection (9).
rRT-PCR showed 2 positive results, from the stored serum
of 2 patients with thrombocytopenia who had been seen at
Hue University Hospital during 2017 and who had no history of travel to SFTSV-endemic countries, such as China,
South Korea, and Japan. We also detected IgM in the serum
of 1 of these patients (Appendix Table, https://wwwnc.cdc.
gov/EID/article/25/5/18-1463-App1.pdf) (8).
On October 29, 2017, a 29-year-old woman (Hue
06-Vietnam-10-2017) was hospitalized at Hue University
Hospital because of headache, vomiting, and gum bleeding. She lived in Hue City and was unaware of having
received an insect bite. Her temperature was 38°C, and
blood tests showed leukopenia (leukocyte count 1,900
cells/µL [reference 4,000–10,000 cells/µL]), thrombocytopenia (platelet count 125 × 103/µL [reference 150–450
× 103/µL]), and a low hematocrit level (34.3% [reference
36%–44%]). The patient fully recovered without other
complications after 5 days.
On November 2, 2017, a 27-year-old man (Hue
13-Vietnam-11-2017) was hospitalized at Hue University Hospital because of headache and fatigue. He had
had dengue fever at 8 years of age. Blood tests showed
thrombocytopenia (platelet count 14 × 103/µL), normal
leukocyte count (7,410 cells/µL), mildly elevated aspartate aminotransferase (84 IU/L [reference 8–38 IU/L]), elevated alanine aminotransferase (98 IU/L [reference 4–44
IU/L]), and mildly elevated hematocrit (47.6% [reference
36%–44%]). He fully recovered without other complications after 7 days.
We sequenced rRT-PCR products from the stored serum samples using a BigDye Terminator Cycle Sequencing kit (Applied Biosystems, http://www.thermofisher.
com). We performed phylogenetic analysis of the partial
S segment sequences with MEGA6 (https://www.megasoftware.net) and constructed phylogenetic trees using the
maximum-likelihood method, which confirmed SFTSV infection (Appendix Figure).
We confirmed 2 SFTSV infections in Hue in 2017 by
amplifying the partial S segment of the viral RNA in stored
serum from patients with thrombocytopenia; elevated levels of serum hepatic enzymes, including aspartate aminotransferase and alanine aminotransferase; and gastrointestinal symptoms, such as vomiting. The signs and symptoms
were milder than the major signs and symptoms of SFTS,
which has a high death rate.
1030

H. longicornis, Amblyomma testudinarium, and Ixodes nipponensis ticks are vectors of SFTSV, and A. testudinarium has been found in Vietnam. Migratory birds are
known to be long-distance carriers of virus-bearing ticks
(10). Therefore, virus-bearing A. testudinarium ticks and
migratory birds may play a role in dispersing SFTSV to
Vietnam (10).
This study expands the understanding of the distribution of SFTSV in Southeast Asia and suggests that SFTSV
may have a much wider global distribution than previously
thought. The 2 patients reported here had relatively mild
illness, and 1 did not have leukopenia. Therefore, further
epidemiologic and clinical research is needed to clarify
the epidemiology, geographic distribution, and transmission dynamics of SFTSV in Vietnam and other areas of
Southeast Asia. This subject deserves further discussion
and might warrant changes in the background description
of the disease (5,8).
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Tuberculosis in elephants is primarily caused by Mycobacterium tuberculosis. We identified mixed M. tuberculosis
lineage infection in 2 captive elephants in Nepal by using
spoligotyping and large sequence polymorphism. One elephant was infected with Indo-Oceanic and East African–
Indian (CAS-Delhi) lineages; the other was infected with
Indo-Oceanic and East Asian (Beijing) lineages.

