EMERGING
INFECTIOUS DISEASES

Parasitic Diseases September 2024

Winslow Homer (1836-1910). On the Trail (1889). Watercolor over graphite on wove paper, 12 5/8 in x 19 7/8 in/32.1 cm x 50.5 cm.
Gift of Ruth K. Henschel in memory of her husband, Charles R. Henschel. National Gallery of Art, Washington, DC, USA. Open access image.



Peer-Reviewed Journal Tracking and Analyzing Disease Trends

EMERGING

Pages 1747-1986

INFECTIOUS DISEASES

EDITOR-IN-CHIEF
D. Peter Drotman

ASSOCIATE EDITORS

Charles Ben Beard, Fort Collins, Colorado, USA
Ermias Belay, Atlanta, Georgia, USA

Sharon Bloom, Atlanta, Georgia, USA

Richard S. Bradbury, Townsville, Queensland, Australia
Corrie Brown, Athens, Georgia, USA

Benjamin J. Cowling, Hong Kong, China

Michel Drancourt, Marseille, France

Paul V. Effler, Perth, Western Australia, Australia
Anthony Fiore, Atlanta, Georgia, USA

David O. Freedman, Birmingham, Alabama, USA
Isaac Chun-Hai Fung, Statesboro, Georgia, USA
Peter Gerner-Smidt, Atlanta, Georgia, USA
Stephen Hadler, Atlanta, Georgia, USA

Shawn Lockhart, Atlanta, Georgia, USA

Nina Marano, Atlanta, Georgia, USA

Martin I. Meltzer, Atlanta, Georgia, USA

David Morens, Bethesda, Maryland, USA

J. Glenn Morris, Jr., Gainesville, Florida, USA
Patrice Nordmann, Fribourg, Switzerland

Johann D.D. Pitout, Calgary, Alberta, Canada
Ann Powers, Fort Collins, Colorado, USA

Didier Raoult, Marseille, France

Pierre E. Rollin, Atlanta, Georgia, USA

Frederic E. Shaw, Atlanta, Georgia, USA

Neil M. Vora, New York, New York, USA

David H. Walker, Galveston, Texas, USA

J. Scott Weese, Guelph, Ontario, Canada

Deputy Editor-in-Chief

Matthew ]. Kuehnert, Westfield, New Jersey, USA
Managing Editor

Byron Breedlove, Atlanta, Georgia, USA
Technical Writer-Editors Shannon O’Connor, Team Lead;
Dana Dolan, Amy J. Guinn, Tony Pearson-Clarke,
Jill Russell, Jude Rutledge, Cheryl Salerno, Bryce Simons,
P. Lynne Stockton, Susan Zunino

Production, Graphics, and Information Technology Staff
Reginald Tucker, Team Lead; William Hale, Tae Kim,

Barbara Segal

Journal Administrators J. McLean Boggess, Alexandria Myrick,
Susan Richardson (consultant)

Editorial Assistants Claudia Johnson, Denise Welk
Communications/Social Media Candice Hoffmann,

Team Lead; Heidi Floyd

Associate Editor Emeritus
Charles H. Calisher, Fort Collins, Colorado, USA

Founding Editor
Joseph E. McDade, Rome, Georgia, USA

EDITORIAL BOARD

Barry J. Beaty, Fort Collins, Colorado, USA

David M. Bell, Atlanta, Georgia, USA

Martin J. Blaser, New York, New York, USA
Andrea Boggild, Toronto, Ontario, Canada
Christopher Braden, Atlanta, Georgia, USA
Arturo Casadevall, New York, New York, USA
Kenneth G. Castro, Atlanta, Georgia, USA
Gerardo Chowell, Atlanta, Georgia, USA

Adam Cohen, Atlanta, Georgia USA

Christian Drosten, Berlin, Germany

Clare A. Dykewicz, Atlanta, Georgia, USA
Kathleen Gensheimer, Phippsburg, Maine, USA
Rachel Gorwitz, Atlanta, Georgia, USA

Patricia M. Griffin, Decatur, Georgia, USA

Duane J. Gubler, Singapore

Scott Halstead, Westwood, Massachusetts, USA
David L. Heymann, London, UK

Keith Klugman, Seattle, Washington, USA

S.K. Lam, Kuala Lumpur, Malaysia

Ajit P. Limaye, Seattle, Washington, USA

John S. Mackenzie, Perth, Western Australia, Australia
Jennifer H. McQuiston, Atlanta, Georgia, USA
Nkuchia M. M’ikanatha, Harrisburg, Pennsylvania, USA
Joel Montgomery, Lilburn, GA, USA

Frederick A. Murphy, Bethesda, Maryland, USA
Stephen M. Ostroff, Silver Spring, Maryland, USA
Christopher D. Paddock, Atlanta, Georgia, USA
W. Clyde Partin, Jr., Atlanta, Georgia, USA

David A. Pegues, Philadelphia, Pennsylvania, USA
Mario Raviglione, Milan, Italy, and Geneva, Switzerland
David Relman, Palo Alto, California, USA

Connie Schmaljohn, Frederick, Maryland, USA
Tom Schwan, Hamilton, Montana, USA

Wun-Ju Shieh, Taipei, Taiwan

Rosemary Soave, New York, New York, USA
Robert Swanepoel, Pretoria, South Africa

David E. Swayne, Athens, Georgia, USA

Kathrine R. Tan, Atlanta, Georgia, USA

Phillip Tarr, St. Louis, Missouri, USA

Kenneth L. Tyler, Aurora, Colorado, USA

Duc Vugia, Richmond, California, USA

Mary Edythe Wilson, Iowa City, Iowa, USA

Emerging Infectious Diseases is published monthly by the
Centers for Disease Control and Prevention, 1600 Clifton Rd NE,
Mailstop H16-2, Atlanta, GA 30329-4018, USA. Telephone
404-639-1960; email, eideditor@cdc.gov

The conclusions, findings, and opinions expressed by authors
contributing to this journal do not necessarily reflect the official
position of the U.S. Department of Health and Human Services,
the Public Health Service, the Centers for Disease Control and
Prevention, or the authors’ affiliated institutions. Use of trade names
is for identification only and does not imply endorsement by any of
the groups named above.

All material published in Emerging Infectious Diseases is in the
public domain and may be used and reprinted without special
permission; proper citation, however, is required.

Use of trade names is for identification only and does not imply
endorsement by the Public Health Service or by the U.S. Department
of Health and Human Services.

EMERGING INFECTIOUS DISEASES is a registered service mark
of the U.S. Department of Health & Human Services (HHS).

Emerging Infectious Diseases ¢« www.cdc.gov/eid ¢ Vol. 30, No. 9, September 2024



Parasitic Diseases

Synopses

Onward Virus Transmission after Measles
Secondary Vaccination Failure

I. Tranter et al. 1747
Clinical Significance, Species Distribution, and
Temporal Trends of Nontuberculous Mycobacteria,
Denmark, 1991-2022

V.N. Dahl et al. 1755
Morphologic and Molecular Identification of Human
Ocular Infection Caused by Pelecitus Nematodes,
Thailand

P. Rujkorakarn et al. 1763

September 2024

Research

Clinical Aspects and Disease Severity of
Streptococcus dysgalactiae Subspecies equisimilis
Bacteremia, Finland

Pitt bacteremia scores predicted patient death, and
leukocyte counts and C-reactive protein levels predicted
disease severity.

V. Nevanlinna et al. 1770

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 9, September 2024



1674

Loop-Mediated Isothermal Amplification Assay
to Detect Invasive Malaria Vector Anopheles
stephensi Mosquitoes

C. Rafferty et al. 1779

Mortality and Cause of Death in Adults with
Extrapulmonary Nontuberculous Mycobacteria
Infection, Denmark

These infections in adults are associated with higher
mortality, and deaths are predominantly caused

by comorbidities.

A.A. Pedersen et al. 1780
Mpox Epidemiology and Risk Factors, Nigeria,

2022

D. Ogoina et al. 1799

Infection Rates and Symptomatic Proportion of
SARS-CoV-2 and Influenza in Pediatric Population,
China, 2023

C. Shietal. 1809

Formation of Single-Species and Multispecies
Biofilm by Isolates from Septic Transfusion
Reactions in Platelet Bag Model

C.A. Hapip et al. 1819

Role of Direct Sexual Contact in Human
Transmission of Monkeypox Virus, Italy

G. Sberna et al. 1829

Molecular Epidemiology of Western Equine
Encephalitis Virus, South America, 2023-2024

A.S. Campos et al. 1850

September 2024

Medical Costs of Nontuberculous Mycobacterial
Pulmonary Disease, South Korea, 2015-2019

S. Chang et al. 1865
Ecologic, Geoclimatic, and Genomic Factors
Modulating Plague Epidemics in Primary

Natural Focus, Brazil

M.F. Bezerra et al. 1850

Use of Open-Source Epidemic Intelligence from
Open Sources for Infectious Diseases Outbreaks,
Ukraine, 2022

A. Kannan et al. 1865
Autochthonous Leishmaniasis Caused by
Leishmania tropica, Identified with Whole-Genome
Sequencing, Sri Lanka

H. Silva et al. 1872

Lower Microscopy Sensitivity with Decreasing
Malaria Prevalence in the Urban Amazon Region,
Brazil, 2018-2021

P.T. Rodrigues et al. 1884

Effects of Rotavirus Vaccine Coverage among
Infants on Hospital Admission for Gastroenteritis
across All Age Groups, Japan, 2011-2019

K. Kishimoto et al. 1895
Dispatches

Emergence of Extensively Drug-Resistant

Neisseria gonorrhoeae, France, 2023

F. Caméléna et al. 1903

Avian and Human Influenza A Virus Receptors
in Bovine Mammary Gland

C. Kristensen et al. 1907
Cocirculation of Genetically Distinct Highly
Pathogenic Avian Influenza HSN5 and H5N1
Viruses in Crows, Hokkaido, Japan

Y.L. Hew et al. 1912

Mosquitoes as Vectors of Mycobacterium ulcerans
Based on Analysis of Notifications of Alphavirus
Infection and Buruli Ulcer, Victoria, Australia

A.H. Buultjens et al. 1918

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024



Fatal Case of Naegleria fowleri Primary Amebic
Meningoencephalitis from Indoor Surfing Center,
Taiwan, 2023

H.-Y. Wei et al. 1922

Epidemiology of Lyme Disease Diagnoses among
Older Adults, United States, 2016-2019

A.M. Schwartz et al. 1926

Zoonotic Mansonella ozzardi Infection in Raccoons,
Costa Rica, 2019-2022

J. Quesada et al. 1930
Autochthonous Human Babesiosis in the
Netherlands Caused by Babesia venatorum,

the Netherlands

N. Spoorenberg et al. 1934

Participatory, Virologic, and Wastewater
Surveillance Data to Assess Underestimation of
COVID-19 Incidence, Germany, 2020-2024

A. Loenenbach et al. 1939

Retrospective Seroprevalence of Orthopoxvirus
Antibodies among Key Populations, Kenya

K. Loeb et al. 1944

Non-HIV and Immunocompetent Patient
with COVID-19 and Severe Pneumocystis
jirovecii Pneumonia

Songsong Yu, Tiecheng Yang

Photo Quiz

A.l. Cucu et al.

1948

1953

Research Letters

Emerging Leishmania donovani Lineages
Associated with Cutaneous Leishmaniasis,
Himachal Pradesh, India, 2023

P. Lypaczewski et al. 1957

Powassan Virus Encephalitis after Tick Bite,
Manitoba, Canada

N. Smith et al. 1959

September 2024

Thelazia callipaeda Eyeworms in an American
Black Bear, Pennsylvania, USA, 2023

C. Sobotyk et al. 1961

Molecular Confirmation of Taenia solium Taeniasis
in Child, Timor-Leste

H. Jin et al. 1964

Optimizing Disease Outbreak Forecast Ensembles

S.J. Fox et al. 1967
Association of Intestinal Helminthiasis with
Disseminated Leishmaniasis, Brazil

B. Page et al. 1970
Confirmed Case of Autochthonous Human
Babesiosis, Hungary

D. Sipos et al. 1972
SARS-CoV-2 Dynamics in the Premier League
Testing Program, United Kingdom

A.J. Kucharski et al. 1975

Emerging Infections Network Letter

Recognition of Antifungal-Resistant
Dermatophytosis by Infectious Diseases
Specialists, United States

J.A.W. Gold et al. 1978

In Memoriam

Thomas J. Gryczan (1949-2024)

B. Breedlove, B. Segal 1981

About the Cover

Views Most Would Never See

B. Breedlove 1982

Corrections

Vol. 30, No. 5 1980
The name of author Glenn Patriquin was misspelled in
Case Series of Jamestown Canyon Virus Infections with
Neurologic Outcomes, Canada, 2011-2016

(V. Meier-Stephenson et al.).

Vol. 30, No. 8

The name of author Carlos E. Sanz-Rodriguez was
misspelled in Outbreak of Intermediate Species Leptospira
venezuelensis Spread by Rodents to Cows and Humans in
L. interrogans—Endemic Region, Venezuela

(L. Caraballo et al.).

1980

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 30, No. 9, September 2024



Emerging Infectious Diseases
Photo Quiz Articles

Volume 14, Number 9 Volume 14, Number 12 Volume 15, Number 9 Volume 15, Number 10
September 2008 December 2008 September 2009 October 2009

Volume 16, Number 6 Volume 17, Number 3 Volume 17, Number 12 Volume 19, Number 4
June 2010 March 2011 December 2011 April 2013

Volume 20, Number 5 Volume 21, Number 9 Volume 22, Number 8 Volume 28, Number 3
May 2014 September 2015 August 2016 March 2022

Click on the link
below to read about
the people behind
the science.
https://bit.ly/3LNO2tr

See requirements for submitting
Volume 28, Number 7 a photo quiz to EID.

July 2022 https:/ /bit.ly/3VUP(qfj




SYNOPSIS

Onward Virus Transmission
after Measles Secondary
Vaccination Failure

Isaac Tranter, Nicolas Smoll, Colleen L. Lau, Dusty-Lee Williams,
Deborah Neucom, Donna Barnekow, Amalie Dyda

Measles in persons with secondary vaccination failure
(SVF) may be less infectious than cases in unvacci-
nated persons. Our systematic review aimed to assess
transmission risk for measles after SVF. We searched
PubMed, Embase, and Web of Science databases from
their inception dates. Inclusion criteria were articles de-
scribing persons who were exposed to measles-infected
persons who had experienced SVF. Across the included
14 studies, >3,030 persons were exposed to measles
virus from SVF cases, of whom 180 were susceptible,
indicating secondary attack rates of 0%—6.25%. We
identified 109 cases of SVF from the studies; 10.09%
(n = 11) of case-patients transmitted the virus, resulting
in 23 further cases and yielding an effective reproduc-
tion number of 0.063 (95% CI 0.0-0.5). These findings
suggest a remarkably low attack rate for SVF measles
cases, suggesting that, In outbreak situations, public
health management of unvaccinated persons could be
prioritized over persons with SVF.

Measles virus is one of the most infectious
pathogenic agents and has a basic reproduc-
tion number (R)) of 12-18, indicating that each in-
fected person could infect 12-18 other susceptible
persons (1). In 2022, measles caused an estimated
136,000 deaths globally and predominantly affected
unvaccinated persons and undervaccinated children
<5 years of age (1). Despite the number of deaths,
measles vaccination has averted an estimated 57 mil-
lion deaths in the 22 years since 2000 (1). Because of
exclusive interhuman transmission, the existence of
an effective and safe live attenuated vaccine, and the

Author affiliations: University of Queensland, Herston,
Queensland, Australia (I. Trantner, N. Smoll, C.L. Lau, A. Dyda);
Sunshine Coast Hospital and Health Service, Maroochydore,
Queensland, Australia (N. Smoll, D.-L. Williams, D. Neucom,

D. Barnekow)
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absence of healthy carriers, measles is inherently an
eradicable disease. By 2023, a total of 82 countries
had achieved measles elimination through high im-
munization coverage (2).

Despite the effectiveness of measles-containing
vaccines, infection remains possible in immunized
persons. This phenomenon has come to be known as
vaccination failure. Two types of vaccination failure
have been documented. Primary vaccination failure
(PVF) results from a person’s failure to produce any
humoral response to viral antigen (nonseroconver-
sion) and is thought to occur in 5% of vaccinees (3).
Secondary vaccination failure (SVF) seems to occur
6-26 years after the last vaccine dose and is a result
of waning or incomplete immunity. SVF occurs in
2%-10% of vaccinated persons (4).

Measles infection after SVF, also known as modi-
fied measles, is generally milder (i.e., less cough, co-
ryza, conjunctivitis, or fever), is associated with lower
viral loads, and has lower risk for complicated dis-
ease (5). This form of measles is thought to occur be-
cause of insufficient but not absent immune response.
Stated differently, immunity is sufficient to curtail
symptoms and viral replication but insufficient to
prevent infection. Muted symptoms in this scenario
makes identification of measles cases on the basis of
classical features unreliable.

In the postelimination setting, cases of measles
after vaccination failure make up a higher propor-
tion of total cases. This situation occurs when fewer
unvaccinated persons exist to acquire the infection
and the only remaining susceptible persons are those
experiencing vaccination failure (6). In addition, in
settings where measles does not commonly circulate,
vaccinated persons are not exposed to wild virus and
hence do not receive a natural booster (7). In the en-
demic setting, vaccinated persons make up 3%-8%
of measles cases (4), in contrast to 14%-57% of cases
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in postelimination settings (4). This gap is likely the
product of SVF because of waning immunity and the
absence of natural immune boosters, rather than a
primary vaccination failure, which would not be af-
fected by the prevalence of circulating virus.

No universally agreed upon definition for mea-
sles SVF exists; however, several methods of classifi-
cation have been suggested. The best methods remain
the serum detection of IgG after vaccination but be-
fore infection and the avidity enzyme immunoassay.
Measles IgG develops later in the course of infection
(typically 7-10 days postinfection) and persists for
long periods (generally for life) (8). IgG avidity index
can determine recent (low avidity IgG, <40%) or past
(high avidity, IgG >60%) exposure to the measles vi-
rus (9). Persons experiencing SVF are characterized
by early production of IgG (before day 7 of infection)
with a high avidity index (10). IgM may be produced
in both novel and breakthrough measles infections.
However, the absence of IgM in the presence of IgG
within 7 days of infection is indicative of prior expo-
sure and is another indicator of SVF (9).

Persons with SVF cases have lower measles vi-
ral loads in bodily fluids than do unvaccinated per-
sons. Cycle threshold (Ct) values of real-time reverse
transcription PCR are a semiquantitative measure of
measles RNA loads (11). Higher Ct values equate to
lower numbers of measles RNA copies in a sample
and hence lower transmissibility (11).

It has been hypothesized that, because of reduced
symptomatology and lower viral loads, SVF patients
are less likely to transmit the measles virus (11-14).
Our review aimed to determine the risk for transmis-
sion by persons with SVF for 2 key reasons: measles
occurring post-SVF will increasingly make up a great-
er proportion of total cases in the postelimination
setting, and an understanding of the different trans-
mission dynamics in preelimination versus postelimi-
nation settings will enable more precise design and
implementation of outbreak responses.

Methods

This systematic review followed a study protocol
registered with the International Prospective Reg-
ister of Systematic Reviews before the date of first
search. We followed the Preferred Reporting Items
for Systematic review and Meta-analyses guidelines
for reporting (15).

Eligibility
This review included original, nonreview articles,

published in English or French. The report must have
described a person or cohort of persons who were

1748

exposed to a laboratory-confirmed measles-infected
person who had experienced SVF. We defined con-
firmed measles through 3 methods: PCR detection
of measles virus, detection of a >4-fold increase in
measles IgG titer in the absence of recent vaccina-
tion with a measles-containing vaccine, or detection
of measles IgM in the absence of recent vaccination
with a measles-containing vaccine. We defined recent
vaccination as administration of a measles-containing
vaccine within the preceding 8 days-8 weeks. Given
the unreliable nature of clinical signs and symptoms
in measles SVF cases, we did not include signs and
symptoms in the case definition for the purpose of
this analysis.