M

ycobacterium tuberculosis is a primary cause of tuberculosis (TB) in elephants (1). Culture of trunk
wash samples is regarded as the standard method for the
diagnosis of TB in elephants; however, this method has
many limitations (2). We previously reported TB in 3 elephants in Nepal that was caused by M. tuberculosis of IndoOceanic lineage (3). Here, we report on mixed M. tuberculosis lineage infection in 2 captive elephants from Chitwan
National Park (CNP) in Nepal.
Elephant A was a female elephant ≈65–70 years old.
She had been in retirement for 3 years before she died in
February 2013. We observed TB-like lesions in the lungs
postmortem (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/25/5/18-1898-App1.pdf). Elephant B was a
32-year-old male. His body condition had substantially
deteriorated for several months before he died. We found
extensive TB-like lesions in the lungs at postmortem.
We performed the DPP VetTB Assay (Chembio Inc.,
http://chembio.com), a serologic test, on the postmortem
lung fluid (an off-label use) of elephant A and the serum of
elephant B; results were reactive in both cases, indicating
the presence of antibodies to TB. We processed the suspected lung lesions according to standard guidelines (4)
and performed culture by using Löwenstein–Jensen media.
We performed genetic analyses on the 2 M. tuberculosis isolates by using spoligotyping and large-sequence
polymorphism (LSP) as described previously (5). We amplified the direct-repeat region with a primer pair and hybridized the PCR products to a set of 43 oligonucleotide
probes corresponding to each spacer covalently bound to
the membrane. We identified the spoligo-international type
by comparing spoligotypes with the international spoligotyping database (SpolDB4) (6). We performed LSP on the
isolates by using specific primers for respective lineages, as
described previously (7).
We identified the elephant isolates as a mixture of 2
strains based on uneven spoligotyping color development
(suggesting mixture) and LSP detection PCR results (2
bands were observed). The spoligotyping results showed
that the elephant A isolate had a new spoligotype that was
not found in the international spoligotyping database. The
elephant B isolate belonged to the Indo-Oceanic lineage
(East African–Indian 5 spoligo-international type 1365)
(Table). The prevalence of the Indo-Oceanic lineage among
human TB patients in Nepal is only 11.5% (8). The drug
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Table. Genotypic characteristics of Mycobacterium tuberculosis isolates from 2 elephants, Nepal*
Source
Spoligotype† binary code
SIT
Elephant A
1110000111111111111111001111000010111111111
New§
Elephant B
0000000000000000000000001111000010111111111
1365

Clade
New§
EAI5

gyrA‡
T231C
T231C

*EAI5, East African–Indian 5; SIT, spoligo-international type.
†Spoligotype was determined as previously described by Brudey et al. (6).
‡Mutation in a partial sequence of gyrA. The gyrA sequence of both elephant isolates had a synonymous single nucleotide polymorphism from T to C at
position 231.
§Not found in the international spoligotyping database (SpolDB4).

resistance–associated region sequences rpoB, katG, inhA
promoter region, and gyrA were all wild types in both
isolates. Similarly, LSP results showed that elephant
A was infected by the Indo-Oceanic and East African–
Indian lineages (CAS-Delhi) (Appendix Figure 2), whereas
elephant B was infected with the East Asian type (Beijing
type) (Appendix Figure 3). The prevalence of CAS-Delhi and
Beijing type lineages in Nepal in human TB patients is 40.6%
and 32.2%, respectively (8). In the gyrA sequence, both of the
samples showed a mixed peak of T231C, suggesting that the
East African–Indian type is a Nepal-specific lineage.
Our study shows that the first elephant was infected
with the Indo-Oceanic and East African–Indian (CAS-Delhi) M. tuberculosis lineages, whereas the second elephant
was infected with the Indo-Oceanic and East Asian (Beijing) lineages. We previously identified the Indo-Oceanic
lineage in 3 elephants from Nepal (3). We suspect that this
lineage might be well adapted in elephants in Nepal.
We diagnosed the mixed lineage infection postmortem
in both elephants. However, a successful antemortem diagnosis of mixed infection in a single elephant would enable
a precise TB diagnosis and selection of an appropriate antiTB treatment, which could eventually lead to the control of
this disease at the herd level.
The source of these mixed infections is unknown and
could be from humans or elephants infected with these
lineages. Infected elephant handlers who have daily close
contact would be a likely human source. Genotyping of additional isolates from elephants and their handlers will help
to determine the source of infection. We recommend regular TB screening of elephant handlers to safeguard human
health and help prevent transmission of TB from humans
to elephants.
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Circumstances exist that call for the aeromedical evacuation
high-level containment transport (AE-HLCT) of patients with
highly hazardous communicable diseases. A small number
of organizations maintain AE-HLCT capabilities, and little is
publicly available regarding the practices. The time is ripe
for the development of standards and consensus guidelines
involving AE-HLCT.