We defined SVF as measles infection despite sero-
logic immunity after documented or reported immu-
nization with a measles-containing vaccine. Evidence
of serologic immunity included documentation of
a positive measles IgG result before exposure, high
avidity measles IgG postinfection (>60%), concurrent
positive IgG and negative IgM results within 7 days
of infection, or early positive IgG alone within 7 days
of infection. For inclusion we required that the report
specify the number of exposed persons who then had
a laboratory-confirmed case of measles within the
next 21 days.

The original study protocol sought only to in-
cluded articles that reported an attack rate post-SVF.
However, to ensure transmission risk was fully re-
viewed, we completed an amendment to the study
protocol to include any study that discussed onward
transmission.

Search Strategy and Study Selection

We searched PubMed, Embase, and Web of Science
databases from their respective dates of inception
through May 31, 2023, when the search was con-
ducted (Appendix 1, https:/ /wwwnc.cdc.gov/EID/
article/30/9/24-0150-Appl.pdf). We also searched
citation lists of review articles and studies that met
inclusion criteria for articles not already included. We
also sought input from subject matter experts to mini-
mize the chances of relevant studies being missed.
We uploaded all articles found through these search
processes to Covidence software (https://www.
covidence.org), and 2 authors (L.T. and A.D.) screened
titles and abstracts and then full texts. We resolved
conflicts through collaborative discussion and refer-
ral to a third reviewer when required.

Data Extraction and Quality Assessment
One author (I.T.) extracted data from studies
meeting the inclusion criteria. The data extracted
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included study setting, location, SVF case defini-
tion, SVF case numbers, onward transmissions,
exposure population sizes, and susceptible popu-
lation size (i.e., persons who had not received >1
dose of measles-containing vaccine, had not re-
ceived postexposure prophylaxis [PEP], were im-
munocompromised, or had unknown vaccination
status). In addition, we recorded data on the ad-
ministration of PEP with either measles-containing
vaccine or measles immunoglobulin to all contacts
involved in the outbreak rather than only those in
contact with the SVF case-patient. We used PEP
data to serve as a proxy for the strength of public
health response taken. We recorded Ct value and
IgG avidity data, where available, as the mean value
of SVF cases in the dataset. A second author (A.D.)
checked extracted data; we resolved discrepancies
through discussion.

We used Joanna Briggs Institute methodological
quality of case series studies critical appraisal tool
to assess both quality and risk for bias of the stud-
ies included (Appendix 2 Table 1, https://wwwnc.
cdc.gov/EID/article/30/9/24-0150-App2.xIsx). We
assessed publication bias by using a quasi-funnel
plot with the point estimate of effective reproduction
number (R ) on the x-axis and total cases of SVF on
the y-axis. We assessed the presence of bias on the
basis of distribution of results.

Data Analysis

R 4 Calculation

R, is the expected number of secondary cases pro-
duced by a typical infected person during their en-
tire infectious period. R ;, is used in situations where
the exposed population has a nonzero proportion of
nonsusceptible persons (by natural immunity or vac-
cination) or public health measures are in place (e.g.,
movement restrictions and PEP requirements) (16).
This situation is often observed in the SVF studies
performed in high-income countries with high vac-
cination rates.

Directly Calculated R

We estimated R  after SVF by using the direct calcu-
lation approach. To ensure this estimate was robust,
we demonstrated that this methodology is equivalent
to traditional methods of estimating reproductive
numbers (e.g., survivor function and ordinary dif-
ferential equations) (Appendix 1). We calculated the
direct R ; by using simple division of the total num-
ber of secondary measles cases by the total number of
primary SVF cases.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 9, September 2024

Measles Secondary Vaccination Failure

Estimated R,

We calculated the direct R, from each study in
which SVF cases and total transmissions were re-
ported. We then obtained the estimated R ; by us-
ing bootstrapped median and bootstrapped 95%
CIs (2.5%-97.5%). We used that method because
there is no known sampling distributions for the
direct R, and the intervals were not expected to
be symmetric.

Secondary Attack Rate

We calculated the secondary attack rate by using the
number of new measles cases arising from exposure
to an SVF case-patient as the numerator. We used the
susceptible population exposed to this SVF case-pa-
tient as the denominator.

Results

The search yielded 1,327 articles, of which we re-
moved 18 duplicates (Figure 1). We screened a total
of 1,309 articles for inclusion, of which we excluded
1,295. We included a total of 14 studies in the final
analysis. Three articles reported sufficient informa-
tion from which to derive an attack rate (17-19). An
additional 11 articles discussed transmission after
measles SVF (Appendix 2 Table 2).

Nine studies were conducted in the health-
care setting, 1 in a military environment (20), and
4 in a community setting (13,18,21,22); 1 made ref-
erence to household contacts (12). All 14 studies
were conducted in high-income or upper-middle-
income countries.

Seven studies reported the administration of PEP
with either measles-containing vaccine or measles im-
munoglobulin. Four of those studies reported admin-
istration of measles-containing vaccine (12,13,20,23), 3
studies reported measles immunoglobulin (12,13,17),
and 2 studies reported administration of PEP but did
not specify type (18,19).

Across the 14 studies, 109 cases of measles SVF
had been identified (4,12,13,17-27). Of those cases, 11
(10.09%) were in persons who transmitted the virus,
resulting in a total of 23 further measles cases (1-8 on-
ward infections per transmitting case-patient) (12,18-
22,28). Through the direct calculation method, those
data yielded an R, of 0.211. The estimated R, was
0.063 (95% CI1 0.0-0.5).

In the 6 studies that reported exposure population
data, >3,030 persons were exposed to an SVF-affected
person with measles during the infectious period
(17-20,23,27); of those, 180 were considered suscep-
tible (17-19). From the susceptible population, 5 in-
fections occurred (17-19). We calculated a secondary
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Figure 1. Flowchart of retrieved,
excluded, and included items
during systemic review of cases
of onward virus transmission
after measles SVF, as of March
31, 2023 (15). SVF, secondary
vaccination failure.

attack rate from the 3 studies for which sufficient
data were provided. The attack rate ranged from 0%
(0/68) (17) to 6.25% (1/16) (19).

SVF was defined differently between studies.
The most common method was high IgG avidity (77
persons) (12,13,18-22,26-28), followed by an IgM-
negative or IgG-positive serologic profile (18 persons)
(24,25). Thirteen persons had recorded measles IgG
positivity before illness onset (12,23,26), and 1 person
was classified on the basis of an early measles IgG re-
sult (day 2) (17).

Four studies reported Ct values from oropha-
ryngeal samples, which ranged from 30.3 to 33.7
(4,13,25,26). Ten studies used IgG avidity to char-
acterize SVF; 7 of those reported avidity values of
70.83%-88.6% (12,13,18-20,22,26).

We demonstrated the potential presence of pub-
lication bias as reviewed visually in the form of a
quasi-funnel plot (Figure 2). Underreporting of out-
breaks with large numbers of SVF cases with multiple
transmission events may have occurred.

1750

Sensitivity analyses (Figure 3), in which the SVF
case definition, measles case definition, and report
type were varied, yielded similar results to the main
analysis. Isolation of studies where PEP was provided
to susceptible populations also yielded similar results
to the main analysis.

Discussion

This systematic review reports the attack rate and
R, after measles SVF. We found 14 studies that re-
ported the risk for measles infection after exposure to
a person who experienced SVF. All included studies
reported a very low attack rate (0%-6.25%) and R
(0.063 [95% CI 0.0-0.5]). Those findings suggests that
persons with measles SVF have a very low risk for
transmitting the disease.

Our findings are in keeping with the results of
Gastafiaduy et al. (14), who looked at the factors as-
sociated with measles transmission. Although they
did not disaggregate PVF and SVF, they found an
R, of 0.17 for persons who had received 1 dose of

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 9, September 2024
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a measles-containing vaccine and an R, of 0.27 for
those who received >2 doses of a measles-containing
vaccines. That finding was in contrast to a R , of 0.76
for unvaccinated persons (14).

Although the overall attack rate for persons ex-
posed to SVT case-patients appears to be low, pro-
longed exposure and confined settings probably re-
sult in higher risk for transmission. The presence of
acutely unwell patients in healthcare settings appears
to be the most likely scenario to result in infection
(12,13,17-19,22,23,26,27). This probability stands to
reason given the close and prolonged exposure that
medical and nursing staff have with their patients,
proximity to other patients, and the highly aerosoliz-
ing symptoms (i.e., cough) that brought those patients
to seek medical care. Moreover, having household
contacts, living in confined housing situations (e.g.,
military barracks, residential dormitories) (12,20,29),
and being in educational settings (e.g., schools, uni-
versities) have also been documented as potentially
high risk for transmission (29,30).

Ct values attained from our review compare ap-
propriately with those found in other studies. Pacenti
et al. (31) found vaccination failure (both PVF and
SVF) Ct values of 27.6 (SD +4.8), whereas other au-
thors reported median values of 32 (13). When com-
paring our result and those of other authors with un-
vaccinated controls (Ct 19.0-22.7) (13,31), we found
that incidents of vaccine failure are more likely to
have higher Ct values. These lower viral loads may
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be part of the explanation for the low attack rates at-
tributable to SVF patients.

Another implication of this review is the observa-
tion that the attack rate after SVF appears to be excep-
tionally low. Although maintaining vigilance and ap-
propriate measures remains crucial, the exceedingly
low attack rate suggests that public health responses
after SVF in high vaccination coverage regions could
be implemented by using a transmission risk stratifi-
cation approach. Because SVF case-patients are much
less likely to transmit the virus, outbreak-control re-
sources could be directed toward vaccine-naive and
PVEF-affected persons as a matter of priority. Public
health follow-up will still be required for SVF-affect-
ed persons; however, such follow-up could occur
once high transmission risk case-patients are man-
aged. This approach would ensure the efficient use of
resources, particularly during large outbreaks.

However, to properly inform any future public
health responses, enhanced data collection and re-
porting surrounding the transmission dynamics af-
ter SVF is needed. Our study shows that data in this
area are limited. To strengthen the evidence base,
we advocate first for the development of a robust
measles SVF case definition, then routine reporting
of cases that meet that definition (9). In addition, re-
porting of exposed populations and attack rates is
essential to create a more nuanced understanding of
measles transmission from SVF case-patients. Stan-
dardizing data collection in this manner will render

Figure 2. Study-specific effect
size by total reported measles
SVF cases identified during
systemic review of cases of
onward virus transmission after
measles SVF, as of March 31,
2023. R, effective reproduction
number; SVF, secondary
vaccination failure.
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Figure 3. Sensitivity analysis of
measles SVF cases identified
during systemic review of cases
of onward virus transmission after
measles SVF, as of March 31,
2023. Error bars indicate 95%
Cls. R, effective reproduction
number; SVF, secondary
vaccination failure; —ve, negative;
+ve, positive.

future research endeavors better equipped to ana-
lyze and interpret the implications of SVF, ultimate-
ly contributing to more effective and efficient public
health strategies.

A key limitation of our study is potential publi-
cation bias. Underreporting of outbreaks that have
high numbers of SVF but few or no reported trans-
mission events is possible (Figure 2). This likelihood
is consistent with investigators failing to report typi-
cal outbreaks (i.e., where persons with SVF trans-
mit like persons without SVF). Another limitation
of our analysis is the small sample size of studies
available for analysis, which can make generaliz-
ability and confidence in the findings difficult and
may not fully capture the variability and nuances
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of transmission after SVF. The lack of standard-
ized criteria for defining SVF resulted in the exclu-
sion of several potentially relevant studies from our
analysis. The standard for defining SVF is the use
of IgG avidity testing or preinfection serologic test-
ing (9). Unfortunately, not all included studies had
access to those diagnostic tools, instead relying on
early infection course serologic test. Moreover, the
reporting of exposed populations was deficient in
many studies, limiting our ability to calculate an ac-
curate attack rate. Of the studies that did report data
on exposure populations, prior vaccination status
was difficult to attain. In those instances, we classi-
fied persons who were unimmunized, were immu-
nocompromised, or had any unknown vaccination
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status as susceptible. Thus, persons with unknown
vaccinations status might have been vaccinated and
therefore nonsusceptible, which could have led to
an overestimation of this susceptible population size
and an underestimation of the calculated attack rate.
Furthermore, the studies included in our analysis
were predominantly conducted in postelimination
settings, which may limit the generalizability of our
findings to measles-endemic settings. On the other
hand, this fact may also be a strength, given that SVF
is far more common in the postelimination setting,
meaning those studies may more accurately reflect
real-world scenarios.

Our findings suggest that the risk for onward
transmission from persons with measles SVF is very
low but not zero. In large outbreak situations, pub-
lic health management of measles cases in unvacci-
nated persons could be prioritized before SVF cases.
In postelimination settings, routine serologic testing
for SVF, in addition to the standard PCR tests, may
be a useful adjunct for risk stratification during out-
break management.
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Clinical Significance, Species
Distribution, and Temporal Trends

of Nontuberculous Mycobacteria,
Denmark, 1991-2022

Victor Naestholt Dahl, Andreas Arnholdt Pedersen, Anders Norman, E. Michael Rasmussen,
Jakko van Ingen, Aase Bengaard Andersen, Christian Morberg Wejse,* Troels Lillebaek!

Nontuberculous mycobacteria (NTM) are emerging as
notable causative agents of opportunistic infections. To
examine clinical significance, species distribution, and
temporal trends of NTM in Denmark, we performed a
nationwide register-based study of all unique persons
with NTM isolated in the country during 1991-2022. We
categorized patients as having definite disease, possi-
ble disease, or isolation by using a previously validated
method. The incidence of pulmonary NTM increased
throughout the study period, in contrast to earlier find-
ings. Mycobacterium malmoense, M. kansasii, M. szul-
gai, and M. avium complex were the most clinically
significant species based on microbiologic findings; M.
avium dominated in incidence. This study shows the
need for surveillance for an emerging infection that is
not notifiable in most countries, provides evidence to
support clinical decision-making, and highlights the im-
portance of not considering NTM as a single entity.

Nontuberculous mycobacteria (NTM) are emerg-
ing as important causative agents of opportu-
nistic infections globally (1). NTM can cause a wide
spectrum of disease, leading to various clinical mani-
festations depending on the exposure, species viru-
lence, host immunity, and site of infection (2). Clini-
cal management and studies of pulmonary NTM
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infections are often challenged by difficulties in dis-
criminating between transient NTM findings in non-
sterile body sites after environmental exposure (often
referred to as colonization, contamination, or isola-
tion) as opposed to true NTM disease, because posi-
tive NTM cultures do not necessarily reflect disease.

For NTM pulmonary disease, the diagnostic cri-
teria are based on the presence of symptoms along
with radiologic and microbiologic findings (3). Al-
though those criteria have been widely implemented,
the application still relies on the individual clinician’s
subjective assessment and decision. As an alterna-
tive strategy, previous studies have validated infec-
tions by using microbiologic data only as a proxy for
clinically significant pulmonary NTM disease, divid-
ing NTM into categories reflecting the likelihood of
disease (4-6). In Denmark and elsewhere, data on the
clinical significance of NTM, including specific NTM
species, is sparse. Consequently, in this nationwide
study, we examined the clinical significance, species
distribution, and temporal trends of NTM isolates
over 32 years.

Methods

For decades, mycobacterial diagnostics and surveil-
lance in Denmark have been centralized at the In-
ternational Reference Laboratory of Mycobacteriol-
ogy (IRLM) at Statens Serum Institut in Copenhagen.
IRLM stores nationwide data and cultures from pa-
tients tested for mycobacterial infections as the only
such laboratory in the country. In this nationwide
register-based study, we combined mycobacteriolog-
ic data from IRLM with population data from Statis-
tics Denmark (https:/ /www.dst.dk).

These authors contributed equally to this article.
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We evaluated the clinical significance of NTM
isolates in Denmark by using only microbiologic data
for all persons in Denmark who had >1 NTM isolate
identified during 1991-2022. We only counted an in-
cident case of NTM once and thereafter excluded the
affected person from the population at risk for NTM
infection. We excluded from our study patients with
Mycobacterium gordonae isolates only, because that
species is considered a clinically irrelevant contami-
nant (6,7). We also excluded patients with multiple
NTM isolated concomitantly.

As part of routine diagnostics, samples were cul-
tured on liquid media with BACTEC MGIT 960 (BD
Diagnostic Systems, https://www.bd.com) and on
solid Lowenstein-Jensen slants (Statens Serum In-
stitut Diagnostica, https://ssidiagnostica.com) for
up to 8weeks. Throughout the study period, NTM
species were identified using different methods,
including AccuProbe (Gen-Probe, https://www.
hologic.com) and supplementary biochemical tests
during 1991-2001, InnoLipa Mycobacteria version 2
(InnoGenetics, https://www.fujirebio.com) during
2001-2012, GenoType Mycobacterium CM/AS (Hain
Lifescience, https://www.hain-lifescience.de) dur-
ing 2012-2022, and GenoType NTM-DR (Hain Life-
science) during 2016-2022. Supplementary species
identification also was used, targeting the 16S (2006-
2022) and internal transcribed spacer (2015-2022) re-
gions with Sanger sequencing.

Using a previously validated method and modi-
fying guideline criteria (3), we categorized patients
as having either definite disease, possible disease, or
isolation (4,5). For pulmonary NTM, including gas-
tric lavages, we defined definite disease as either >3
positive samples, 3 positive samples including >1 ob-
tained by bronchoscopy or pleurocentesis, or >1 posi-
tive sample from a lung or transbronchial biopsy. We
defined NTM isolation as only 1 positive NTM sam-
ple and categorized the remaining patients as having
possible disease. We defined all patients with a posi-
tive NTM sample from an extrapulmonary location as
having definite disease, except for patients with only
1 sample of urine or feces, who we categorized as pos-
sible disease. We categorized patients with samples
from both pulmonary and extrapulmonary locations
as having disseminated disease. We grouped species
by using phylogenetic classifications described by
Tortoli et al. (7). As we considered the discrimination
of NTM species identification within a complex or
group to have changed much over time, we grouped
NTM species for main analyses.

We compiled descriptive statistics by using counts
and percentages for categorical data and medians and
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interquartile ranges (IQRs) for continuous data. As an
illustration of the clinical significance of pulmonary
NTM, we calculated the number and corresponding
percentage of patients fulfilling the modified disease
criteria by each species for definite disease only and
for definite and possible disease combined. We cal-
culated annual incidence rates (IRs) as the number of
new patients with NTM in the numerator and the to-
tal number of patients in Denmark in the denomina-
tor for the given year. We evaluated trends over time
by using a Poisson model with age groups, sex, and
calendar year as explanatory variables, and we cal-
culated IRs by using the population of Denmark as
response variables. We conducted statistical analyses
and generated figures by using R version 4.2.3 (The
R Project for Statistical Computing, https://www.r-
project.org). The study was approved by Denmark’s
Data Protection Agency through the Department of
Compliance at Statens Serum Institut, Copenhagen
(approval no. 22/00845).

Results

A total of 4,123 unique patients had a positive NTM
culture, excluding 896 with M. gordonae and 34 with
multiple species isolated concomitantly, equaling 129
new patients annually on average. Median patient
age was 59 years (IQR 33-72 years); 1,977 (48%) were
female and 2,146 (52%) male, and 3,673 (89%) were
born in Denmark.

Most samples were pulmonary (2,851 [69%]),
whereas approximately one fourth were extrapul-
monary (1,106 [27%]); few patients had disseminated
NTM (166 [4.0%]) (Table). The most frequent isolates
were M. auium complex (MAC) (2,547 [62%]), where-
as other species were seen much less frequently. M.
avium (2,046 [80%]) and M. intracellulare (334 [13%])
accounted for most cases of MAC.

Approximately half of patients had definite dis-
ease (2,158 [52%]), whereas 26% (1,060) had possible
disease and 22% (905) had isolation. One third of pa-
tients with pulmonary samples had definite disease
(932 [33%]) and one third had possible disease (1,014
[36%]). We assessed clinical significance by species for
patients with pulmonary samples (Figure 1). M. mal-
moense (55%), M. kansasii (46%), and MAC (36%) were
most often associated with definite pulmonary NTM
disease, whereas M. kansasii (86 %), M. malmoense (81%),
and M. szulgai (78%) were the most significant species
when combing definite and possible disease. We also
assessed the clinical significance of NTM isolation by
species for any sample type and by age group and sex
(Appendix Table 1, Figures 1, 2, https:/ /wwwnc.cdc.
gov/EID/article/30/9/24-0095-Appl.pdf).
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Nontuberculous Mycobacteria, Denmark, 1991-2022

Table. Disease localization, species distribution, and clinical significance for patients with nontuberculous mycobacteria, Denmark

1991-2022*
Years
Characteristic Total 1991-1998 1999-2006 2007-2014 2015-2022
No. patients 4,123 (100) 948 (100) 793 (100) 1,027 (100) 1,355 (100)
Disease localization
Pulmonary 2,851 (69) 495 (52) 523 (66) 769 (75) 1,064 (79)
Extrapulmonary 1,106 (27) 341 (36) 255 (32) 242 (24) 268 (20)
Disseminatedt 166 (4.0) 112 (12) 15 (1.9) 16 (1.6) 23 (1.7)
Mycobacteria species groupt
M. avium complex 2,547 (62) 634 (67) 433 (55) 592 (58) 888 (66)
M. avium 2,046 (80) 575 (91) 370 (85) 467 (79) 634 (71)
M. chimaera 119 (4.7) 0 2(0.3) 117 (13)
M. intracellulare 334 (13) 59 (9.3) 62 (14) 114 (19) 99 (11)
Other or unspecified 48 (1.9) 0 1(0.2) 9(1.5) 38 (4.3)
M. abscessus-chelonae complex 275 (6.7) 49 (5.2) 50 (6.3) 86 (8.4) 90 (6.6)
M. xenopi group 231 (5.6) 37 (3.9) 45 (5.7) 52 (5.1) 97 (7.2)
M. fortuitum-smegmatis group 202 (4.9) 57 (6.0) 48 (6.1) 34 (3.3) 63 (4.6)
M. malmoense 168 (4.1) 38 (4.0) 45 (5.7) 54 (5.3) 31(2.3)
M. marinum 128 (3.1) 23 (2.4) 25(3.2) 41 (4.0) 39 (2.9)
M. celatum group 117 (2.8) 13 (1.4) 19 (2.4) 45 (4.4) 40 (3.0)
M. kansasii 81 (2.0) 11 (1.2) 12 (1.5) 32 (3.1) 26 (1.9)
M. simiae complex 43 (1.0) 11 (1.2) 10 (1.3) 15 (1.5) 7 (0.5)
M. parascrofulaceum/scrofulaceum 40 (1.0) 10 (1.1) 3(0.4) 10 (1.0) 17 (1.3)
M. szulgai 39 (0.9) 7(0.7) 10 (1.3) 12 (1.2) 10 (0.7)
M. interjectum 22 (0.5) 4 (0.4) 5(0.6) 8(0.8) 5(0.4)
M. terrae group 18 (0.4) 6 (0.6) 3(0.4) 5(0.5) 4 (0.3)
M. phocaicum/mucogenicum 17 (0.4) 0 7(0.9) 3(0.3) 7 (0.5)
Other§ 195 (4.7) 48 (5.1) 78 (9.8) 38 (3.7) 31(2.3)
Clinical significance
Isolation 905 (22) 216 (23) 212 (27) 202 (20) 275 (20)
Possible disease 1,060 (26) 111 (12) 132 (17) 258 (25) 559 (41)
Definite disease 2,158 (52) 621 (66) 449 (57) 567 (55) 521 (38)

*All values are no. (%).

TPatients with samples from both pulmonary and extrapulmonary locations were categorized as having disseminated disease.
FSpecies were grouped by using phylogenetic classifications described by Tortoli et al. (7).
§Defined as Mycobacteria spp. and species with <15 cases reported throughout the study period.

In all disease categories, MAC isolates were high-
ly predominant, accounting for 68% (1,478/2,158) of
definite disease cases and 65% (692/1,060) of possible
disease cases but was slightly less common for iso-
lation cases (42% [377/905]) (Appendix Table 1). M.
phocaicum/mucogenicum, M. parascrofulaceum/scrofu-
laceum, and M. terrae group more often represented
isolation cases. Disseminated NTM infections were
mainly caused by MAC (87% [144/166]) (Appendix
Table 2). All NTM species and groups were mostly
isolated from pulmonary samples except for M. mari-
num, which was only found in extrapulmonary sam-
ples. M. marinum was the second-most common NTM
isolated from extrapulmonary samples after MAC.

After adjustment for age and sex group differenc-
es, annual IRs of a positive NTM culture per 100,000
persons increased throughout the period (0.8% / year;
p<0.001). This increase was driven mainly by an in-
crease in patients with pulmonary NTM (2.3% / year;
p<0.001), whereas the rate of extrapulmonary (-1.7% /
year; p<0.001) and disseminated NTM (-9.5% / year;
p<0.001) decreased (Figure 2, panel A). For pulmo-
nary NTM, we also calculated annual IRs by disease
categories (Figure 2, panel B). Annual IRs of patients
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with definite and possible pulmonary MAC increased
over time (4.6%/year; p<0.001) (Figure 3), whereas
the incidence of extrapulmonary and disseminated
MAC decreased (Figure 4). These changes were main-
ly caused by subspecies M. avium (Appendix Figure
3). Infections attributable to M. celatum group (4.9%/
year; p<0.001), M. kansasii (3.8% / year; p = 0.012), and
M. xenopi (2.2% /year; p = 0.0152) also increased over
time for definite and possible pulmonary NTM com-
bined. The annual species distribution was compara-
ble throughout the study period with discrete varia-
tions (Table).

Discussion

Using nationwide mycobacteriologic data from Den-
mark during a 32-year period, we found that 52% of
patients in whom NTM were isolated had clinically
significant disease (i.e., definite); that percentage in-
creased to 78% when possible disease was included.
Species most often associated with definite NTM pul-
monary disease, on the basis of microbiologic findings,
were M. malmoense, M. kansasii, and MAC, whereas M.
kansasii, M. malmoense, and M. szulgai were the most
clinically significant species when possible disease
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Figure 1. Absolute numbers and corresponding percentages of patients fulfilling modified criteria for nontuberculous mycobacteria
pulmonary disease, based on microbiologic data only, Denmark, 1991-2022. A) Definite disease; B) definite and possible disease
combined. Species were grouped by using phylogenetic classifications described by Tortoli et al. (7).

was included as a sensitivity analysis. MAC infections,
mainly attributable to M. avium, were predominant
across disease categories and localizations, underscor-
ing its status as the clinically most important species.
However, the considerable differences in clinical sig-
nificance and epidemiology identified in our study
highlight that NTM should not be considered a single
entity. We observed that pulmonary NTM incidence
has been increasing in Denmark during the study
period, in contrast to earlier reports (4,5).

Comparable to our findings, a previous study
from Denmark that included data from a clinical

survey found that approximately half of pulmonary
NTM patients (31/58 [53.4%]) received treatment
with >2 antimycobacterial drugs or were considered
to have clinically significant NTM infection on the
basis of signs and symptoms (8). Slightly less than
half of those patients (39/85 [45.9%]) fulfilled clinical,
radiologic, and microbiologic criteria for disease for
those that had information available on all criteria.
Identifying NTM species, including to subspecies
level, is crucial for selection of a treatment regimen
and because different species are associated with vary-
ing clinical significance and outcomes (i.e., severity)

Figure 2. Annual incidence rates (infections/100,000 persons) of unique patients with a first culture positive for nontuberculous
mycobacteria, by disease localization (A) and disease category for patients with pulmonary isolates only (B), Denmark, 1991-2022.
Patients with samples from both pulmonary and extrapulmonary locations were categorized as having disseminated disease.
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Nontuberculous Mycobacteria, Denmark, 1991-2022

Figure 3. Annual absolute number of patients with a first culture positive for MAC, corresponding incidence rates, and annual incidence
rates for the most frequent nontuberculous mycobacteria species for patients with definite and possible pulmonary disease combined,
Denmark, 1991-2022. A) Numbers of first MAC cases by year and annual incidence (infections/1 million persons). B) Annual incidence
rates (infections/1 million persons) of the most frequent nontuberculous mycobacteria species. Species were grouped by using
phylogenetic classifications described by Tortoli et al. (7). Other was defined as Mycobacteria spp. and species with <15 cases reported

throughout the study period. MAC, Mycobacterium avium complex.

(9-11). Several studies have investigated the clinical
significance of NTM species (12-20), predominantly
smaller studies with clinical data, whereas the larger
studies have been based on laboratory data without
clinical information. Many of those laboratory studies
use the microbiologic component of the internation-
al guide criteria by the American Thoracic Society,

European Respiratory Society, European Society of
Clinical Microbiology and Infectious Diseases, and
Infectious Diseases Society of America (3,17,21-24).
Jankovic et al. found the positive predictive value of
the microbiologic component compared with the full
criteria was 59.8% (17); however, that value increased
to 93.3% when a stricter definition was applied (25).

Figure 4. Annual absolute number of patients with a first culture positive for MAC, corresponding incidence rates, and annual incidence
rates for the most frequent nontuberculous mycobacteria species for extrapulmonary and disseminated nontuberculous mycobacteria,
Denmark, 1991-2022. Patients with samples from both pulmonary and extrapulmonary locations were categorized as having
disseminated disease. A) Numbers of first MAC cases by year and annual incidence (infections/1 million persons). B) Annual incidence
rates (infections/1 million persons) of the most frequent nontuberculous mycobacteria species. Species were grouped by using
phylogenetic classifications described by Tortoli et al. (7). Other was defined as Mycobacteria spp. and species with <15 cases reported

throughout the study period. MAC, Mycobacterium avium complex.
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Because many epidemiologic NTM studies use differ-
ent approaches for defining NTM infection and dis-
ease (26), a consensus for reporting surveillance data
is warranted to enable fair comparisons across coun-
tries and regions.

In our study, we applied stricter criteria than
those used in many other studies, enabling compari-
sons with previous studies (4,5). Those criteria have
been shown to have high positive predictive values
for clinically significant disease (4). We found that
33% of patients with pulmonary NTM had definite
disease, comparable to the number of patients fulfill-
ing American Thoracic Society and Infectious Diseas-
es Society of America criteria in other studies, albeit
slightly higher (12,15,20). A previous study of pulmo-
nary NTM in eastern Asia found that 31% (582/1,744)
of patients fulfilled those criteria (16). In studies from
northwestern Europe, M. kansasii, M. szulgai, and M.
malmoense have been associated with a high degree of
clinical significance (>70%) (27,28). In other regions of
the world, those species are considered less clinically
significant, demonstrating that clinical significance
varies with geography.

MAC was the most predominant group of pulmo-
nary NTM (58%) in Denmark (5). In contrast, M. xeno-
pi (7.8%) and M. kansasii were rare (2.3%) compared
with findings in eastern and southern Europe, where-
as M. malmoense was much more incident (4.2%) than
in countries outside Scandinavia (29,30). M. abscessus-
chelonae complex accounted for the second-most fre-
quently observed NTM group (7.5%). We observed
clear differences in trends over time for the different
species. For instance, the incidence of M. malmoense
has previously been shown to rise in northern Europe
(31), and although we did not observe an increase
(-1.3%/year; p = 0.113), we could confirm the relative
significance in our region, finding similar proportions
of clinical significance (up to 81%) as reported in a
systematic review of clinical data (70%-80%) (31). The
abundance of M. malmoense in northern Europe, com-
pared with southern Europe (0.6% of 3,696 isolates)
and rest of the world (1% of 20,000 isolates), remains
unexplained (30). The most extensive evaluations of
geographic differences in the distribution of NTM
species are older (30,32), and because NTM epidemi-
ology is clearly changing over time, reevaluations of
geographic differences are necessary.

Until recently, no increasing trends in NTM in-
cidence had been reported in Denmark (4,5), in con-
trast to most other parts of the world (33). However,
recent studies based on diagnostic codes from the
International Classification of Diseases, 10th Revi-
sion, a potential proxy for NTM-treated patients,
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also found that NTM incidence and prevalence have
been increasing in Denmark (34,35). Again, those
findings show that temporal and geographic dif-
ferences are essential when evaluating NTM epide-
miology, underlining the need for surveillance. Di-
agnostic codes may have a lower sensitivity but a
good positive predictive value (36), suggesting that
combining the different approaches could be useful.
Our study, showing an increase of pulmonary NTM
incidence over time but not of extrapulmonary and
disseminated NTM, suggests that structural lung
disease and advancing age could be among the main
determinants for those changes. This hypothesis is
supported by the fact that structural lung disease is
the strongest risk factor for NTM pulmonary disease
(37). Still, sampling for NTM from pulmonary sites
probably evolved over time, especially with increas-
ing awareness of chronic lung conditions predispos-
ing to NTM, whereas sampling from extrapulmo-
nary sites is mainly based on disease manifestations
(37). Hence, in the past decade, or even longer, pa-
tients living with chronic lung disease might have
had cultures examined regularly as part of stan-
dard of care, leading to a higher number of posi-
tive NTM cultures. Further discussion of potential
explanations for the increasing trends is available
elsewhere (1,33).

One limitation of our study is the lack of clinical
information, including data on symptoms, underly-
ing conditions, risk factors for NTM, radiologic find-
ings, and treatment. Although the use of microbio-
logic data as a measure of clinical significance may be
flawed, lacking clinical information and a description
of sampling strategy, we believe microbiologic data
are a useful proxy for NTM disease and a valuable
tool for NTM surveillance (33).

In conclusion, M. malmoense, M. kansasii, M.
szulgai, and MAC are the most clinically significant
NTM in Denmark based on microbiologic findings,
with M. avium being of greatest importance because
of its dominance in incidence. In contrast to earlier
findings, the incidence of pulmonary NTM has been
increasing in Denmark. This study shows the critical
need for surveillance for an emerging infection that is
not notifiable in most countries, provides evidence to
support clinical decision-making, and highlights the
importance of not considering NTM as a single entity.
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Morphologic and Molecular
Identification of Human
Ocular Infection Caused by
Pelecitus Nematodes, Thailand

Ploysai Rujkorakarn, Pukkapol Suvannachart, Samadhi Patamatamkul, Tongjit Thanchomnang,
Pairot Pramual, Weerachai Saijuntha, Wanchai Maleewong, Shigehiko Uni

Nematodes of the Onchocercidae family, such as Peleci-
tus spp., are filarial parasites of medical and veterinary
importance. Although infections are widely distributed
among avian species, only 2 cases of human Peleci-
tus ocular infection, both in South America, have been
reported. We describe a 61-year-old man in northeast
Thailand diagnosed with an ocular infection. Morpho-
logic characteristics suggested the causative agent was
a female Pelecitus nematode: coiled body, rounded an-
terior and posterior extremities, a distinct preesophageal
cuticular ring, lateral alae, a postdeirid, and a protuber-
ant vulva. Sequences of the 12S rDNA gene indicated
95%—96% identity and cox1 gene 92%—96% identity with
published P. copsychi sequences. P-distance for cox1
sequences between the causative agent and P. copsychi
was 6.71%. Phylogenetic trees of 12S rDNA and cox1
genes indicated the species differed from but is closely
associated with P. copsychi. Healthcare providers should
be aware of the threat of ocular infection from Pelecitus
spp. nematodes.

Ocular parasitosis is relatively rare, and causative
agents vary by geographic area (I1). Manifesta-
tions vary according to the parasite’s location. A live
parasite in the anterior chamber of the eye can lead
to anterior uveitis or secondary glaucoma. Various
parasites, such as representatives of the genera Gna-
thostoma, Onchocerca, and Angiostrongylus, have been
reported in the literature to cause similar conditions
(1). In Southeast Asia, ocular gnathostomiasis and
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angiostrongyliasis often manifest with a live parasite
in the anterior chamber (2,3).

The nematode genus Pelecitus belongs to the On-
chocercidae family, which includes filariae of medical
and veterinary importance. Among the 21 species of
Pelecitus nematodes, 18 are found in birds and 3 in
mammals (4,5), most distributed in Africa and South
America (4). Birds serve as definitive hosts or reser-
voirs. Pelecitus spp. nematodes are transmitted by
blood-sucking arthropods, such as mosquitoes, chew-
ing lice, and tabanids (6).

Within the Indomalayan realm, P. ceylonensis, P.
galli, and P. copsychi nematodes have been identified
in animal hosts in Sri Lanka and Malaysia (5,7,8). In
humans, 2 cases of Pelecitus infection have been dis-
covered in Colombia and Brazil (9,10). However, in
both reports, the parasites were identified on the ba-
sis of morphologic characteristics only.

In this study, we identified the causative agent
of intraocular infection in a patient outside South
America as a nematode species of the genus Pelecitus.
We subsequently corroborated the preliminary iden-
tification based on morphologic characteristics using
molecular studies of the mitochondrial 125 ribosomal
RNA and the cytochrome ¢ oxidase subunit 1 (cox1)
genes (11,12). This study provides a morphologic de-
scription and details concerning the phylogenetic po-
sition of the Pelecitus sp. nematode identified in this
article. Our case report was approved by the ethics
committee of Mahasarakham University (approval
no. 181-200/2023).

Methods

Case Report

An otherwise healthy 61-year-old man in Thailand
sought treatment for gradually increasing eye pain,
redness, light sensitivity, and slight vision loss in his
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left eye. Symptoms persisted for ~1 month. He was a
farmer in northeastern Thailand and had not traveled
outside the country. He regularly consumed tradi-
tional dishes containing raw and partially cooked in-
gredients, including beef and fish. He was diagnosed
with an intraocular parasite at a private clinic, where
staff performed an Nd:YAG (neodymium-doped yt-
trium aluminum garnet) laser procedure to immo-
bilize the parasite before the patient was referred to
the hospital. We postulate that the infection in this
patient might have resulted from a bite from a hema-
tophagous arthropod.

Upon examination, the patient had best-correct-
ed visual acuity of 20/20 in the right eye and 20/40
in the left eye. Intraocular pressure measurements
were 18 mm Hg in the right eye and 14 mm Hg in the
left. The right eye examination was unremarkable,
but the left eye showed ciliary injection (Figure 1,
panel A) and grade 1+ anterior chamber cells. A live,
moving parasite was observed in the inferior ante-
rior chamber, more distinctly during gonioscopic
examination (Figure 1, panel B). The posterior seg-
ment was within reference limits. Complete blood
count results showed leukocytosis of 12,640 cells/
mm® and eosinophilia of 5.5% (absolute eosinophil
count 695.2 cells/mm?). Fecal examination did not
reveal parasites or eggs.

We performed urgent surgical removal to pre-
vent posterior or extraocular migration. After the op-
eration, we treated the patient with prednisolone ac-
etate 1% eye drops (every 2 h), moxifloxacin 0.5% eye
drops (4x/d), and oral albendazole (400 mg 2x/d for
5 d). At 1-month follow-up, the patient returned with
a reduction in pain and redness. The best-corrected
visual acuity was 20/30 and the intraocular pressure
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10 mm Hg in the left eye. We found no active inflam-
mation upon slit-lamp examination. Prednisolone
acetate 1% eye drops were gradually tapered. At the
1-year follow-up, the patient was doing well without
recurrence of ocular symptoms. We did not perform
a blood test at follow-up.

Morphologic Identification of the Parasite

We fixed the causative agent in 70% ethanol and sub-
sequently cleared it in lactophenol (R & M Chemicals,
https:/ /www .evergreensel.com.my) for morpho-
logic examination under a compound microscope
equipped with an Olympus U-DA camera lucida
(https:/ /www.olympus-global.com). We extracted
DNA from the caudal part of the causative agent (0.2
mm) using the Nucleospin Tissue kit (Macherey-Na-
gel, https://www.mn-net.com) according to manu-
facturer instructions. We performed a conventional
PCR to amplify the targeted mitochondrial 12S rRNA
and cox1 genes, according to instructions for specific
primers and PCR conditions described elsewhere
(13-15). Afterward, we sequenced the PCR products
using the Applied Biosystems DNA Analyzer (Ther-
moFisher, https:/ /www.thermofisher.com). We com-
pared the 125 rDNA and cox1 sequences with public
sequences in the GenBank database by using BLASTn
(https:/ /blast.ncbi.nlm.nih.gov).