D

uring a highly hazardous communicable diseases
(HHCD) outbreak, most patients are likely to be
treated within the affected region. However, circumstances
exist for which aeromedical evacuation high-level containment transport (AE-HLCT) of patients with HHCDs is
necessary (e.g., political considerations, resource limitations, armed conflict). Although AE-HLCT has occurred
since the 1970s, the 2013–2016 Ebola virus disease (EVD)
outbreak in West Africa brought this practice to the forefront of public consciousness (1). During that outbreak, at
least 33 patients with confirmed or suspected EVD were
transported to EVD treatment facilities in the United States
and Europe that were capable of high-level isolation. Asymptomatic persons with high-risk exposures (e.g., needle
sticks, blood or body fluid splashes) have also been transported for quarantine. In 2016, two patients with Lassa fever were transported by AE-HLCT from Togo, 1 each to the

United States and Germany (2). Despite the introduction of
an EVD vaccine, the Democratic Republic of the Congo is
experiencing the second largest EVD outbreak in history;
in December 2018, a US citizen exposed to EVD was transported to the University of Nebraska Medical Center for
observation before being discharged in January 2019 (3).
Clearly, AE-HLCT is an ongoing need.
The death rate from certain HHCDs can exceed 70%,
as was the case with EVD in parts of West Africa (4). Thus,
streamlined policies and procedures for efficient, timely
AE-HLCT can decrease transmission risk and optimize patient management in flight. Because of the significant risks
to crews and receiving communities, HHCD patients must
be managed by highly trained teams and organizations, especially considering the uncontrolled environment of AEHLCT missions and the potential for the rapid deterioration
of patient condition. Historically, AE-HLCTs for HHCDs
have been conducted by a limited number of military organizations or private corporations contracted by national
governments or relief organizations to protect the wellbeing of their citizens or their volunteer personnel. Providers of AE-HLCT maintain teams of highly trained staff
and regularly test, validate, and exercise their systems and
procedures to ensure mission readiness. Moreover, these
experienced organizations have recently developed systems with the capability of transporting multiple patients of
varying levels of acuity during the same operation, expanding the capacity of AE-HLCT missions that historically had
been limited to a single patient (5,6).
Isolation of HHCD patients during aeromedical evacuation is a complex process with numerous requirements related to the preflight, in-flight, and postflight environments,
involving highly knowledgeable and trained persons from a
variety of professions, as well as specialized equipment and
validated infection control processes (Table) (7). The safe
and successful use of these AE-HLCT systems requires
coordination and approval at all levels of government, as
well as between governments, given that most AE-HLCT
missions will cross international borders. Despite this complexity, no generally accepted standards exist outside the
few organizations that have conducted them. Moreover,
the processes, operations, and capabilities used, as well
as the lessons learned from postmission evaluations, are
not found in the peer-reviewed literature. Only a few case
studies have been publicly disseminated because of security concerns, a desire to maintain proprietary information,
or simply because of the niche field and limited audience.
The literature is sparser still regarding the methods associated with the transportation of asymptomatic persons with
high-risk exposures. Although we are aware that cooperation between these organizations often occurs, the lack of
literature disseminated to the larger academic and practice
community remains a problem. Without knowledge of the
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Table. Processes to be considered during an aeromedical
evacuation high-level containment transport
Environment, process to consider
Preflight
Types of diseases
Decision to aeromedically evacuate
Training/drills
Regulations and legal limitation
Communication plan
Layout/space assessment
Other preparations
In-flight
Personnel
Personal protective equipment
Type of isolation units
Procedures/capabilities inflight
Liquid and solid waste handling
Death in flight
Other contingency procedures
Postflight
Decontamination
Equipment reuse
Waste disposal
Personnel monitoring