We performed multiple sequence alignment
of DNA sequences from the 12S rRNA and cox1
genes with ClustalW (http://www.clustal.org) us-
ing MEGA-X (https://www.megasoftware.net). We
constructed phylogenetic trees using the maximum-
likelihood method with 1,000 bootstrap resamplings
as implemented in MEGA-X (16). We used publicly
available sequences from different nematode species

Figure 1. Slit-lamp examination
of the left eye of a 61-year-old
man in Thailand with ocular
parasitosis. A) Ciliary injection
and a live parasite in the inferior
part of the anterior chamber
(arrowhead). B) Gonioscopic
view revealing a parasite in the
inferior anterior chamber angle,
lodged in the iris fibers.

Precise magnification levels
are not available.
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Figure 2. Light micrographs

of Pelecitus sp. nematode
isolated from the left eye of a
61-year-old man in Thailand. A)
Curled female, 3.5 mm in length
and 198 ym in width. Head
(arrow) and tail (arrowhead) are
indicated. Scale bar = 250 um.
B) Rounded anterior extremity
with preesophageal cuticular ring
(arrows). Scale bar = 10 um. C)
Postdeirid (arrowhead) at the
posterior left side and lateral alae
(arrows) at the posterior part.
Scale bar = 50 um. D) Rounded
posterior extremity (arrowhead).
Scale bar =100 pm.

for comparison. We selected the Hasegawa-Kishino-
Yano model as a suitable substitution model (17).

Results

Morphologic Identification

The surgically removed female nematode had a
coiled body, 3.5 mm long and 198 um wide at the
midbody (Figure 2, panel A). The head was bluntly
rounded and the preesophageal cuticular ring (6.3 pm
wide x 2.5 pm high) was distinct (Figure 2, panel B).
Labial and cephalic papillae, arranged in 4 submedi-
an pairs, were not markedly protuberant. Amphids
were small, lateral, and not salient. A slight neck was
found 69 pm from the anterior extremity. The nerve
ring was situated 138 pm from the anterior extrem-
ity. The esophagus was 608 pm long, and its diam-
eter slightly widened in the posterior half. The vulva
was located at the level of the posterior half of the
esophagus, 395 pm from the anterior extremity. No
microfilariae were present in the uteri. A postdeirid
was found on the left side, 300 um from the caudal
extremity (Figure 2, panel C). Lateral alae were pres-
ent, broadening toward the posterior extremity. At
the level of the postdeirid, the ala was 28 pm wide.
The intestine was filled with brown pigments. The

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

cuticle was thick, 5-10 pm wide, at the postdeirid lev-
el. The tail extremity was rounded (Figure 2, panel D).
We deposited the specimen (MNHN-114YT) in the
Muséum National d’Histoire Naturelle, Paris, France
(https:/ /www.mnhn.fr).

Molecular Analyses

Based on the best match in BLAST, the 12S rDNA se-
quence (468 bp) (Figure 3) showed 95%-96% identity
with P. copsychi (GenBank accession nos. OK480976
and OK480977) and the cox1 sequence (611 bp) (Fig-
ure 4) showed 92%-96% identity with P. copsychi
(GenBank accession nos. OK480041 and OK480043).
The calculated p-distance for cox1 sequences between
this causative agent and P. copsychi was 6.71%. We
submitted sequences generated in this study to Gen-
Bank (accession nos. OR346706 [cox1] and OR396900
[12S rRNA]).

Discussion

The parasite specimen removed from this patient had
a coiled body, rounded anterior and posterior ex-
tremities, distinct preesophageal cuticular ring, lateral
alae, and a postdeirid. In addition, the vulva opened
in the esophageal region. Those morphologic char-
acteristics, along with the described morphometrics,

1765


https://www.mnhn.fr
http://www.cdc.gov/eid

SYNOPSIS

Figure 3. Maximum-
likelihood reconstruction
of phylogeny on the basis
of 12S rDNA sequences of
a Pelecitus sp. nematode
isolated from the left eye
of a 61-year-old man in
Thailand (bold text) and
reference sequences

from GenBank. Bootstrap
scores (percentages of
1,000 replications) are
presented for each node.
GenBank accession
numbers are shown. Scale
bar refers to a phylogenetic
distance of 0.05 nucleotide
substitutions per site.

indicated that the causative agent was a young, un-
mated female nematode of the genus Pelecitus (5,18).
We compared that specimen with P. copsychi, P. ceylo-
nensis, and P. galli nematodes from avian hosts in the
Indomalayan realm (5,7,8). The specimen from our pa-
tient showed greater similarity to P. copsychi nematode
than to the other 2 species, particularly in terms of body
length. However, the esophagus of the specimen from
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our patient was shorter, only half the length of the P.
copsychi esophagus. Although the morphometrics of mi-
crofilariae would have been necessary to differentiate
species, the female nematode harbored no microfilariae.
Nevertheless, we inferred that the taxonomic species of
the specimen from our patient differed from P. copsychi.

Our molecular analyses positioned the speci-
men from our patient near P. copsychi taxonomically

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 9, September 2024
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(Figures 3, 4). The calculated p-distance for cox1 gene
sequences between the specimen from our patient
and P. copsychi was 6.71%. Filarial nematodes can be
considered of the same species if the genetic distance
based on their cox1 sequences is <2% (19). Interspe-
cific distances are >4.8% in filariae. A 2017 study
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confirmed this distance threshold in the Onchocerca
species (20). Therefore, genetic distances suggested
the specimen from our patient differed from P. copsy-
chi at the species level. However, because the speci-
men from our patient possessed the general morpho-
logic characteristics of Pelecitus nematodes and was
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Figure 4. Maximum-likelihood
reconstruction of phylogeny on
the basis of cox1 sequences
of Pelecitus sp. nematode
isolated from the left eye of a
61-year-old man in Thailand
(bold text) and reference
sequences from GenBank.
Bootstrap scores (percentages
of 1,000 replications) are
presented for each node.
GenBank accession numbers
are shown. Scale bar refers

to a phylogenetic distance of
0.05 nucleotide substitutions
per site.
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positioned near P. copsychi in the phylogenetic trees,
we concluded that it is a congener, currently identi-
fied only as Pelecitus sp.

Previously, 2 cases of zoonotic ocular infections
possibly caused by Pelecitus spp. nematodes have
been described in humans (9,10). The specimen from
our patient was similar to the Pelecitus sp. nematode
isolated from the iris fibers of a man in Brazil (10). The
specimen from Brazil was a male worm with a pre-
esophageal cuticular ring, lateral alae, and a postdei-
rid. In another case in Colombia, a male specimen of
the genus Loaina was observed in the anterior cham-
ber of the patient’s eye (9) but was later suggested to
be of the genus Pelecitus (4,10). The study from Bra-
zil (10) also stated that 2 specimens from humans in
Colombia and Brazil were Pelecitus nematodes from
birds. However, in the previous reports, no DNA se-
quences were obtained (9,10). Hence, we were unable
to compare the sequences from our study with spe-
cies from previous human ocular Pelecitus infections.

Several modalities in the treatment of ocular
parasitic infections have been described elsewhere.
Lasers, including argon, Nd:YAG, and diode, are
recommended to immobilize and Kkill the parasite
before removal (21), but surgical removal is the
mainstay of treatment options (2,3). Data are lack-
ing regarding the efficacy of available anthelmin-
tics for the treatment of Pelecitus infections (22). In
animal studies, use of ivermectin, either alone or
in combination with systemic steroids, may be ef-
fective against Pelecitus infection in macaws (23).
In our case-patient, the intracameral parasite was
successfully removed through surgery followed by
treatment of the patient with postoperative topical
antimicrobials and steroids. No recurrence occurred
during the 1-year follow-up period.

In conclusion, we report a case of human intra-
ocular infection caused by a Pelecitus sp. nematode
in Thailand. This finding expands the known geo-
graphic range of human infection with this zoonotic
nematode, formerly reported only in South America.
Guided by an initial morphologic analysis, molecu-
lar methods such as PCR can be useful for identify-
ing rare infections such as Pelecitus sp. nematodes in
humans, offering a rapid and accurate diagnostic ap-
proach. Healthcare providers should consider Peleci-
tus spp. nematodes as a possible causative agent in
cases of small-to-moderate-sized helminths lodged in
iris tissue.
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for genetic variability, and potential for severe and fatal iliness,
CCHFV poses a continued public health threat.
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Crimean-Congo hemorrhagic fever virus.
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We conducted a prospective study of 159 cases of Strep-
tococcus dysgalactiae subspecies equisimilis (SDSE)
bacteremia in 157 patients at 2 hospitals in Finland dur-
ing November 2015-November 2019. Cellulitis was as-
sociated with nonsevere disease (p = 0.008); necrotizing
fasciitis was associated with severe disease (p = 0.004).
Fifty percent of patients had >1 clinical characteristic as-
sociated with risk for death. The case-fatality rate was
6%, and 7% of patients were treated in an intensive care
unit. Blood leukocyte counts on days 2 (p = 0.032) and
3 (p = 0.020) and C-reactive protein levels on days 3 (p
=0.030) and 4 (p = 0.009) after admission were predic-
tors of severe disease. The Pitt bacteremia score was
an accurate predictor of death. Using the Pitt bacteremia
score, leukocyte counts, and CRP responses during ini-
tial treatment can improve treatment strategies and sur-
vival for patients with SDSE.

treptococcus  dysgalactiae subspecies equsimilis

(SDSE) is a [-hemolytic Streptococcus species
mainly expressing Lancefield antigens C or G (1). The
incidence of SDSE bacteremia has been increasing,
and SDSE has surpassed S. pyogenes as the primary
cause of -hemolytic streptococcal bacteremia in sev-
eral countries (2-4).

The clinical manifestations of SDSE bacteremia
resemble those caused by S. pyogenes, such as celluli-
tis, pneumonia, endocarditis, and necrotizing fasciitis
(5). Death associated with SDSE bacteremia has var-
ied from 8% to 20% (6-9), reaching 33% in patients
with more severe clinical manifestations (10). Never-
theless, only a few studies provide data on disease se-
verity of SDSE bacteremia (8,11-15), and information
on factors contributing to severe disease is lacking. In
a study from Canada, 70% of SDSE bacteremia epi-
sodes were associated with severe disease, involving
admission to an intensive care unit (ICU) or the need
for vasopressor or ventilator support (11).

Endocarditis has been observed in 6%-7% of
SDSE bacteremia patients; 29% of those patients re-
quired ICU treatment, and embolic complications
developed in 45%-46% (11,16,17). Although necro-
tizing fasciitis has been relatively uncommon among
SDSE bacteremia patients, a large multicenter study
on necrotizing soft tissue infections identified SDSE
as the second most common causative agent after S.
pyogenes, contributing to 7% of cases (18). Septic shock
developed in 41% of patients with necrotizing soft tis-
sue infections caused by SDSE, and 89% of those re-
quired mechanical ventilation (18).

The Pitt bacteremia score (PPBS) is a clinical scor-
ing system used to assess the severity of acute illness
in patients with bloodstream infections (19). PBS uses
a scale ranging from 0 to 14 points; patients with a
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PBS score >4 are categorized as critically ill and have a
high death risk. Compared with other scores that de-
termine acute severity of illness, PBS has performed
well and is simple to use because it is solely derived
from variables identified during the initial physical
examination. PBS has been extensively assessed in
bloodstream infections and also in nonbacteremic in-
fections; however, the accuracy of the score has not
been evaluated for SDSE bacteremia (19-21).

We conducted a prospective study on clinical as-
pects and disease severity in patients with SDSE bac-
teremia. The aim of this study was to examine clini-
cal manifestations of the disease, antibiotic treatment
and susceptibility, laboratory test results associated
with severe disease, and clinical manifestations re-
quiring ICU treatment. Furthermore, we used the Pitt
bacteremia score to assess severity of acute illness in
SDSE bacteremia.

Methods

Tampere University Hospital (TAUH) in Tampere,
Finland, is the second-largest tertiary-care hospital in
Finland, serving a catchment population of 535,000
residents within the Pirkanmaa health district. We
included adult patients with >1 SDSE-positive blood
culture who were hospitalized at TAUH or Hatanpada
City Hospital in Tampere during November 2015-
November 2019 in the study population. At the begin-
ning of 2017, Hatanpad City Hospital was integrated
with TAUH. During the study period, we excluded
3 cases of S. canis infection, and 2 patients declined
to participate. Consequently, the final study popula-
tion consisted of 159 episodes involving 157 patients
with SDSE bacteremia. The study was approved by
the Regional Ethics Committee of Tampere Univer-
sity Hospital.

Blood samples were collected in the emergency
room at Tampere University Hospital and were stud-
ied and cultivated at Fimlab Laboratories in Tampere.
During November 2015-October 2017, blood samples
were collected into BacT/Alert FA Plus aerobic and
FN Plus anaerobic blood culture bottles and incubat-
ed in an automated BacT/Alert 3D microbial detec-
tion system (bioMérieux). During November 2017-
November 2019, blood samples were collected in BD
BACTEC Plus Aerobic/F and Lytic/10 Anaerobic/F
culture vials and incubated in a BD BACTEC FX
blood culture system (Becton Dickinson).

We identified SDSE primarily on the basis of
typical large colony-forming growth and -hemolysis
on blood agar plates. Until February 2017, we iden-
tified bacteria by using latex bead agglutination to
determine Lancefield grouping (PathoDxtra Strep
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Grouping Kit; Thermo Fisher Scientific) and con-
firmed identity by using API 20 Strep (bioMérieux) or
matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry (VITEK MS
instrument; bioMérieux). Since March 2017, MALDI-
TOF mass spectrometry has been the primary method
for identification. MALDI-TOF analysis provided re-
sults for S. dysgalactine subsp. dysgalactiae/equisimilis,
which was interpreted as S. dysgalactiae subsp. equisi-
milis associated with human disease.

During the study period, a clinical microbiologist
(J.A. or T.S.) contacted an infectious disease special-
ist (S.R.) regarding all SDSE-positive blood cultures.
Concurrently, the specialist kept track of SDSE-pos-
itive blood cultures in Finland’s register for hospital
infections and antimicrobial drug use, where all posi-
tive blood cultures in Finland are recorded, and con-
tacted SDSE bacteremia patients to obtain informed
consent for study participation. In cases where the pa-
tient was unable to provide informed consent because
of deteriorating condition, we obtained informed
consent from the patient’s first-degree relatives. We
gathered clinical data through a combination of pa-
tient interviews and examinations. In addition, we
conducted a review of the patients’ medical records
both during and after hospitalization.

The variables included in the PBS were measured
at hospital admission, and we calculated the score for
each patient. We defined hypotension as a systolic
blood pressure of <90 mm Hg or the need for vaso-
pressors. Mechanical ventilation refers to the use of
invasive mechanical support. We categorized mental
status as disoriented or unconscious upon admission.
Because no specific data on unconsciousness existed
at admission, we considered a patient to be uncon-
scious if their mental status deteriorated after admis-
sion and the patient was recorded as unconscious
during the first 2 days of hospitalization. Body tem-
perature was measured at hospital admission. Data
on cardiac arrests were unavailable and were exclud-
ed from the score.

We analyzed clinical manifestations and labora-
tory test results in relation to severe disease, which
we defined as treatment in ICU or death within 30
days after hospital admission. We analyzed categori-
cal data by using the y? or Fisher exact test, as appro-
priate, and analyzed nonparametric data by using the
Mann-Whitney U test. We evaluated whether labora-
tory test results and the PBS predicted death by using
receiver operating characteristic (ROC) curves (22).
For the ROC method, the area under the curve (AUC)
is 1.0 if both sensitivity and specificity of the test are
100% and 0.5 if the test has no diagnostic value. We
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used the Youden index (sensitivity + specificity - 1)
to determine optimal cutoff levels for PBS and labo-
ratory test results that had statistically significant
AUCs predicting severe disease or death. We calcu-
lated odds ratios (ORs) and 95% Cls and considered p
values of <0.05 statistically significant. We performed
all statistical analyses by using SPSS Statistics for Mac
version 29 (IBM).

Results

The study comprised 159 SDSE bacteremia episodes
in 157 patients during November 2015-November
2019. The median patient age was 71 (range 28-93)
years, and 95% of patients had underlying conditions.
Sixty percent of patients were male and 40% female;
71% percent of patients with severe disease were male
and 29% female. The most common clinical manifes-
tations in all patients were cellulitis (69%), purulent
skin infections (19%), and pneumonia (15%) (Table
1). Cellulitis was associated with nonsevere disease
(p = 0.008), whereas necrotizing fasciitis was associ-
ated with severe disease (p = 0.004). Endocarditis was
diagnosed in 5 patients, but none of those patients
experienced embolic complications, died, or needed
intensive care or surgical treatment.

Intravenous antimicrobial drugs were adminis-
tered as the initial treatment for all episodes. The ini-
tial antimicrobial drug treatment was second-genera-
tion cephalosporin for 73% of patients with nonsevere
disease and 47% of patients with severe disease. In
35% of patients with severe disease, the initial anti-
microbial drug treatment was ceftriaxone. The initial
antimicrobial drug treatments were effective for all
episodes. After 2 days, the antimicrobial drug treat-
ment was narrowed to penicillin G for 43% of all pa-
tients: 24% of those patients had severe disease, and
46% had nonsevere disease. Clindamycin treatment
was provided to 29% of patients with severe disease
and 10% of patients with nonsevere disease. No asso-
ciation was observed between clindamycin treatment
and death rate. The median length of intravenous an-
timicrobial drug treatment was 10 (range 0-45) days.
None of the patients received intravenous immuno-
globulin therapy. All SDSE isolates were susceptible
to penicillin and cephalosporins. Clindamycin re-
sistance was found in 4 (3%) isolates. Erythromycin
resistance was found in 16% of isolates, and 3% of
isolates had intermediate sensitivity to erythromyecin.

The 30-day case-fatality rate for all patients was
6% (9 patients). The 2-day case-fatality rate was 3%,
and the 7-day case-fatality rate was 4%. The median
age of deceased patients was 77 (range 69-88) years;
56% were male and 44% female. Associations between
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Table 1. Clinical manifestations and disease severity in patients with Streptococcus dysgalactiae subspecies equisimilis bacteremia

during November 2015-November 2019, Finland*

Infection typet Nonsevere disease, n = 142 Severe disease, h = 17 p value
Skin/soft tissue infection 107 (75) 10 (59) 0.154
Cellulitis 103 (73) 7 (41) 0.008
Purulent skin infection 27 (19) 4 (24) 0.746
Necrotizing fasciitis 1(1) 3(18) 0.004
Deep abscess 13 (9) 2(12) 0.664
Bursitis 2(1) 0 NA
Bone and joint infection 16 (11) 2(12) 1.000
Osteomyelitis, all 7 (5) 1(6) 1.000
Spondylitis 7 (5) 1(6) 1.000
Arthritis, all 10 (7) 2(12) 0.620
Periprosthetic joint infection 6 (4) 0 NA
Pneumonia 19 (13) 5(29) 0.141
Empyema 1(1) 0 NA
Endocarditis 5(4) 0 NA
Aortitis 0 1(6) NA
Foreign body infection 3(2) 0 NA
Puerperal sepsis 4 (3) 0 NA
Intraabdominal infection 2(1) 0 NA
Endophthalmitis 2(1) 0 NA
Bacteremia without defined focus 14 (10) 3(18) 0.397

*Values are no. (%) except as indicated. Severe disease was defined as treatment in the intensive care unit or death within 30 days after hospital

admission. NA, not applicable.
tOne patient might have >1 clinical manifestations.

clinical characteristics and risk for death were stud-
ied (Table 2); 50% of all patients (48% of survivors
and 78% of nonsurvivors [p = 0.094]) had >1 clinical
characteristic significantly associated with risk factors
for death, which included admission to an ICU, hypo-
tension, need for vasopressors, lowered level of con-
sciousness, septic shock, multiorgan failure, or surgical
intervention. The case-fatality rates were high for pa-
tients who experienced unconsciousness (43%), multi-
organ failure (33%), and septic shock (28%). Surgical
intervention was needed for 24% of all patients. The
most commonly required surgical interventions were
amputation (5%), abscess drainage (5%), joint aspira-
tion or lavage (3%), and prosthetic joint replacement
or removal (3%). Most (84%) patients showed their

first symptoms within 24 hours before hospital admis-
sion. We did not observe a significant difference in the
median duration of symptoms before hospital admis-
sion between nonsurvivors and survivors (p = 0.858).
Among survivors, 17 (11%) patients had nosocomial
infections (symptoms manifested after prior discharge
from inpatient care or >48 hours after hospitalization).
In contrast, all patients who died had community-ac-
quired SDSE bacteremia (p = 0.599).

We calculated PBS for each patient and found
it was a significant predictor of death (Table 3; Fig-
ure). ROC analysis indicated PBS had an AUC of
0.775 (95% CI 0.555-0.995; p = 0.014). The optimal
cutoff determined by the Youden index was PBS >3;
PBS was strongly associated with 30-day mortality at

Table 2. Disease severity among 159 episodes of Streptococcus dysgalactiae subspecies equisimilis bacteremia during November

2015—November 2019, Finland*

Characteristic

Total, n = 159 Survivors, n = 150 Nonsurvivors, n =9 p value

Admitted to intensive care unit 11 (7) 8 (5) 3(33) 0.017
Needed mechanical ventilation 3(2) 2 (1) 1(11) 0.161
Needed continuous renal replacement therapy 1(1) 1(1) 0 NA
Needed hemodialysis 1(1) 1(1) 0 NA
Needed vasopressors 15 (9) 12 (8) 3(33) 0.041
Lowered level of consciousnesst 37 (23) 31(21) 6 (67) 0.005

Unconscious 7 (4) 4 (3) 3(33) 0.004
Hypotensiont 36 (23) 30 (20) 6 (67) 0.005
Septic shock§ 18 (11) 13 (9) 5 (56) 0.001
Disseminated intravascular coagulation 6 (4) 5(3) 1(11) 0.299
Multiorgan failure# 12 (8) 8 (5) 4 (44) 0.002
Underwent surgical intervention 38 (24) 33 (22) 5 (56) 0.037
*Values are no. (%) except as indicated; p values compare survivors and nonsurvivors. NA, not applicable.
TLowered level of consciousness (unconscious or confusion) >1 time during the first 2 days after positive blood culture.
1Systolic blood pressure <90 mm Hg >1 time during days 0-2 after positive blood culture.
8Use of vasopressor and blood lactate level >2 mmol/L >1 time during days 0-2 after positive blood culture.
Platelet counts <100 x 10°%/L.
#Observed >3 concomitant organ failures.
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Table 3. Variables included in the Pitt bacteremia score in study
of clinical aspects and disease severity of Streptococcus
dysgalactiae subspecies equisimilis bacteremia, Finland*

Variable Point allocation
Hypotensiont 2
Mechanical ventilation 2
Mental status

Disoriented 1

Unconscious 4
Body temperature, °C

35.1-36 or 39-39.9 1

<35.0 or >40.0 2

*All variables recorded at hospital admission.
TSystolic blood pressure <90 mm Hg or vasopressor required.

this cutoff, having 78% sensitivity and 87% specific-
ity (OR 22.84 [95% CI 4.41-118.22]; p<0.001). A PBS
>4 was also associated with 30-day mortality but had
44% sensitivity and 95% specificity (OR 15.54 [95% CI
3.41-70.96]; p = 0.002).

Eleven patients with SDSE bacteremia were ad-
mitted to an ICU (Table 4). Their median age was 68
(range 35-85) years, and the median length of ICU
stay was 3 (range 1-7) days; 2 patients were female
and 9 male. Three of the 11 patients died, 10 mani-
fested general deterioration, 9 had fever, and 6 had
dyspnea. Cellulitis was the most common clinical
manifestation in 5 patients, but several patients had
>1 clinical sign. Eight patients were hypotensive and
needed vasopressors, 3 patients needed mechanical
ventilation, and 1 required continuous renal replace-
ment therapy. All patients treated in an ICU had
elevated blood lactate and procalcitonin levels. The
median lactate level in blood was 3.5 (range 0.5-4.9)
mmol/L; the median procalcitonin level in blood was
11.8 (range 2.1-88.5) ng/L.

We determined associations between labora-
tory test results from SDSE bacteremia patients and

Figure. Association between 30-day mortality and Pitt bactere-
mia scores in study of clinical aspects and disease severity of
Streptococcus dysgalactiae subspecies equisimilis bacteremia,
Finland. Pitt bacteremia score was a significant predictor of death
for infected patients with bacteremia.
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nonsevere or severe disease (Table 5). Decreases in
leukocyte counts and C-reactive protein (CRP) lev-
els in blood during the first days of treatment were
less for patients with severe disease than those with
nonsevere disease. The leukocyte counts were sig-
nificantly higher on days 2 and 3, and CRP levels
were higher on days 3 and 4 after admission in pa-
tients with severe disease than those with nonse-
vere disease. Blood creatinine levels were higher in
patients with severe disease than those with nonse-
vere disease at admission and during the first day
of hospitalization.

We analyzed the predictive value of laboratory
test results for severe disease by using ROC curves.
The leukocyte counts on days 2 and 3, the CRP lev-
els on days 3 and 4, and the highest level of alanine
aminotransferase (ALT) during days 0-4 after admis-
sion were significant predictors of severe disease. The
AUC for leukocyte counts was 0.680 (95% CI 0.522-
0.839; p = 0.026) on day 2 and 0.713 (95% CI 0.584-
0.877; p=0.011) on day 3. The AUC for CRP was 0.697
(95% C10.553-8.62; p = 0.019) on day 3 and 0.740 (95%
CI 0.569-0.991; p = 0.006) on day 4. The AUC of the
highest ALT level during days 0-4 was 0.674 (95% CI
0.501-0.848; p = 0.049).

We determined optimal cutoff levels for labora-
tory test results predicting severe disease by using the
Youden index. A leukocyte count >14.1 x 10° cells/L
on day 2 had a 64% sensitivity and 74% specificity
(OR 4.48 [95% C11.37-14.61]; p = 0.021). A leukocyte
count >12.5 x 10° cells/L on day 3 had a 64% sensitiv-
ity and 80% specificity (OR 6.78 [95% CI 1.83-25.08];
p = 0.004). CRP levels >199 mg/L on day 3 had a
64% sensitivity and 72% specificity (OR 4.50 [95% CI
1.24-16.33]; p = 0.035). CRP levels >163 mg/L on day
4 had a 73% sensitivity and 75% specificity (OR 8.00
[95% CI11.97-32.42]; p = 0.002). The highest measured
ALT level during days 0-4 that was >53 U/L had a
67% sensitivity and 79% specificity (OR 7.65 [95% CI
2.06-28.44]; p = 0.002).

Discussion

We observed an association between cellulitis and
nonsevere disease in SDSE, whereas necrotizing
fasciitis was associated with severe disease. A pre-
vious study also indicated that cellulitis, which is a
clinical manifestation of [-hemolytic streptococcal
bacteremia, predicted a favorable prognosis (8).
In this study, 3 of 4 patients with necrotizing fas-
ciitis had severe disease, and 2 of those patients
died. Mortality rates of 19%-33% have been re-
ported for patients with necrotizing fasciitis caused
by SDSE (10,18). Endocarditis caused by SDSE
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has a high prevalence of embolic complications
and high mortality rates, similar to that for endocar-
ditis caused by Staphylococus aureus (16,17,23). Our
findings diverge from those previous studies; all 5
patients with endocarditis had nonsevere disease,
and none experienced embolic complications or re-
quired surgical intervention. Pneumonia seemed to
be associated with severe disease, although statisti-
cal significance was not reached. No data on the as-
sociation between pneumonia and death in patients
with SDSE bacteremia are available, but pneumonia
has been associated with marked mortality rates
for patients with group A Streptococcus bacteremia
(24,25). In contrast to previous studies, patients
without a defined disease focus had relatively favor-
able outcomes.

In our study, 50% of patients manifested >1 clini-
cal characteristic associated with risk for death. De-
spite this finding, the case-fatality rate (6%) remained
relatively low. In previous studies of SDSE bactere-
mia, 6%-24% of patients required treatment in an
ICU, 7%-19% required vasopressors, and 0%-17% re-

Streptococcus dysgalactiae Bacteremia, Finland

quired ventilation support (12-14). In another study,
70% of SDSE episodes were associated with markers
of severe disease, including ICU admission and the
need for vasopressors or ventilation support (11).

Surgical intervention was required for 24% of all
SDSE bacteremia patients and 55% of patients treated
in an ICU. In previous studies on SDSE bacteremia,
the reported need for surgical intervention showed
substantial variability, ranging from 18% to as high as
58.8% (11,12,26,27). For patients with group A Strepto-
coccus bacteremia, surgical intervention was required
in 37% of patients overall (28) and 61% of patients
treated in an ICU (24).

Case-fatality rates ranging from 2% to 21% have
been reported for patients with SDSE bacteremia
(12,29), but no consistent trend in case-fatality rates
has been identified. However, in a previous study
from the Pirkanmaa health district, the case-fatality
rates were 22% for patients with group C and 15%
for those with group G Streptococcus bacteremia (8).
For all bloodstream infections in Finland, case-fatality
rates have remained stable at 13% since 2004 (30). The

Table 4. Clinical synopses of 11 patients with Streptococcys dysgalactiae subspecies equisimilis bacteremia who were treated in an

intensive care unit during November 2015-November 2019, Finland

Patient  Age, Clinical Continuous renal Mechanical ICU
no. y*/sex Symptoms syndrome  replacement therapy ventilation Vasopressors stay, d Outcome
1 80/M Fever, general Cellulitis, No No No 3 Survived
deterioration, dyspnea, pneumonia
cough
2 60/F Fever, general Arthritis No Yes No 3 Survived
deterioration, dyspnea
3 71M Fever, pain, general Cellulitis, No No Yes 3 Died
deterioration, altered pneumonia
mental status, dyspnea
4 69/F Fever, general Purulent skin No No Yes 4 Died
deterioration, nausea, infection
altered mental status,
dyspnea
5 68/M General deterioration, No defined No No Yes 1 Survived
dyspnea focus
6 85/M Fever, general Cellulitis No No Yes 1 Survived
deterioration, nausea,
dyspnea
7 43/M General deterioration Cellulitis, No No Yes 2 Survived
spondylitis,
arthritis,
osteomyelitis
8 59/M Fever, general Cellulitis Yes No No 4 Survived
deterioration, altered
mental status
9 82/M Fever, pain, general Necrotizing No Yes Yes 2 Died
deterioration, altered fasciitis
mental status
10 35/M Fever, pain, nausea Necrotizing No No Yes 2 Survived
fasciitis,
abscess
11 66/M Fever, general Pneumonia No Yes Yes 7 Survived
deterioration, nausea,
altered mental status
*Age at hospital admission.
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Table 5. Laboratory test results of patients with Streptococcus dysgalactiae subspecies equisimilis bacteremia in relation to nonsevere
and severe disease during November 2015—November 2019, Finland*

Laboratory test Nonsevere disease, n = 142 Severe disease, n =17 p value
Leukocyte count, x 10° cells/L
Day 0 16 (11-19) 14 (11-21) 0.973
Day 1 13 (10-18) 15 (11-23) 0.370
Day 2 11 (8-15) 15 (10-21) 0.032
Day 3 10 (7-12) 15 (10-16) 0.020
Highestt 17 (12-21) 19 (12-25) 0.488
C-reactive protein, mg/L
Day 0 70 (20-179) 196 (21-344) 0.093
Day 1 177 (123-274) 195 (94-360) 0.439
Day 2 207 (124-283) 256 (120-348) 0.329
Day 3 149 (79-217) 217 (124-305) 0.030
Day 4 99 (51-163) 193 (100-260) 0.009
Highest# 237 (163-320) 328 (162-385) 0.202
Creatinine, pmol/L
Day 0 94 (78-122) 113 (84-203) 0.046
Day 1 93 (81-121) 135 (89-182) 0.043
Day 2 94 (73-121) 103 (80-175) 0.137
Platelet count, x 10°/L
Day 0 196 (159-234) 169 (143-216) 0.178
Day 2 183 (146-217) 142 (105-212) 0.175
Highest ALT,§ U/L 26 (18-41) 58 (25-69) 0.052

*Values are median (interquartile range) except as indicated. Severe disease was defined as treatment in the intensive care unit or death within 30 days

after hospital admission. ALT, alanine aminotransferase.
tHighest count during days 0-3.

fHighest level during days 0-4.

8Highest level during days 0-4.

relatively low case-fatality rates in our study could be
partly attributed to early recognition of the disease
and enhanced treatment protocols.

In this study, we showed a clinical overview of
ICU-treated SDSE bacteremia. Most patients admit-
ted to an ICU exhibited nonspecific symptoms, such as
general deterioration, fever, and dyspnea. Among the
patients treated in an ICU, 2 had necrotizing fasciitis,
which was identified as a risk factor for severe disease.
However, most ICU-treated patients manifested non-
necrotizing soft tissue infections or pneumonia. Al-
though data on ICU treatment for patients with SDSE
bacteremia are lacking, studies on ICU-treated group A
Streptococcus bacteremia indicated cellulitis and pneu-
monia were the most common clinical manifestations
(24,25). However, in ICU-treated group A Streptococcus
bacteremia, the proportion of necrotizing fasciitis cases
has been substantially higher than that for SDSE bacte-
remia (24,31). In our study, most ICU-treated patients
survived, possibly because of effective treatment but
also careful patient selection practice, which excluded
those with a very poor prognosis. Furthermore, TAUH
has high-dependency units, where treatments such as
vasopressor support are administered, lowering the
need for ICU treatment.

The PBS has been used for >30 years to assess
mortality risk for bloodstream infections (32). Our
findings indicate that PBS serves as an accurate pre-
dictor of death from SDSE bacteremia. Although the
previously validated cutoff value of >4 had high spec-

1776

ificity in our study, it was achieved at the expense of
sensitivity. In contrast to previous studies, we identi-
fied an optimal PBS cutoff point of >3, which achieved
a maximum balance between sensitivity and specific-
ity. This deviation from previous findings might be
attributed to the relatively small number of patients
in our study who died. In addition, excluding cardiac
arrest from the score might have partly contributed to
the relatively low overall scores.

We observed erythromycin resistance in 16% and
clindamycin resistance in 3% of SDSE isolates. Increas-
ing SDSE resistance to erythromycin or clindamycin
have been reported. In Norway, resistance to both
clindamycin and erythromycin, which was absent
before 2009, increased to 12% during 2016-2018 (33).
Similarly, in Japan, macrolide resistance increased
from 10.3% during 2003-2005 to 18.5% during 2010-
2013 (4,34).

We did not observe significant associations be-
tween leukocyte counts or CRP levels and disease
severity at admission. However, significant associ-
ations with severe disease were identified on days 2
and 3 for leukocyte counts and on days 3 and 4 for
CRP levels after admission. In an SDSE bacteremia
study in Japan, an insufficient leukocyte response
and thrombocytopenia at admission were linked to
poor outcomes, but CRP levels were not predictive
at admission, which agrees with our findings (13).
Confirming our findings, another study on the as-
sociation between CRP levels and death in patients
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with sepsis showed that a CRP value >100 mg/dL
on day 3 after hospital admission was linked to a
fatal outcome (35). Our findings suggest that moni-
toring leukocyte and CRP responses during the
initial days of treatment is crucial. If an adequate
response is not observed after a few days of treat-
ment, heightened attention to more intensive treat-
ment is warranted.

A major strength of this study is the prospective
design, enabling the systematic and reliable collec-
tion of a broad range of clinical data. All data were
consistently gathered by the same infectious disease
specialist, and the study encompassed a relatively
large population. However, some data used to deter-
mine PBS in previous studies were unavailable in our
study. Although scoring performed well in predict-
ing death, limited available data might have contrib-
uted to the comparatively lower scores observed in
our study. Data collected from laboratory test results
were also limited.

In conclusion, this prospective study on SDSE
bacteremia revealed necrotizing fasciitis is a risk fac-
tor for severe disease, whereas cellulitis is associat-
ed with a favorable prognosis. Despite a substantial
proportion of patients manifesting characteristics
associated with mortality risk, the overall mortality
rate remained relatively low, underscoring the im-
portance of prompt and effective treatment. The PBS
accurately predicted death of patients with SDSE
bacteremia. Leukocyte counts and CRP responses
during the initial days of treatment emerged as valu-
able indicators of disease severity. Clinicians should
consider using the PBS, leukocyte counts, and CRP
responses during initial treatment with antimicro-
bial drugs to improve treatment strategies and sur-
vival of patients with SDSE.
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Loop-Mediated Isothermal
Amplification Assay to Detect
Invasive Malaria Vector
Anopheles stephensi Mosquitoes
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Spread of the Anopheles stephensi mosquito, an inva-
sive malaria vector, threatens to put an additional 126
million persons per year in Africa at risk for malaria.
To accelerate the early detection and rapid response
to this mosquito species, confirming its presence and
geographic extent is critical. However, existing mo-
lecular species assays require specialized laboratory
equipment, interpretation, and sequencing confirma-
tion. We developed and optimized a colorimetric rapid
loop-mediated isothermal amplification assay for mo-
lecular An. stephensi species identification. The assay
requires only a heat source and reagents and can be
used with or without DNA extraction, resulting in positive
color change in 30—35 minutes. We validated the assay
against existing PCR techniques and found 100% speci-
ficity and analytical sensitivity down to 0.0003 ng of ge-
nomic DNA. The assay can successfully amplify single
mosquito legs. Initial testing on samples from Marsabit,
Kenya, illustrate its potential as an early vector detection
and malaria mitigation tool.

In 2012, Anopheles stephensi, a primary malaria vector
in South Asia, was detected in Djibouti, a country in
Africa that was approaching malaria preelimination
status (1). Unlike typical malaria vectors in Africa,
An. stephensi mosquitoes can thrive in both urban and
rural environments. After the detection in Djibouti,
An. stephensi mosquitoes were reported in Ethiopia
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and Sudan in 2016, Somalia in 2019, Nigeria in 2020,
Kenya in 2022, and Ghana and Eritrea in 2023 (2). The
initial detection in Djibouti came during a malaria
outbreak (1), after which a 36-fold increase in malaria
was reported from 2012 to 2020 (3). In Dire Dawa, the
second largest city in Ethiopia, an unusual dry season
outbreak of malaria was reported in 2022, and epide-
miologic and entomologic investigations incriminat-
ed An. stephensi mosquitoes as driving the outbreak
(4). Furthermore, the species’ insecticide resistance
status and unique bionomics present a challenge to
proven malaria vector control tools, such as insecti-
cide-treated bed nets and indoor residual spraying
(5,6). Modeling studies have predicted that if An.
stephensi mosquitoes continue to spread throughout
Africa, an additional 126 million persons, predomi-
nantly in urban areas, will be at risk for malaria (7,8).
To respond to this threat, the World Health Organiza-
tion (WHO) launched an initiative to halt the spread
of An. stephensi mosquitoes (9), and global organiza-
tions (10) and countries have released action plans to
encourage enhanced surveillance for the species for
early detection in new locations and rapid response
to halt spread and mitigate impacts.

Despite efforts to enhance surveillance for An.
stephensi mosquitoes in Africa, the species was not
included in morphologic keys until 2020 (11). There-
fore, the mosquitoes be missed in routine surveillance
activities, and An. stephensi mosquitoes could be mis-
identified as the more common malaria vector An.
gambiae sensu lato if morphological identification is
inadequate (3). In addition, reporting a detection of
An. stephensi mosquitoes in a new country to WHO
requires molecular confirmation, which can be chal-
lenging in resource-limited settings. Surveillance for
An. stephensi mosquitoes often requires larval surveys
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(12) because routine malaria vector adult collections
are not optimal for the species (6) and currently a vali-
dated key to identify An. stephensi larvae is not avail-
able, so larval samples that do not emerge to adults
may also require molecular confirmation.

In 2023, a PCR protocol for An. stephensi species
identification was released and shown to detect An.
stephensi mosquitoes even among pooled samples,
presenting a promising avenue for molecular detec-
tion (13). However, PCR can be time consuming and
limited by molecular laboratory capacity, access to
reagents, trained personnel, and assay specificity
and interpretation.