science that established these procedures or a broad continual review of such science, an inherent barrier persists
for current or future researchers or practitioners attempting
to build on ongoing research and experiences.
Finally, the limited amount of information about the
processes, procedures, and equipment available from a
small number of aeromedical organizations impedes scalability should the need arise. Most of the organizations that
have historically conducted AE-HLCT missions often have
limited capacity, personnel, or systems to conduct multiple
missions, with most only able to conduct 1 or 2 AE-HLCT
missions simultaneously. The lack of nonorganizational
specific standards and specialization diminishes the ability to transfer such capabilities to other organizations that
might have the desire and personnel to assist or to nations
that currently lack such capabilities but might have a current or future need for such capabilities. A critical evaluation of the literature would enable the dissemination of
lessons learned, thereby enhancing best practices and
driving the field forward, ultimately leading to safer outcomes for patients, caregivers, and receiving communities.
Because much of this information does not exist within

peer-reviewed literature, much would be gained through a
conference on the subject that evaluates various procedures
and establishes consensus recommendations for best practices, including creation of a verified information exchange
mechanism. The time is ripe for the development of standards and consensus guidelines involving AE-HLCT.
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Corrections
Vol. 24, No. 10
A grant number was listed incorrectly in Human Pegivirus in Patients with Encephalitis of Unclear Etiology, Poland
(I. Bukowska-Ośko et al.). The Polish National Science Center grant number should be 2017/25/B/NZ6/01463. The
article has been corrected online (https://wwwnc.cdc.gov/eid/article/24/10/18-0161_article).
Vol. 25, No. 2
The number of cases of West Nile neuroinvasive disease was listed incorrectly in the abstract of Acute and Delayed
Deaths after West Nile Virus Infection, Texas, USA, 2002–2012 (D.C.E. Philpott et al.). The article has been corrected
online (https://wwwnc.cdc.gov/eid/article/25/2/18-1250_article).
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cm. Digital image courtesy of the Getty’s Open Content Program, The J. Paul Getty Museum, Los Angeles, CA, USA.

Consequences of Failing to Investigate
Byron Breedlove

H

igh-consequence pathogens cause diseases, such as
Ebola virus disease, Rift Valley fever, Nipah virus
disease, hantavirus pulmonary syndrome, measles, smallpox, and anthrax. Some such pathogens have the potential
to spread rapidly and to cause epidemics. One of the tactics
used to control the spread of such pathogens is careful investigation of cases.

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
DOI: https://doi.org/10.3201/eid2505.AC2505