Loop-mediated isothermal amplification (LAMP)
assays have been used since the 1990s for rapid am-
plification of gene targets (14), resulting in a visual
change through fluorescence, turbidity, or color that
provides a qualitative indicator of positivity. In this
way, LAMP assays function like conventional PCRs,
which yield a band (positive) or no band (negative).
However, instead of requiring temperature cycling
like PCR, LAMP assays produce copies through
looped primer sets at 1 consistent temperature, re-
moving the need for a thermal cycler and instead re-
quiring only a heat block, water bath, or any other
device that keeps temperature constant. One study
even used hand-warmers and a Styrofoam cup to
conduct a LAMP assay (15). Because the COVID-19
pandemic increased the need for rapid diagnostics,
LAMP technology evolved to include colorimetric
and dipstick assays (16).

To address the challenges that invasive An. ste-
phensi mosquito surveillance and corresponding mo-
lecular confirmation present, the aim of this study was
to develop an easy-to-interpret, rapid colorimetric
LAMP-based Anopheles stephensi species (CLASS) iden-
tification assay, specifically designed and optimized

for use in resource-limited settings or for rapid high-
throughput screening. To ensure accuracy and feasibil-
ity for deployment of the developed assay, we sought
to design optimal primers and assay conditions, deter-
mine assay sensitivity and pooling strategies, deter-
mine assay specificity when compared with congeners
or conspecifics, develop direct sample amplification
approaches without the need for DNA extraction, com-
pare results between the existing PCR protocol and
CLASS assay, and evaluate CLASS on wild-caught,
sequence-confirmed invasive An. stephensi mosquitoes
from Kenya.

Methods

LAMP Primer Design and Optimization

We designed the LAMP primers by using the NEB
LAMP Primer Design Tool version 1.4.1 (New Eng-
land Biolabs, https:/ /www.neb.com) (17). We used
the internal transcribed spacer 2 rDNA region unique
to An. stephensi species, using a sequence from Gen-
Bank (accession no. MW732931.1) (18). One LAMP
primer set contains 5 primers as follows: an outer
forward primer (F3), an inner forward primer (FIP),
an outer backward primer (B3), an inner backward
primer (BIP), and a loop primer (Figure 1) (19,20).
Attempts to set fixed primers resulted in no possible
loop primer combinations by the program; therefore,
we used default parameters and allowed the program
to choose primers.

Of 4 possible primer sets, 2 contained primers in
the species-specific region. We tested those primers
across a temperature gradient using 2 sets of differ-
ing concentrations. Initial test concentrations were
adapted from NEB kit manufacturer recommenda-
tions, and primer concentrations were based on an
An. gambiae species identification LAMP assay (21).

Figure 1. Schematic showing primer design for development of a colorimetric loop-mediated isothermal amplification assay to detect
invasive malaria vector Anopheles stephensi mosquitoes. Primers were designed by using the NEB LAMP Primer Design Tool version
1.4.1 (New England Biolabs, https://www.neb.com) (17). One LAMP primer set contains 5 primers as follows: an outer forward primer
(F3), an inner forward primer (FIP), an outer backward primer (B3), an inner backward primer (BIP), and a loop primer (19,20). Attempts
to set fixed primers resulted in no possible loop primer combinations by the program; therefore, we used default parameters and allowed

the program to choose primers.
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One primer set showed positive, consistent results
and minimum cross-reactivity to other species. We
then further optimized that primer set for maximum
specificity (Table 1; Figure 1).

Insectary-Reared An. stephensi and Other

Mosquito Species

We obtained larvae and adult insectary-reared and
maintained colony mosquitoes from 8 distinct non-
An. stephensi Anopheles species, 3 strains of An. ste-
phensi mosquitoes of different origins (STE2 from
India, SDA 500 from Pakistan, UCI from India),
and one Aedes (Ae. aegypti) mosquito. Mosquitoes
came from the Malaria Research and Reference
Reagent Resource Center through BEI Resources
(Table 2) (22).

DNA Extraction

We extracted DNA from whole adult, single mos-
quito leg, and whole third instar larva by using the
Extracta DNA Prep for PCR Kit (Quantabio Bev-
erly, https:/ /www.quantabio.com), adapted as fol-
lows: mosquito material added to a tube containing
either 25 pL (for a single leg) or 50 pL (for a whole
adult or larva) of Quantabio Extraction Reagent
and incubated at 95°C for 30 minutes. We added an
equal volume of Quantabio Stabilization Buffer and
stored DNA at —20°C until further analysis. For the
pooled species sample, we combined 1 pL of DNA
from 9 DNA extractions of non-An. stephensi mos-
quitoes and 1 pL of DNA extracted from An. ste-
phensi mosquitoes (STE2) in a microfuge tube and
mixed contents.

CLASS Assay

We carried out CLASS reactions by using the NEB
WarmStart Colorimetric LAMP 2X Master Mix (New
England Biolabs), according to manufacturer recom-
mendations but optimized as follows: 1 uL of genom-
ic DNA was added to 12.5 pL of WarmStart Colori-
metric LAMP 2X Master Mix and 10X primers at final

Amplification Assay to Detect An. stephensi Mosquitoes

concentrations of 5 pM of B3 and F3 primers, 20 uM
of BIP and FIP primers, and 10 pM of LF primer. We
added molecular-grade water to reach a final volume
of 25 uL. We placed reaction tubes in a thermal cycler
at 65°C for 30 minutes and inspected visually for color
change, where positive amplification appears yellow
and negative remains pink. We tested primers on ex-
tracted DNA from 12 assorted insectary-reared adults
and larvae, including 3 An. stephensi strains (STE2,
SDA500, and UCI), 14 field-collected specimens in-
cluding 3 sequence-confirmed An. stephensi mosqui-
toes, and DNA from pooled species. We included a
no-DNA control in each run of the assay.

Analytical Sensitivity

To test analytical sensitivity, we made a serial dilution
(1:10) of DNA extract from a whole UCI An. stephensi
mosquito and determined starting DNA concentra-
tion by using a NanoDrop 2000c spectrophotometer
(Thermo Scientific, https://www.thermofisher.com)
on 1 uL of DNA extract. For each concentration, no
color change (pink) indicated a negative result and
color change (yellow) a positive result. We ran sam-
ples from the dilution series in triplicate with no full
change detected and 2 additional dilutions to deter-
mine the sensitivity cutoff.

Specificity Determination

We tested optimized primers against 12 labora-
tory anopheline strains that included 3 An. stephensi
strains (SDA500, STE2, UCI) and 1 Ae. aegypti strain
(Table 2). We subsequently tested the assay against
96 individual mosquitoes from each An. stephensi
laboratory strain and 48 An. gambiae, An. coluzzii, An.
arabiensis, An. funestus, and Ae. aegypti laboratory-
reared samples for specificity and cross reactivity.
We ran all reactions in triplicate to generate data on
cross-reactivity with other species and specificity to
An. stephensi. We included 3 An. stephensi strains to
determine variations in target specificity across An.
stephensi mosquitoes of different origins.

Table 1. Looped primers designed by using the NEB LAMP Primer Design Tool targeting Anopheles stephensi mosquito ITS2
sequence regions for development of colorimetric LAMP assay to detect invasive malaria vector An. stephensi mosquitoes*

Sequence 5 3 Primer sequence Primer concentration
F3 333 351 ATTGCACGGGGACTTCCA 5uM

B3 504 524 GCCTACAGACTCCACTGTCA 5uM

FIP CGACTGCAACTGTATGCGAGGACGGGTCGAGTAACACTTGC 20 uM

BIP CCGTGTGGGTGAGTGAGGTTAGAATGATGCGACGGGAGAAG 20 uM

LF 383 401 AAGATACGAGCGCGTTGGG 10 uM

F1ct 402 423 CGACTGCAACTGTATGCG

F2t 359 380 GGACGGGTCGAGTAACACTTGC

B2t 439 461 CCGTGTGGGTGAGTGAGGTTAG

Bict 485 502 AATGATGCGACGGGAGAAG

*ITS, internal transcribed spacer; LAMP, loop-mediated isothermal amplification; NEB, New England Biolabs, https://www.neb.com.

tPrimers not needed for LAMP assay.
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Table 2. Mosquito species and corresponding strains and catalog numbers used in development of colorimetric loop-mediated
isothermal amplification assay to detect invasive malaria vector Anopheles stephensi mosquitoes*

Species MRA BEI reference no. Strain name
Anopheles gambiae sensu stricto 112 G3

An. gambiae s.s./An. coluzzii hybrid 334 RSP
An. coluzzii 1280 AKDR
An. arabiensis 856 DONGOLA
An. stephensi 1323 ucCl
An. stephensi NA SDA500
An. funestus s.s NA FANG
An. quadriannulatus 1155 SANGWE
An. dirus 700 WRAIR
An. merus 1156 MAF
An. stephensi 128 STE2
Aedes aegypti 734 ROCK

*BEI, BEI Resources, https://www.beiresources.org; MRA, Malaria Repository Acquisition; NA, not applicable.

Samples for LAMP Amplification

To determine whether DNA extract is needed to run
the CLASS assay or if tissue (mosquito leg, full larva,
full adult mosquito) or pooled DNA amplify, we in-
serted single legs from insectary-reared mosquitoes
directly into the master mix and compared the results
with DNA extracted from a single leg. Because An.
stephensi samples are often collected as larvae, we also
tested the assay by immersing a whole larva into the
master mix and using extracted DNA from a single
larva. We also partially tested eDNA by using 1 pL
using larval pan water in lieu of extracted DNA. We
further tested the assay against whole adult mosqui-
toes and compared results with whole adult mosqui-
to DNA. In addition, we tested pooled DNA extract
from whole adult mosquitoes and from individual
legs from 9 mosquito strains and 1 An. stephensi strain.

Conventional PCR Comparison

We compared CLASS results with those from a con-
ventional An. stephensi species identification PCR as-
say by using previously described methods (13). We
adapted the method as follows: 2X Quantabio Ac-
custart PCR mix, 10 uM of each primer, molecular
water to reach a final volume of 20 puL, and 1 uL of
the extracted DNA from same species used in the
CLASS assay.

CLASS Assay Validation on An. stephensi

Mosquitoes from Kenya

We ran sequence-confirmed DNA extracted from
wild-caught An. stephensi mosquitoes from Kenya
(GenBank accession nos. 0Q275144-6 and OQ878216-
8) using the CLASS assay (23). We additionally test-
ed 55 wild-caught samples collected from Marsabit,
Kenya, in 2023 that previously failed to amplify via
conventional PCR (24). DNA extracted at the Kenya
laboratory was dried and shipped to the US Centers
for Disease Control and Prevention (Atlanta, Georgia,
USA), where samples were resuspended in 25 pL of
PCR-grade water and stored at —20°C until processed.

Results

LAMP Primer Design and Assay Optimization

We tested the 4 primer sets suggested by the NEB
LAMP Primer Design Tool version 1.4.1 against ex-
tracted DNA from 3 An. stephensi insectary strains
and 8 other Anopheles species: An. gambiae s.s., An.
coluzzii, An. arabiensis, An. gambiae/coluzzii hybrid, An.
funestus, An. quadriannulatus, An. dirus, and An. merus
(17). We tested the 2 primer sets (P2L-45 and P26L2)
that showed color change for An. stephensi samples
and minimum cross-reactivity among other species
with varying concentrations at 3 incubation times: 15,

Table 3. Primer set candidates tested with different concentrations to determine effects on sensitivity and specificity of colorimetric
loop-mediated isothermal amplification assay to detect invasive malaria vector Anopheles stephensi mosquitoes

Primer set*

Concentration Primer concentration P26L2 P2L-45
combination F3 B3 FIP B IP Loop primer Sensitivity  Specificity Sensitivity  Specificity
Al 2 uM 2 uM 16 uM 16 uM 4 uM X v X X
A2 4 uM 4 uM 16 uM 16 uM 4 uM v X X X
A3 2 uM 2 uM 32 uM 32 uM 4 uM v X X X
A4 2 uM 2 uM 16 uM 16 uM 8 uM X v X X
B1 5uM 5uM 40 uM 40 uM 10 uM NG X v X
B2 2.5 uM 2.5 uM 40 uM 40 uM 10 uM v X X v
B3 5uM 5uM 20 uM 20 uM 10 uM NG NG X X
B4 5uM 5 uM 40 uM 40 uM 5uM v X X X

*For each primer set, a check mark indicates consistent results and an X inconsistent results.
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30, and 45 minutes. No color change was detected at
15 minutes, but specificity was affected at 45 minutes,
confirming 30 minutes as the ideal assay incubation
time. We analyzed 384 reactions in duplicate (768
total reactions) using 8 different primer concentra-
tion combinations, and we chose primer set P26L.2
for its consistent sensitivity and specificity (Table 3).
We tested the chosen primers and respective con-
centration combinations using a temperature gradi-
ent (57°C, 61°C, 65°C, 69°C, 73°C, and 83°C) through
176 separate reactions. Results confirmed that primer
concentration combination B3 at 65°C yielded the
most consistent and specific results (Table 3). Ampli-
fication occurred at 69°C and 73°C, but specificity was
inconsistent. We observed no amplification at higher
or lower temperatures.

Repeated time-interval testing of 384 samples
with the chosen primers showed no amplification be-
fore 25 minutes, optimum amplification at 30 minutes,
and a decrease of specificity after 35 minutes. Conse-
quently, we adopted a 30-minute incubation period
for the assay. Once incubation stopped (by removal
from the heat source), the product and color change
remained stable and unaltered at room temperature
for >12 weeks.

CLASS Assay Analytical Sensitivity

To test the sensitivity of the CLASS assay, we per-
formed serial dilutions (1:10) of initial DNA extract
to a concentration of 311.6 ng, which resulted in 100%
positive color change to yellow. Positive color change
was repeatedly observed at >0.0003 ng; concentra-
tions <0.0003 ng yielded positive color change, but
changes occurred inconsistently (33.3% of the time).
Because lower concentrations did not yield 100%
color change, the assay sensitivity threshold estab-
lished in this study is as low as 0.0003 ng, 1,000 times
lower than what is found in typical DNA extract from
a single leg (Table 4).

CLASS Assay Specificity and Cross-Reactivity

We tested the optimized P26L2 primers (Table 1)
against extracted DNA from 11 insectary strains, in-
cluding 3 An. stephensi mosquitoes. We ran the as-
say 11 separate times with different extracted DNA
from single whole-colony mosquitoes for a total of
132 reactions (Figure 2). We further assessed speci-
ficity by testing DNA from 96 individual mosquitoes
from each An. stephensi laboratory strain; 100% of the
samples yielded a positive result. We determined
cross-reactivity by sampling DNA from 48 An. gam-
biae, 48 An. coluzzii, 48 An. arabiensis, 48 An. funestus,
and 48 Ae. aegypti whole mosquitoes and analyzing.
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None (0%) of the non-An. stephensi strains showed
color change. We ran all specificity assays in triplicate
(Table 5).

CLASS Assay Testing of Mosquito Tissue,

DNA Extract, and DNA Pooling

Using DNA extract from a single leg resulted in
color change in An. stephensi mosquitoes, with no
cross-reactivity with other tested species. Inserting a
single mosquito leg straight into the master mix also
successfully amplified after optimization, but at a
35-minute incubation time (Figure 3). When testing a
whole larva or whole adult mosquito, the assay had
low specificity, and yielded cross-reactivity; however,
the use of DNA extract from a single larva or mos-
quito from 11 Anopheles colony strains, including 3
An. stephensi strains and 1 Ae. aegypti strain, resulted
in species-appropriate color change (Figure 3). Lim-
ited testing on larval pan water yielded inconclusive
results. Although the CLASS assay was able to iden-
tify An. stephensi from larval pan water and not from
other anopheline larval water, results showed cross-
reactivity with Ae. aegypti.

CLASS Assay Specificity in Field Samples and
Comparison with Conventional PCR
Sequence-confirmed An. stephensi samples from Ke-
nya positively amplified using CLASS, and no cross-
reactivity was seen with other Anopheles species. An.
stephensi sampled in pooled DNA from 9 colony-
reared species (An. gambiae s.s., An. coluzzii, An. gam-
biae/coluzzii hybrid, An. arabiensis, An. funestus, An.
quadriannulatus, An. merus, An. dirus, and Ae. aegypti)
and 1 An. stephensi sample (SDA 500) also amplified
using CLASS. Conventional PCR resulted in difficult-

Table 4. Assessment of assay sensitivity for development of

colorimetric loop-mediated isothermal amplification assay to

detect invasive malaria vector Anopheles stephensi mosquitoes*
Template

Template dilution  concentration, ng UCl

NTC NA 3/3 negative

1 311.6 3/3 positive

10 31.16 3/3 positive
1x10? 3.12 3/3 positive
1x10° 0.312 3/3 positive
1x10* 0.031 3/3 positive
1x10° 0.003 3/3 positive

1x 108 0.0003 3/3 positive

1x 107 0.00003 1/3 positive, 2/3 negative

*Assessment was done using a serial (1:10) dilution from DNA extract
containing 311.6 ng of Anopheles stephensi (UCI) whole mosquito DNA
and resulted in 100% positive color change down to 0.0003 ng. Each
dilution test was performed in triplicate. Color change at 1 x 107 was
inconsistent, and samples with DNA concentrations <0.0003 were less
likely to result in a positive color change and did not display as clear pink
or yellow. NA, not applicable; NTC, no template control; UCI, An.
stephensi laboratory colony (BEI Resources,
https://www.beiresources.org).
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Figure 2. Visualization of testing using a colorimetric loop-mediated isothermal amplification assay to detect invasive malaria vector
Anopheles stephensi mosquitoes. Positive samples show a color change to yellow, whereas negative samples and control remain pink.
Samples were visualized on a white background and photographed on a standard light box. NDC, no DNA template control; UCI, An.
stephensi laboratory colony (BEI Resources, https://www.beiresources.org).

to-interpret gel bands for An. longipalpis C, Ae. aegyp-
ti, and An. coustani samples, similar to An. stephensi
samples, and inconsistently produced double bands
(positive detection) on sequence-confirmed An. ste-
phensi samples from Kenya (Figure 4, panel B).

CLASS Assay Testing of Field Samples from

Marsabit, Kenya

CLASS assay testing of 55 wild-caught Anopheles
samples from Marasabit, Kenya, successfully identi-
fied the 9 cytochrome c oxidase subunit I sequence-
confirmed An. stephensi samples. Furthermore, no
cross-reactivity was observed with the other species
or unknown samples (Table 6). Twelve nonamplified
samples in the sample set during barcoding also test-
ed negative by the CLASS assay.

Discussion

Molecular species identification of malaria vectors is
pivotal for effective control and elimination strategies,
particularly because malaria-vector mosquitoes often
cannot be morphologically identified to the species
level. Of increasing complexity is the introduction of

invasive species, such as An. stephensi, that are not in-
cluded in traditional identification keys (25) and thus
can be easily misidentified. In addition, to confirm the
presence of An. stephensi mosquitoes on the WHO An.
stephensi Threats Map (26), molecular confirmation
through Sanger sequencing (9) is required.

We developed a rapid 1-step colorimetric LAMP
assay for species identification of An. stephensi mos-
quitoes to accelerate tracking this species across Af-
rica or in locations where it is endemic. The CLASS
identification assay provides a precise and reliable
means of An. stephensi identification. Our findings
indicate high sensitivity and specificity of the assay,
whether An. stephensi samples were mixed in a pool of
10 other species or validated against 8 species, includ-
ing 3 unique insectary-reared strains and individual
wild-caught invasive An. stephensi samples. No false
positives or false negatives were observed. When
we conducted a dilution series to determine analyti-
cal sensitivity, even at 0.0003 ng of DNA, the CLASS
assay detected An. stephensi DNA. Thus far, the
specificity remains 100% when other species are pro-
cessed through the assay. The ability to differentiate

Table 5. Specificity testing for colorimetric loop-mediated isothermal amplification assay to detect invasive malaria vector Anopheles

stephensi mosquitoes*

Species Colony name No. mosquitoes

Experiment 1 Experiment 2 Experiment 3

Positive (96/96)
Positive (96/96)
Positive (96/96)
Negative (0/48)
Negative (0/48)
Negative (0/48)
Negative (0/48)
Negative (0/48)

Positive (96/96)
Positive (96/96)
Positive (96/96)
Negative (0/48)
Negative (0/48)
Negative (0/48)
Negative (0/48)
Negative (0/48)

Positive (96/96)
Positive (96/96)
Positive (96/96)
Negative (0/48)
Negative (0/48)
Negative (0/48)
Negative (0/48)
Negative (0/48)

An. stephensi STE2 96
An. stephensi SDA500 96
An. stephensi UCl 96
An. gambiae senso stricto G3 48
An. coluzzii AKDR 48
An. arabiensis DONGOLA 48
An. funestus s.s FANG 48
Aedes aegypti ROCK 48
Total no. samples 528

Total no. reactions

1,584

*To determine specificity, we ran the essay in triplicate on extracted DNA from 96 individual mosquitoes from each of the 3 An. stephensi insectary strains
and DNA extracted from 48 individual mosquitoes from each species of An. gambiae sensu stricto, An. coluzzii, An. arabiensis, An. funestus, and Ae.

aegypti.
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between various Anopheles species, especially those
with differing vectorial capacities or behaviors, is in-
dispensable for tailoring interventions to specific vec-
tor populations (27).