Knowing where the danger lies, whether assessing the
threat for human infection with high-consequence pathogens or defending a besieged city, is crucial to protecting
the health and well-being of the public. Perhaps careful investigation might have changed the outcome of the Trojan
War, a mythical protracted, bloody Bronze Age conflict pitting the kingdoms of Troy and Mycenaean Greece against
one another.
The Trojan War is one of the most celebrated events
in Greek mythology, and many incidents from that epic
war have proven to be irresistible subjects for artists, who
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have reimagined them in sculptures, frescoes, sketches, and
paintings. One oft-depicted incident is the ghastly death of
the Trojan priest Laocöon and his two sons, Antiphas and
Thymbraeus, by serpents.
The reddish-brown bronze statue of Laocöon featured on this month’s cover was fashioned by Italian artist Giovanni Battista Foggini. It is one of a series of small
bronzes he created for displaying on tabletops or desks.
Foggini used his talent and connections to become the
leading court artist and architect to Cosimo III de’ Medici, the Grand Duke of Tuscany. Foggini frequently drew
ideas from events portrayed in ancient classical literature.
His bronze statue was inspired by the marble sculpture of
Laocöon’s death unearthed in Rome in 1506 and later displayed in the Vatican museums.
In this bronze statue, Foggini recreated an event that
proved pivotal in ending the war. Following a decade of
skirmishes, sieges, counterattacks, and infighting on both
sides, the Greek army feigns its withdrawal and leaves a
massive, hollow wooden horse near the city’s gates as an
offering for the gods. Laocöon senses treachery and counsels the Trojans either to investigate what is inside the horse
or to burn it. When it seems his argument has swayed the
majority, the gods intervene and dispatch a pair of sea serpents to silence Laocöon. In his towering epic poem the
Aeneid, Virgil describes the serpents’ approach:
Looping in giant spirals; the foaming sea
Hissed under their motion. And they reached the land,
Their burning eyes suffused with blood and fire,
Their darting tongues licking the hissing mouths.
The Aeneid tells us that the serpents “squeezed with
scaly pressure” and “fastened their fangs in those poor
bodies,” crushing their victims before vanishing with their
bodies. Struggling with his foes, the powerful figure of Laocöon dominants the sculpture. His rippling muscles, flowing hair, and thick beard stand in contrast to his smaller and
smooth-limbed sons. The J. Paul Getty Museum, where the
sculpture resides today, notes that Foggini is recognized for
his “exactitude in anatomical modeling and an equally precise and expert finishing of details.”
After witnessing the excruciating deaths of the priest
and his sons, the dazed Trojans reason that the wooden
horse was intended as a sacred gift for the gods, and they
move this trophy inside the walls of Troy. An elite Greek
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force sequestered in the horse emerges during the night and
opens the gates for the Greeks army, which has stealthily
returned. The Greeks overwhelm the unprepared Trojans,
sack the city, and win the war. Laocöon had properly understood the ruse and his admonition had proven accurate.
Bad decisions and character flaws were not solely responsible for the fall of Troy. The major Greek deities had
their own interests in the outcome, and their many intercessions caused death and mayhem on both sides before
the final reckoning. Historian Barbara Tuchman explains,
“Taking sides and playing favorites, potent but fickle, conjuring deceptive images, altering the fortunes of battles to
suit their desires, whispering, tricking, falsifying, even inducing the Greeks through deceit to continue when they are
ready to give up and go home, the gods keep the combatants engaged while heroes die and homelands suffer.”
Had the Trojan leaders conducting their own careful
investigation to see whether the Greek forces had actually
retreated and to see what was lurking inside the horse, then
the Greeks might not have succeeded in executing perhaps
the best-known subterfuge described in literature. Foggini’s
bronze statue reminds us that the consequences of dismissing
admonitions and failing to investigate can be catastrophic.
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NEWS AND NOTES

Upcoming Infectious
Disease Activities
June 20–24, 2019

Upcoming Issue

• Enhancement of Risk for Lyme Disease by Landscape Connectivity,
New York, New York, USA
• Follow-Up of Crimean-Congo Hemorrhagic Fever Enzootic Focus,
Spain, 2011–2015
• Mass Die-Off of Saiga Antelopes, Kazakhstan, 2015
• Sequential Emergence and Wide Spread of Neutralization
• Escape Middle East Respiratory Syndrome Coronavirus Mutants,
South Korea, 2015
• Assessment of Economic Burden of Concurrent Measles and Rubella
Outbreaks, Romania, 2011–2012
• Phenotypic and Genomic Analyses of Burkholderia stabilis Clinical
Contamination, Switzerland
• Performance of 2 Commercial Serologic Tests for Diagnosis of
Zika Virus Infection
• Respiratory Syncytial Virus Seasonality, Beijing, China, 2007–2015
• New Delhi Metallo-β-Lactamase 5–Producing Klebsiella pneumoniae
Sequence Type 258, Southwest China, 2017
• Scrub Typhus in Continental Chile, 2016–2018
• Increase in Enterovirus D68 Infections in Young Children,
United Kingdom, 2006–2016
• Enterovirus A71 Subgenogroup C1 Isolates Associated with
Neurologic Disease, France, 2016
• Hepatitis E Virus Infection in European Brown Hares, Germany,
2007–2014
• African Swine Fever Virus in Pork Brought into South Korea by
Travelers from China, August 2018

ASM Microbe 2019
San Francisco, CA, USA
https://www.asm.org/index.php/
asm-microbe-2018

June 23–28, 2019

Biology of Vector-borne Diseases
Six-Day Training Course
Moscow, ID, USA
https://www.uidaho.edu/cals/
center-for-health-in-thehuman-ecosystem/education/
vector-borne-diseases

July 14–17, 2019

STI and HIV 2019 World Congress
Vancouver, Canada
https://stihiv2019vancouver.com

July 20–24, 2019

American Society for Virology
Minneapolis, MN, USA
https://www.asv.org

July 21–24 , 2019

International Aids Society 2019
Mexico City, Mexico
https://www.ias2019.org

August 12–23, 2019

16th International Course on Dengue,
Zika and other Emergent Arboviruses
Havana, Cuba
http://instituciones.sld.cu/ipk/
16th-international-course-on-denguezika-and-other-emergent-arboviruses/

August 28–September 1, 2019

OPTIONS X for the Control of Influenza
Suntec, Singapore
https://www.isirv.org/site/

November 20–24, 2019

• Reemergence of Classical Swine Fever, Japan, 2018

ASTMH
American Society of Tropical Medicine
and Hygiene
68th Annual Meeting
National Harbor, MD, USA
https://www.astmh.org/

• Hepatitis Rebound after Infection with Yellow Fever Virus

Announcements

• Infection with New York Orthohantavirus and Associated Respiratory
Failure and Multiple Cerebral Complications

• Comparative Analysis of Whole-Genome Sequence of African Swine
Fever Virus Belgium 2018/1
Complete list of articles in the June issue at
http://www.cdc.gov/eid/upcoming.htm

Email announcements to EIDEditor
(eideditor@cdc.gov). Include the event’s
date, location, sponsoring organization,
and a website. Some events may appear
only on EID’s website, depending on
their dates.
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Article Title

Novel Sequence Type in Bacillus cereus Strains Associated
with Nosocomial Infections and Bacteremia, Japan

CME Questions
11. You are advising a large hospital in Japan about
nosocomial infections. According to the genotyping
study by Akamatsu and colleagues, which of the
following statements about findings from genotype
analysis of Bacillus cereus strains isolated from
nosocomial infections in Japan in 2006, 2012, 2013,
and 2016 is correct?
A.
B.
C.

D.

Sequence type (ST) 1428 was a newly identified,
novel ST and the dominant ST isolated from
nosocomial infection cases
ST1420 was the dominant ST isolated from
nosocomial infection cases in only 1 of 4 studied
locations in Japan in 2006, 2013, and 2016
Among strains causing infections in Tokyo in 2013,
there were 19 pulsed-field gel electrophoresis (PFGE)
cluster types and 11 repetitive PCR (rep-PCR) cluster
types, with more than one-third in a single PFGE
cluster (cluster e)
Rep-PCR fingerprinting analysis of Tokyo strains led
to findings different from that of the PFGE analysis

2. According to the genotyping study by Akamatsu and
colleagues, which of the following statements about
findings from MLST analysis of B. cereus strains
isolated from recent nosocomial infections in Japan in
2006, 2012, 2013, and 2016 is correct?

1038

A.
B.
C.
D.

ST1420 was present among the Tokyo, Tochigi, and
Kochi strains
B. cereus infections at Tokyo and Tochigi likely
came from contaminated hospital linens from the
same supplier
ST167 and ST365 were detected in bacteremia cases
in Tottori and Kochi
Previous studies of pathogenic B. cereus isolates
showed that some cases of emetic illness were linked
to ST26, and some cases of pneumonia were linked
to ST78

3. According to the genotyping study by Akamatsu
and colleagues, which of the following statements
about findings from phylogenetic analysis of B. cereus
strains isolated from recent nosocomial infections in
Japan in 2006, 2012, 2013, and 2016 is correct?
A.
B.
C.
D.

ST1420 strains were located in the Anthracis lineage
The Cereus III lineage is much closer to the Anthracis
lineage than to Cereus I and II lineages
Most of the strains from patients with bacteremia were
in the Cereus I lineage
Among the Tokyo and Tochigi strains, isolates from
patients with bacteremia were classified only into
Clade II
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Article Title

Age-Dependent Increase in Incidence of
Staphylococcus aureus Bacteremia, Denmark, 2008–2015

CME Questions
1. Which of the following statements regarding the
demographics of Staphylococcus aureus bacteremia
(SAB) in the current study by Thorlacius-Ussing and
colleagues is most accurate?
A.
B.
C.

The median age of patients with SAB was 84 years
Most patients with SAB were male
SAB was diagnosed with no comorbidity in half
of cases
D. Methicillin-resistant Staphylococcus aureus accounted
for 60% of cases of SAB
2. Which age group experienced the biggest increase
in the incidence of SAB between 2008 and 2015 in the
current study?
A.		
B.		
C.		
D.		