The CLASS assay can be run using a single mos-
quito leg or DNA extract from an adult or larval mos-
quito (Figure 3). DNA extracted from a leg is prefera-
ble so specimens can remain largely intact for further
curation, sequencing, and storage. The use of an en-
tire mosquito or larva is highly discouraged because
it yields nonspecific results and prevents further
follow-up and species confirmation. For WHO sub-
mission and confirmation, sequencing-positive speci-
mens are still encouraged; however, the CLASS as-
say provides a rapid, high-throughput, field-friendly
screening tool for an initial detection of An. stephensi
mosquitoes. Although initial testing of larval pan
water yielded inconclusive results, possibly because
of Aedes excessive larval shedding in the water, find-
ings suggest the potential for additional exploration

Amplification Assay to Detect An. stephensi Mosquitoes

using CLASS to examine environmental DNA or
large pools of specimens to yield further information
about potential cross-reactivity with other species in
natural settings.

A conventional PCR to support molecular detec-
tion of An. stephensi mosquitoes exists (13); however,
in settings where facilities and trained personnel are
limited, conventional PCR can be challenging. That
PCR also has multiple primers, and thus, interpreting
results can be a challenge if one or both bands are ab-
sent. In our study, insectary and field Anopheles sam-
ples run through the conventional PCR showed gel
bands that could be misinterpreted as false-positive
or -negative. Even insectary-reared An. stephensi sam-
ples produced inconclusive results using that assay
(Figure 4, panel B). External laboratories have also re-
ported nonamplification using the assay on samples
later confirmed to be An. stephensi through sequenc-
ing (23). Follow-up PCR and Sanger sequencing vali-
dation are still critical, but our findings support the

Figure 3. Schematic for colorimetric loop-mediated isothermal amplification assay to detect invasive malaria vector Anopheles stephensi
mosquitoes. Top: DNA from any mosquito source directly placed in the colorimetric master mix are incubated at 65°C for 30 minutes to
obtain a yellow color change, showing a positive sample. The assay shows high sensitivity and specificity when DNA extract from adult
or larval mosquitoes is used. Bottom: Assay can also be used directly on a single mosquito leg, without the need for DNA extraction, by
adding a 5-minute extension to incubation time (i.e., 35 minutes). Schematic produced using Biorender (https://www.biorender.com).
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Figure 4. Validation of colorimetric loop-mediated isothermal amplification assay to detect invasive malaria vector Anopheles stephensi
mosquitoes. A) Results using new assay. B) Results using existing An. stephensi PCR (13); yellow boxes indicate An. stephensi
products. Conventional PCR resulted in difficult-to-interpret gel bands for An. longipalpis C, Aedes aegypti, and An. coustani samples,
similar to An. stephensi samples, and inconsistently produced double bands (positive detection) on sequence-confirmed An. stephensi
samples from Kenya. Asterisks (*) in key indicate samples from insectary-reared mosquitoes. Samples 12—-23 came from sequence-
confirmed field-collected specimens. Sample 25 contained a pool of assorted mosquito DNA species, in which An. stephensi was
represented 1:10. For both assays, 1 uL extracted DNA was used. NDC, no DNA template control; UCI, An. stephensi laboratory colony

(BEI Resources, https://www.beiresources.org).

need for a robust An. stephensi assay that is simple
to interpret.

The CLASS assay showed promising results
when field-caught samples from Kenya were tested.
Although testing on those samples used DNA, this
assay’s ability to test single legs without extraction
and using simple equipment suggests potential for
screening large numbers of wild mosquitoes in re-
mote settings. With additional field deployment and
validation, data may be generated to potentially con-
sider the CLASS assay as a species confirmation tool
if confirmed sensitivity and specificity continue to
fall within an 85% CI. In addition, alternate LAMP
detection chemistries using the primers we describe
could be adapted to ensure assay capacity in all set-
tings without relying on a single company and master
mix and without concern for reagent quality affecting
pH change.

LAMP assay technology improved because of the
need for rapid cost-effective diagnostics during the
COVID-19 pandemic. Because phenol-based colori-
metric LAMP assays are now widely adaptable, op-
portunities exist beyond An. stephensi species identi-
fication, such as for An. arabiensis, a common malaria
vector in Africa currently requiring PCR for species
confirmation (28). In some locations, An. arabiensis
mosquitoes are the primary malaria vector, and a
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colorimetric LAMP screening tool could be used to
rapidly distinguish non-An. arabiensis samples for
further molecular confirmation. The first detection of
An. stephensi mosquitoes in Ethiopia occurred when
An. gambiae sensu lato mosquitoes did not amplify as
An. arabiensis mosquitoes and sequencing revealed
invasive An. stephensi mosquitoes instead (29).

Molecular species identification provides cru-
cial data for epidemiologic surveillance. Real-time
data on vector distribution and density guide the
implementation of vector control methods, such
as insecticide-treated bed nets and indoor resid-
ual spraying, ensuring that resources are used ef-
fectively to curb malaria transmission (30). Early
detection, assisted by rapid assays like the CLASS
assay, is critical for initiating timely responses to
invasive vector populations (7).

The significance of accurate molecular identifica-
tion of vector species extends beyond invasive An.
stephensi. Long-term research and malaria program
initiatives, guided by species identification data, en-
able program managers and scientists to study vec-
tor biology, behavior, and genetics. Such insights
are invaluable for developing effective control tools
and strategies. In addition, policy formulation relies
heavily on accurate surveillance data. Molecular sur-
veillance of vectors like An. stephensi informs policy
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decisions at regional, national, and international lev- of vectors but also assists in predicting poten-
els, ensuring a coordinated and effective response to tial disease outbreaks, enabling public health au-
malaria (31). Accurate molecular identification not thorities to proactively allocate resources and plan
only aidsinunderstanding the geographic distribution interventions (32).

Table 6. Testing of wild Anopheles spp. mosquitoes collected in Marsabit, Kenya, in 2022 and 2023 that failed to amplify during
routine species assays as part of development of colorimetric LAMP assay to detect invasive malaria vector Anopheles stephensi
mosquitoes*

Site Collection method Date of collection Sequence-confirmed species Colorimetric LAMP assay result
Marsabit Light trap 2023 Feb An. gambiae senus lato Negative (0/2)
Marsabit Light trap 2023 Feb An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 Feb An. dthali Negative (0/2)
Marsabit Larvae 2023 Feb An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 Feb An. dthali Negative (0/2)
Marsabit Larvae 2023 Feb Culex peresiguus Negative (0/2)
Marsabit Larvae 2023 Feb An. dthali Negative (0/2)
Marsabit Adults 2022 Dec NA Negative (0/2)
Marsabit Adults 2022 Dec An. gambiae s.I. Negative (0/2)
Marsabit Adults 2022 Dec An. stephensi Positive (2/2)
Marsabit Adults 2022 Dec NA Negative (0/2)
Marsabit Adults 2022 Dec An. gambiae s.I. Negative (0/2)
Marsabit Adults 2022 Dec An. dthali Negative (0/2)
Marsabit Adults 2022 Dec An. gambiae s.I. Negative (0/2)
Marsabit Adults 2022 Dec NA Negative (0/2)
Marsabit Adults 2022 Dec NA Negative (0/2)
Marsabit Adults 2022 Dec NA Negative (0/2)
Marsabit Adults 2022 Dec An. dthali Negative (0/2)
Marsabit Adults 2022 Dec An. stephensi Positive (2/2)
Marsabit Adults 2022 Dec NA Negative (0/2)
Marsabit Adults 2022 Dec NA Negative (0/2)
Marsabit Adults 2022 Dec An. gambiae s.I. Negative (0/2)
Marsabit Adults 2022 Dec Other Negative (0/2)
Marsabit Adults 2022 Dec NA Negative (0/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. pretoriensis Negative (0/2)
Marsabit Larvae 2023 May An. stephensi Positive (2/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. pretoriensis Negative (0/2)
Marsabit Larvae 2023 May NA Negative (0/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. stephensi Positive (2/2)
Marsabit Larvae 2023 May An. stephensi Positive (2/2)
Marsabit Larvae 2023 May Other Negative (0/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. stephensi Positive (2/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. stephensi Positive (2/2)
Marsabit Larvae 2023 May NA Negative (0/2)
Marsabit Larvae 2023 May An. pretoriensis Negative (0/2)
Marsabit Larvae 2023 May An. pretoriensis Negative (0/2)
Marsabit Larvae 2023 May An. pretoriensis Negative (0/2)
Marsabit Larvae 2023 May NA Negative (0/2)
Marsabit Larvae 2023 May An. stephensi Positive (2/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. stephensi Positive (2/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. pretoriensis Negative (0/2)
Marsabit Larvae 2023 May Other Negative (0/2)
Marsabit Larvae 2023 May An. gambiae s.. Negative (0/2)
Marsabit Larvae 2023 May NA Negative (0/2)
Marsabit Larvae 2023 May An. gambiae s.I. Negative (0/2)
Marsabit Larvae 2023 May An. pretoriensis Negative (0/2)
Marsabit Larvae 2023 May An. pretoriensis Negative (0/2)

*Samples were sequenced using cytochrome ¢ oxidase subunit | sequence testing to confirm species identification, and then DNA extract from the
samples was run in duplicate through the colorimetric LAMP assay. Results showed 100% concurrence between the LAMP assay results and Sanger
sequencing in determining which specimens were An. stephensi and which were not. LAMP, loop-mediated isothermal amplification; NA, no amplification
occurred; other, other (non-Anopheles) mosquito species.
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In conclusion, molecular species identification of
malaria vectors, particularly in the context of invasive
species such as An. stephensi, is indispensable to en-
sure gains made in global malaria control and elimina-
tion over the last few decades are not lost. Developing
rapid, cost-effective assays, such as the CLASS assay,
marks a substantial advancement in the ability to de-
tect An. stephensi mosquitoes early in new locations,
enabling rapid vector control response. This assay has
potential as a screening tool to monitor the spread of
the vector species. This tool is field adaptable and can
be used in resource-limited settings so that laboratory
capacity is not a bottleneck preventing countries from
detecting and reporting the presence of An. stephensi
mosquitoes. By combining accurate molecular iden-
tification of An. stephensi mosquitoes with adaptive
interventions, policymakers, researchers, and public
health officials can work collaboratively to mitigate
the effect of this invasive malaria vector and continue
to work toward a malaria-free future.

This article was preprinted at https:/ /www.biorxiv.org/
content/10.1101/2024.02.06.579110v1.
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Evidence on mortality rates and causes of death as-
sociated with extrapulmonary nontuberculous myco-
bacteria (NTM) infection is limited. This nationwide
register-based study in Denmark used diagnostic
codes to match adult patients with extrapulmonary
NTM infection 1:4 to controls. During 2000-2017, we
identified 485 patients, who had significantly more
comorbidities than controls. The 5-year mortality rate
for patients was 26.8% (95% Cl 23.1%-31.0%) and
for controls, 10.9% (95% CI 9.6%—-12.4%). The me-
dian age at death was 76 (interquartile range 63—-85)
years for patients and 84 (interquartile range 73-90)
years for controls. The adjusted hazard rate of death
for patients was 1.34 (95% CIl 1.10-1.63; p = 0.004).
Patients and controls mainly died of cardiovascular
disease and solid malignant neoplasms. Hematologic
malignancies and HIV were more frequently causes
of death in patients. Mortality rates are substantial
among patients with extrapulmonary NTM infection,
predominantly caused by underlying conditions.

Extrapulmonary nontuberculous mycobacteria
(NTM) infection potentially affects any organ;
lymph nodes, skin, and soft tissue are the most
commonly affected (1,2). The severity of disease
varies considerably from uncomplicated lymph-
adenitis with favorable prognosis among children
to disseminated disease in immunocompromised
patients (3-5). Still, a substantial knowledge gap
remains regarding outcomes of extrapulmonary
NTM disease (6).

Historically associated with HIV and AIDS, in-
cidence of extrapulmonary NTM infection has been
increasing and represents a growing healthcare
challenge (1-3,7). This increase has been attributed
to several factors, such as the intensified use of im-
munosuppressants, increased life expectancy, and
increased awareness of the disease (1,3,8,9). Further-
more, extrapulmonary NTM has been implicated
in iatrogenic infections and healthcare-related out-
breaks (10-13). In addition, the discontinuation of
the bacillus Calmette-Guérin (BCG) vaccine in areas
with low tuberculosis incidence might have contrib-
uted to this increase, possibly because of reduced
nonspecific immune protection previously provided
by the vaccine (14)

Studies on extrapulmonary NTM-related deaths
are scarce, and reported mortality rates vary widely.
In a US cohort of 365 NTM infections, the mortality
rate for extrapulmonary NTM was 2% and for dis-
seminated NTM disease was 50% (15). In contrast, an-
other US study of 831 extrapulmonary NTM patients
from 2009-2014 reported an overall crude mortality
rate of 5% (11% disseminated disease and 2% skin
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and soft tissue infections) (16). In patients with hema-
tologic cancers, 30-day mortality has been reported at
15% in NTM-infected persons, compared with only
2% in noninfected persons (17).

In summary, extrapulmonary NTM represents a
highly heterogeneous disease entity in terms of clini-
cal manifestation and host factors, and knowledge
of its associated mortality rates and causes of death
among persons with extrapulmonary NTM disease is
limited. To address this knowledge gap, we investi-
gated mortality rates associated with diagnosis of ex-
trapulmonary NTM infection and describe the causes
of death.

Methods

Study Design

This study was a nationwide retrospective register-
based cohort study from Denmark. The healthcare
system is based on tax-funded universal healthcare.
Different types of registers can be linked by using a
unique 10-digit personal identification number is-
sued to all citizens (18).

Data Sources and Measurement

The Danish Register of Causes of Death contains
data on time, place, and cause of death using the In-
ternational Classification of Diseases, 10th Revision
(ICD-10), for all deaths occurring in Denmark (19).
We identified all patients with extrapulmonary NTM
infection using International Classification of Dis-
eases, 8th Revision (ICD-8), and ICD-10 diagnostic
codes from the National Patient Register. The register
contains the ICD-8 and ICD-10 diagnostic codes and
procedural codes on all inpatients from 1977 and all
outpatients since 1995 (20). To evaluate the effects of
baseline comorbidities on mortality, we calculated a
Charlson Comorbidity Index (CCI) as described by
Quan et al. (21) using ICD-10 codes from the National
Patient Register.

Study Subjects

We included patients >18 years of age with a
first-time extrapulmonary NTM disease ICD-10
code (A31.1, A31.8, or A31.9) during 2000-2017.
The date of the first registered extrapulmonary
NTM code was considered the index date. For
persons without an extrapulmonary NTM-spe-
cific ICD-10 code (A31.1), we used procedural
codes for specific examinations and treatments
to differentiate between extrapulmonary NTM
and other NTM disease manifestations in win-
dows of 1 year on either side of the index date
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(Appendix Table, https://wwwnc.cdc.gov/EID/
article/30/9/24-0475-Appl.pdf). Patients and
controls were censored from the study at death,
migration, or end of data. We matched patients with
extrapulmonary NTM disease to controls at a ratio
of 1:4 at index. Controls were randomly selected
from the total population of Denmark and matched
by birth year, sex, marital status, and municipality
of residence. The controls entered the study at the
same date as the case-patient to whom they were
matched. We excluded persons with an ICD-8 or
ICD-10 code of A31 from the possible control popu-
lation to ensure a nonbiased representative sample.

Statistical Analysis and Variables

We present absolute numbers and percentages or
medians with interquartile ranges (IQRs) as appro-
priate. We evaluated differences between groups
using the y? test and median age differences using
the Wilcoxon-Mann-Whitney nonparametric test.
Because of legislation in Denmark, descriptive vari-
ables with <3 observations were not reported to en-
sure patient privacy. We evaluated mortality rates
using a cumulative mortality plot and tested differ-
ences using a log-rank test. We used the Cox propor-
tional hazards model to estimate unadjusted hazard
ratios (HRs) of death and adjusted for CCI (21). Be-
cause HRs were not constant over time (nonpropor-
tional), we estimated annual and average HRs in
the study period (22). To investigate the effects of
HIV and AIDS on mortality, we performed a sensi-
tivity analysis by excluding patients with HIV from
the analyses. We post hoc categorized comorbidities
into 3 groups (overall burden of comorbidities, break
in barrier function, and impaired immunity) on the
basis of existing knowledge of risk factors for NTM
infection to investigate the association of compara-
ble comorbidities and morbidity (9,10,12,23-25). We
examined causes of death using the 21 World Health
Organization ICD-10 classification groups for cases
and controls and qualified them using detailed data
on causes of death for the most common groups for
extrapulmonary NTM compared with controls. We
performed statistical analyses using Stata version
16.1 (StataCorp LLC, https://www.stata.com) and
SAS version 9.4 TS Level 1M5 (SAS Institute Inc.,
https:/ /www.sas.com). We applied a significance
level of 0.05 for all tests.

Ethics Statement

Ethics approval is not required for register studies ac-
cording to Danish law. The Region of Southern Den-
mark (jr. no. 22/10240) approved the study.
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Results

Patient Demographics

For the period spanning 2000-2017, we identified 485
patients with extrapulmonary NTM disease. Their
median age at index was 57 (IQR 41-73) years; 40.4%
of patients were women and 59.6% men, and 49.6%
were married or cohabiting (Table 1). The median
follow-up duration was 5 (IQR 3-10) years for extra-
pulmonary NTM patients and 6 (IQR 3-11) years for
controls. NTM diagnostic codes for cutaneous infec-
tion accounted for 29.7% (Mycobacterium marinum in
13.2%, M. ulcerans in 1%), whereas 70.3% were report-
ed as other or not otherwise specified.

Mortality Rates

The median age at death from all causes was 76
(IQR 63-85) years for extrapulmonary NTM pa-
tients compared with 84 (IQR 73-90) years in con-
trols. In total, 158 (32.6%) of 485 extrapulmonary
NTM patients died during the study period. Extra-
pulmonary NTM patients had a significantly higher
mortality rate than did matched controls (mortality
HR 1.9, 95% CI 1.58-2.29; p<0.0001); the largest dif-
ference occurred in the first 3 years after diagnosis.
The cumulative 1-year mortality rate for extrapul-
monary NTM patients was 9.3% (95% CI 7.0%-
12.2%), compared with 3.1% (95% CI 2.4%-4.0%)
for controls. The cumulative 5-year mortality rate
was 26.8% (95% CI 23.1%-31.0%) for extrapulmo-
nary NTM patients and 10.9% (95% C1 9.6%-12.4%)
for controls (Figure).

The increased mortality rate remained after ad-
justing for baseline CCI with an HR of 1.34 (95% CI
1.10-1.63; p<0.01). The effect was most pronounced
in the first 3 years (Table 2). After 4 years of follow-
up, the hazards of death did not differ between extra-
pulmonary NTM patients and controls. The hazards
of death remained higher for extrapulmonary NTM
patients even when excluding persons with HIV from
the analysis (HR 1.4, 95% CI1.2-1.7).