Children <5 years old
Young adults 18 to 30 years old
Middle-aged adults 40 to 60 years old
Older adults >80 years old

3. What did the current study find regarding temporal
trends in hospitalization for SAB between 2008
and 2015?
A.
B.
C.
D.

The proportion of total hospital admissions and
hospital days related to SAB increased
Hospital admissions for SAB increased, but total
hospital days related to SAB did not
There was no significant change in the proportion of
hospital admissions or hospital days for SAB
Hospital admissions for SAB decreased, but total
hospital days related to SAB increased

4. Which of the following statements regarding the
outcomes of SAB in the current study is
most accurate?
A. The proportion of deaths because of SAB increased
between 2008 and 2015
B. The mortality rate of SAB for adults >80 years old
declined slightly between 2008 and 2015
C. The case fatality rate of SAB increased during the
study period
D. Men experienced a higher case fatality rate than
women
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Policy and Historical Reviews. Articles should not exceed 3,500 words and 50 references. Use of subheadings in the main body of the text is recommended. Photographs
and illustrations are encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical sketch. Articles in this section include public health policy or historical reports that are based on research and analysis of emerging disease issues.
Dispatches. Articles should be no more than 1,200 words and need not be divided
into sections. If subheadings are used, they should be general, e.g., “The Study” and
“Conclusions.” Provide a brief abstract (50 words); references (not to exceed 15); figures
or illustrations (not to exceed 2); tables (not to exceed 2); and biographical sketch. Dispatches are updates on infectious disease trends and research that include descriptions
of new methods for detecting, characterizing, or subtyping new or reemerging pathogens.
Developments in antimicrobial drugs, vaccines, or infectious disease prevention or elimination programs are appropriate. Case reports are also welcome.
Research Letters Reporting Cases, Outbreaks, or Original Research. EID
publishes letters that report cases, outbreaks, or original research as Research Letters.
Authors should provide a short abstract (50-word maximum), references (not to exceed
10), and a short biographical sketch. These letters should not exceed 800 words in the
main body of the text and may include either 1 figure or 1 table. Do not divide Research
Letters into sections.
Letters Commenting on Articles. Letters commenting on articles should contain a
maximum of 300 words and 5 references; they are more likely to be published if submitted
within 4 weeks of the original article’s publication.
Commentaries. Thoughtful discussions (500–1,000 words) of current topics.
Commentaries may contain references (not to exceed 15) but no abstract, figures, or
tables. Include biographical sketch.
Another Dimension. Thoughtful essays, short stories, or poems on philosophical
issues related to science, medical practice, and human health. Topics may include science and the human condition, the unanticipated side of epidemic investigations, or how
people perceive and cope with infection and illness. This section is intended to evoke
compassion for human suffering and to expand the science reader’s literary scope.
Manuscripts are selected for publication as much for their content (the experiences they
describe) as for their literary merit. Include biographical sketch.
Books, Other Media. Reviews (250–500 words) of new books or other media on
emerging disease issues are welcome. Title, author(s), publisher, number of pages, and
other pertinent details should be included.
Conference Summaries. Summaries of emerging infectious disease conference activities (500–1,000 words) are published online only. They should be submitted no later
than 6 months after the conference and focus on content rather than process. Provide
illustrations, references, and links to full reports of conference activities.
Online Reports. Reports on consensus group meetings, workshops, and other activities in which suggestions for diagnostic, treatment, or reporting methods related to
infectious disease topics are formulated may be published online only. These should not
exceed 3,500 words and should be authored by the group. We do not publish official
guidelines or policy recommendations.
Photo Quiz. The photo quiz (1,200 words) highlights a person who made notable
contributions to public health and medicine. Provide a photo of the subject, a brief clue
to the person’s identity, and five possible answers, followed by an essay describing the
person’s life and his or her significance to public health, science, and infectious disease.
Etymologia. Etymologia (100 words, 5 references). We welcome thoroughly researched
derivations of emerging disease terms. Historical and other context could be included.
Announcements. We welcome brief announcements of timely events of interest to
our readers. Announcements may be posted online only, depending on the event date.
Email to eideditor@cdc.gov.