Causes of Death

Patients with extrapulmonary NTM disease died
more frequently from infectious diseases (10.8%, 95%
CI 6.4-16.7) than did controls (2.1%, 95% CI 0.1-4.2).
Cardiovascular disease and solid malignant neo-
plasms were the 2 most common causes of death for
extrapulmonary NTM patients and for controls (Table
3). Cardiovascular disease was the cause of death for
17.7% of extrapulmonary NTM patients and 24.0% of
controls, whereas solid malignant neoplasms caused
13.9% of deaths for extrapulmonary NTM patients
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Table 1. Characteristics of patients and controls in study of mortality rates and cause of death in adults with extrapulmonary NTM

infection, Denmark*

Characteristic Extrapulmonary NTM Controls
No. persons 485 1,935
Sex Matched
F 196 (40.4)
M 289 (59.6)
Median age, y (IQR) 57 (41-73) Matched
Age group, y
18-29 46 (9.5)
30-39 61 (12.6)
40-49 77 (15.9)
50-59 81 (16.7)
60-69 79 (16.3)
>70 141 (29.1)
Marital status Matched
Married/cohabiting 282 (49.6)
Not married/cohabiting 203 (50.4)
Immigration statust
Non-Western origin 46 (9.5) 111 (5.7)
Western/Danish origin 438 (90.3) 1,822 (94.2)
NTM diagnostic codes
Cutaneous mycobacterial infection NOS 75 (15.5)
Cutaneous infection with Mycobacterium marinum 64 (13.2)
Cutaneous infection with Mycobacterium ulcerans 5(1.0)
Other mycobacterial infections 73 (151
Mycobacterial infection NOS 268 (55.3)
CcClI
Mean CCI (SD) 1(1.83) 0.26 (0.81)
CCI group
0 313 (64.5) 1,694 (87.5)
1 48 (9.9) 74 (3.8)
2 58 (12.0) 127 (6.6)
>3 66 (13.6) 40 (2.1)

*Values are no. (%) except as indicated. CCI, Charlson Comorbidity Index; IQR, interquartile range; NOS, not otherwise specified; NTM, nontuberculous

mycobacteria.
TUnknown status for extrapulmonary NTM n = 1 and control n = 2.

and 16.5% of deaths for controls. Deaths caused by he-
matologic malignancies were significantly more com-
mon among extrapulmonary NTM patients (7.6%,
95% CI4.0%-12.9%) than among controls (3.5%, 95%
CI 1.9%-5.9%; p<0.05). Other bacterial diseases, a
grouping that potentially includes NTM disease, ac-
counted for 5.7% (95% CI 2.6%-10.5%) of deaths but
was not reported for controls.

Comorbidities

Overall Burden of Comorbidities

Persons with extrapulmonary NTM infection had
higher CClI scores and an overall significantly higher
burden of comorbidities than did controls (Table 1).
In particular, the burden of cardiovascular diseases
was significantly higher in extrapulmonary NTM
patients at 38.8% (95% CI 34.4%-43.3%) than among
controls at 19.3% (95% CI 17.6%-21.2%). The burden
of chronic lower respiratory diseases was also sig-
nificantly higher in extrapulmonary NTM patients at
6.2% (95% Cl 4.2%-8.7 %) than among controls at 2.5%
(95% CI 1.9%-3.3%) (Table 4). Metabolic disorders,
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benign neoplasms, diseases of the male genitalia, and
diseases of the gastrointestinal tract were also more
common in extrapulmonary NTM patients.

Break in Barrier Function

Several comorbidities related to break in barrier func-
tion were more common in extrapulmonary NTM pa-
tients than in controls. One third of extrapulmonary
NTM patients (29.3%, 95% CI 25.3%-33.6%) had in-
juries to the head and musculoskeletal system, com-
pared with 17.1% (95% CI 15.4-18.8) of controls. Com-
plications from surgical and medical care were more
common in extrapulmonary NTM patients: 7.8% (95%
CI 5.6%-10.6%) from surgical care and 2.5% (95% CI
1.9%-3.3%) from medical care. Extrapulmonary NTM
patients also experienced higher rates of skin and
soft tissue diseases (17.1%, 95% CI 13.9%-20.8%) and
diseases of veins and lymphatic tissues (6.4%, 95%
CI 4.4%-9.0%). Extrapulmonary NTM patients had a
higher proportion of urinary system disease at 21.0%
(95% CI 17.5%-24.9%); of those, 8.8% (95% CI 4.1%-
16.1%) had been treated with BCG intravesically
before diagnosis.
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Figure. Cumulative mortality rate for patients with extrapulmonary
NTM infection compared with matched controls in study of
mortality and cause of death in adults with extrapulmonary NTM
infection, Denmark. log-rank p<0.001. NTM, nontuberculous
mycobacteria.
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Pneumonia and other bacterial diseases were sig-
nificantly more common in extrapulmonary NTM
patients at 21.2% (95% CI 17.7%-25.2%) than among
controls at 2.9% (95% CI 2.2%-3.8%). The same dis-
crepancy applied to diabetes mellitus (9.5%, 95% CI
7.0%-12.5%), HIV (2.5%, 95% CI 1.3%-4.3%), and he-
matologic malignancies (2.5%, 95% CI 1.3%-4.3%).
Last, the proportion of inflammatory polyarthropa-
thies was higher in extrapulmonary NTM patients
(12.2%, 95% CI 9.4%-15.4%) than in controls (3.7%
95% CI12.9%-4.6%) (Table 4).

Discussion

We present a comprehensive characterization of
mortality rates among persons with extrapulmonary
NTM infection and a unique description of causes of
death in this nationwide register-based cohort study
over an 18-year period. Patients with extrapulmonary
NTM disease had higher all-cause mortality and died

Table 2. Cox hazard regression for patients with extrapulmonary
NTM infection compared with matched controls adjusted for
Charlson Comorbidity Index and nonproportionality over time in
study of mortality and cause of death in adults, Denmark*
Extrapulmonary NTM versus controls
HR (95% Cl) p value
1.34 (1.1-1.6) 0.004

Category
Total
Year after diagnosis

2.07 (1.6-2.7)
1.83 (1.3-2.5)
1.61 (1.1-2.4)
1.43 (0.9-2.2)
1.26 (0.8-2.1)
1.11 (0.6-1.9)
0.98 (0.5-1.8)
0.87 (0.4-1.7)
0.77 (0.4-1.6)
0.68 (0.3-1.5)
*HR, hazard ratio for death; NTM, nontuberculosis mycobacteria.
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more often of hematologic malignancies and HIV
than did controls.

Patients with extrapulmonary NTM infection
had a higher mortality rate than controls in the first 3
years, and that difference persisted when controlling
for comorbidities. Men and women with extrapulmo-
nary NTM infection had similar all-cause mortality
rates. The overall mortality rate was 32.6%, which is
considerably higher than the rate of 4% reported in a
recent Australia study of 73 patients with extrapul-
monary NTM disease (10). That dissimilarity is likely
because of differences in the 2 populations” sample
sizes, demographics, burden of comorbidities, and
disease manifestations.

Previous studies have shown that mortality
rates among patients with extrapulmonary NTM
infection are lower than that associated with pul-
monary NTM disease and that mortality varies by
localization, patient population, and NTM spe-
cies (26). Disseminated infections with M. chimae-
ra from heater-cooler units have been associated
with a case-fatality rate of 45.5% (12). Comparable
high mortality rates have been reported in differ-
ent extrapulmonary NTM studies on peritonitis in
immunosuppressed persons, patients with central
nervous system infection, and persons who have
undergone renal or allogeneic stem cell transplant
(21%-50%) (27-30).

Understanding the cause of death for persons
with extrapulmonary NTM disease is essential to
identify patients who could benefit from earlier inter-
vention (31). In this study, extrapulmonary NTM pa-
tients most often died of an underlying comorbidity,
and only 5.7% of deaths were attributable to other
bacterial diseases, potentially including NTM dis-
ease. Deaths caused by hematologic malignancies
and HIV were more common in persons with extra-
pulmonary infection, and those diseases are also con-
sidered risk factors for NTM disease (2,10). Still, when
excluding persons with HIV from our analyses, the
mortality rate remained higher among patients with
extrapulmonary infection. We did not observe sig-
nificant differences in the 2 most common causes of
death for persons with extrapulmonary NTM disease
and controls.

Persons with extrapulmonary NTM infection
had a significantly higher burden of comorbidities
than did controls. That finding was evident when
investigating the CCI and common categories of co-
morbidities in the years before the diagnosis. The
higher proportion of cardiovascular disease, meta-
bolic disorders, and chronic lower respiratory dis-
ease in extrapulmonary NTM patients may indicate
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Table 3. Causes of death for patients with extrapulmonary NTM infection and controls, Denmark*

Extrapulmonary NTM Controls
Category Cause of death No. (%) Cause of death No. (%)
All causes Total 158 (32.6) Total 375 (19.4)
Male 97 (33.6) Male 256 (22.2)
Female 61 (31.1) Female 119 (15.2)
Rank
1 Cardiovascular disease 28 (17.7) Cardiovascular disease 90 (24.0)
2 Solid malignant neoplasms 22 (13.9) Solid malignant neoplasms 62 (16.5)
3 Hematologic malignancies 12 (7.6) Organic mental disorders 18 (4.8)
4 Other bacterial diseasest 9(5.7) Influenza and pneumonia 16 (4.3)
5 Respiratory diseases 8 (5.1) Respiratory diseases 13 (3.5)
6 HIV 6 (3.8) Hematological malignancies 13 (3.5)
Others 73 (46.2) Others 163 (43.5)

*NTM, nontuberculosis mycobacteria.

TCodes A30—A49, including mycobacterial diseases, in International Classification of Diseases, 8th Revision or 10th Revision.

a higher degree of frailty, leading to an increased
incidence of extrapulmonary NTM infection. Car-
diovascular disease has previously been identified
as a risk factor for pulmonary NTM disease but, to
our knowledge, has not been identified as such for
extrapulmonary infection (25).

Several comorbidities, which might provide a
port of entry for mycobacteria because of compro-
mised barrier function, were more common in pa-
tients with extrapulmonary NTM disease. Those pa-
tients experienced higher proportions of injuries; skin
and subcutaneous tissue disease; and diseases of the
veins, lymphatic vessels, and lymph nodes that all
expose skin and soft tissues to risk for infection. Sur-
gical and medical complications were also more com-
mon, indicating that extrapulmonary NTM infection

can be seen as iatrogenic, which has been described
consistently (10,11).

We observed a higher proportion of benign
neoplasms before NTM disease was diagnosed. In-
vasive procedures in the diagnostic process or the
neoplasms itself could lead to compromised barrier
function. Neoplasms could also to some degree be
misclassifications that are in fact granulomatous for-
mation caused by NTM. Diseases of the urinary sys-
tem and male genital organs were significantly more
common in extrapulmonary NTM patients. Only a
few of those patients (9/102) had intravesical BCG
installation, which could have been a confounder,
because BCG installations are known to cause BC-
Gitis (32). NTM infections of the genitourinary tract
are extremely rare and are unlikely to explain the

Table 4. Numbers and percentages of comorbidities 3 years before diagnosis in study of mortality and cause of death in adults with

extrapulmonary NTM infection, Denmark*

Patients with extrapulmonary NTM

Controls

Comorbidity No. % (95% CI) No. % (95% CI)
Cardiovascular disease 188% 38.8 (34.4-43.3) 373 19.3 (17.6-21.2)
Head and musculoskeletal injuries 142t 29.3 (25.3-33.6) 330 17.1 (15.4-18.8)
Other bacterial diseases including pneumoniat 103t 21.2(17.7-25.2) 57 2.9 (2.2-3.8)
Urinary system diseases and symptoms 102t 21.0 (17.5-24.9) 109 5.6 (4.6-6.8)
Gastrointestinal system diseases and symptoms 85t 17.5 (14.2-21.2) 122 6.3 (56.3-7.5)
Skin and soft tissue diseases 83t 17.1 (13.9-20.8) 82 4.2 (3.4-5.2)
Arthrosis and inflammatory polyarthropathies 59t 12.2 (9.4-15.4) 71 3.7 (2.9-4.6)
Metabolic disorders 51t 10.5 (7.9-13.6) 65 3.4 (2.6-4.3)
Infections of the skin and subcutaneous tissue 481 9.9 (7.4-12.9)
Diabetes mellitus 461 9.5 (7.0-12.5) 67 3.5(2.7-4.4)
Benign neoplasms 42t 8.7 (6.3-11.5) 55 2.8 (2.1-3.7)
Complications of surgical and medical care 38t 7.8 (5.6-10.6) 49 2.5(1.9-3.3)
Circulatory and respiratory symptoms 37t 7.6 (5.4-10.4) 67 3.5(2.7-4.4)
Diseases of veins, lymphatic vessels, and lymph nodes 31t 6.4 (4.4-9.0)
Anemia 30t 6.2 (4.2-8.7) NA NA
Chronic lower respiratory diseases 30t 6.2 (4.2-8.7) 49 2.5(1.9-3.3)
Other disorders of the ear 288 5.8 (3.9-8.2) 89 4.6 (3.7-5.6)
Male genital organ diseases 28t 5.8 (3.9-8.2) 49 2.5(1.9-3.3)
HIV 19t 3.9 (2.4-6.1) 4 0.2 (0.06-0.52)
Hematologic malignancies 129 2.5(1.34.3) 18 0.9 (0.6-1.5)
*NA, not available; NTM, nontuberculosis mycobacteria.
tp<0.001.
$Codes A30-A49 (excluding A31) in International Classification of Diseases, 8th Revision or 10th Revision.
§Not significant.
fp<0.01.
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large proportion of genitourinary diseases in our
population (33). Disease in the genitourinary tract
might indicate impaired mucosa barrier function or
poor overall health, which increases the risk for ex-
trapulmonary NTM. In addition, gastrointestinal dis-
eases and symptoms were more prevalent in patients
with extrapulmonary NTM infection, which could
suggest compromised barrier function in the intes-
tines. However, the extrapulmonary NTM disease
could be localized to the gastrointestinal tract, as is
the case with M. genavense (34).

Immunosuppression is strongly associated with
extrapulmonary NTM (35,36). Immunosuppression
in patients with any manifestation of NTM has been
associated with an increased risk for death (HR 3.5
[95% CI 1.5-8.4]), but only 13 of 118 patients had an
extrapulmonary NTM diagnosis (37). In our study,
extrapulmonary NTM patients had a significantly
higher proportion of hematological malignancies,
which implies a higher risk for infection because of
impaired immunity. Patients with extrapulmonary
infection had higher proportions of anemia, HIV/
AIDS, and diabetes mellitus, which are also associ-
ated with impaired immunity (2,25,38). Our study
confirms an association with immunosuppression
and HIV infection, which was also shown in an Aus-
tralia study (10). Still, HIV generally seems to be rare
in patients with NTM in our setting.

The higher proportion of inflammatory polyar-
thropathies in extrapulmonary NTM patients could
be related to the use of immunosuppressants. Anti-
tumor necrosis factor a treatment and corticosteroids
are well-described risk factors for mycobacterial dis-
ease (9,25,39). A high mortality rate has been reported
among patients treated with biological agents who
have concomitant NTM infections (9).

The significantly higher proportion of extrapul-
monary NTM patients with other bacterial diseases
and pneumonia could be associated with an increased
likelihood of immune dysfunction (40). Pneumonia is
also a risk factor for pulmonary NTM (25). However,
that finding could also be because of misdiagnoses
and erroneous use of diagnostic codes.

This study was based on national registers, and
the data entered in those registers imply an inher-
ent risk for underreporting, overreporting, and
misclassification. Treatment of extrapulmonary
NTM disease is centralized in 6 hospitals in Den-
mark with specialized centers for mycobacterial
diseases, and we are confident that the diagnoses
have a high rate of accuracy. Previous validations
of diagnostic codes in our registers have shown a
high positive predictive value (41,42). The ICD-10
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codes pertaining to extrapulmonary NTM mani-
festation and species are only specific for skin in-
fections with M. marinum and M. ulcerans, and the
registers used in this study do not contain data on
microbiology or all relevant risk factors (e.g., type
of immunosuppressants). This factor limited our
ability to precisely describe the type, localization,
and pathogenicity of NTM infections, including
species. Nevertheless, the percentage of extrapul-
monary NTM skin infections in our study (29.7%)
is comparable to those in a US culture-based study
(32%) (16). We assume that using ICD-10 codes for
extrapulmonary NTM disease correlates well with
clinically relevant disease compared with relying
on microbiologic data alone. Furthermore, the in-
clusion of M. ulcerans patients could be debated,
because M. ulcerans might not be considered as a
separate disease entity, although it is genetically
very similar to M. marinum (6,43,44).

Data on the causes of death are registered by the
physician who verifies the death. However, those
physicians might not be familiar with the patient’s en-
tire medical history or with complex infections, mak-
ing it difficult to differentiate between causes of death
in this comorbid population. The low number of au-
topsies conducted in Denmark calls into question the
validity of the death certificates; however, that issue
appears to be common in other settings (31).

In conclusion, patients with extrapulmonary
NTM infection have a significantly higher burden of
comorbidities than do matched controls. The mortal-
ity rate remained higher for persons with extrapul-
monary NTM infection than for matched controls
after adjusting for a comorbidity severity index. In
addition, patients with extrapulmonary NTM disease
often die from underlying comorbidities, such as he-
matologic malignancies and HIV, not from extrapul-
monary NTM disease.

Data are not publicly available due to local legislative
limitations.
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Mpox Epidemiology and
Risk Factors, Nigeria, 2022
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Nneka Marian Chika-Igwenyi, Sebastine Oseghae Oiwoh, Ekaete Alice Tobin,
Hakeem Abiola Yusuff, Anastacia Okwudili Ojimba, Umenzekwe Chukwudi Christian,
John-Tunde Aremu, Simji Samuel Gomerep, Kambai Lalus Habila, Sati Klein Awang,
Olukemi Adekanmbi, Michael Iroezindu, Asukwo Onukak, Olanrewaju Falodun,
Mogaji Sunday, Simon Mafuka Johnson, Abimbola Olaitan, Chizaram Onyeaghala,
Datonye Alasia, Juliet Mmerem, Uche Unigwe, Vivian Kwaghe, Mukhtar Abdulmaijid Adeiza,
on behalf of Nigerian Infectious Diseases Society (NIDS) mpox study group!

To investigate epidemiology of and risk factors for labora-
tory-confirmed mpox during the 2022 outbreak in Nigeria,
we enrolled 265 persons with suspected mpox. A total of
163 (61.5%) were confirmed to have mpox; 137 (84.0%)
were adults, 112 (68.7%) male, 143 (87.7%) urban/semi-
urban dwellers, 12 (7.4%) self-reported gay men, and 3
(1.8%) female sex workers. Significant risk factors for
adults were sexual and nonsexual contact with persons
who had mpox, as well as risky sexual behavior. For

uman mpox is a zoonotic disease caused by 2

distinct clades (I and II) of the monkeypox vi-
rus (MPXV) (1). Clade I primarily affects children
and adolescents in Central Africa, especially in the
Democratic Republic of Congo (DRC) (1,2). Clade
Ila was responsible for the 2003 human outbreak of
mpox in the United States, and clade IIb caused the
2017-2019 mpox outbreak in Nigeria and the 2022
global outbreak (1); #92,000 confirmed cases and 171

children, risk factors were close contact with an mpox-
positive person and prior animal exposure. Odds of being
mpox positive were higher for adults with HIV and lower for
those co-infected with varicella zoster virus (VZV). No chil-
dren were HIV-seropositive; odds of being mpox positive
were higher for children with VZV infection. Our findings
indicate mpox affects primarily adults in Nigeria, partially
driven by sexual activity; childhood cases were driven by
close contact, animal exposure, and VZV co-infection.

deaths were reported in 116 countries as of Decem-
ber 22, 2023 (3).

The epidemiologic characteristics of mpox dur-
ing the 2022 outbreak have been described (4-8). The
evidence suggests that *96% of mpox cases during the
2022 outbreak were in men, mostly 20-41 years of age,
and the predominant mode of transmission (=80%)
was sexual encounter. Furthermore, the most frequent
independent predictors of laboratory-confirmed mpox
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during the 2022 mpox outbreak have been identified
as being male; being gay, bisexual, and other men who
have sex with men (GBMSM); being a person living
with HIV (PLHIV); having multiple sex partners; and
having lesions in the anogenital area (9-14).

The 2017-2019 mpox outbreak in Nigeria pre-
dominantly affected young urban adults; human-to-
human and zoonotic-related transmissions were sus-
pected (15). Confirmed cases were reported among
prison inmates, household and sexual contacts, and
persons exposed to wildlife (15). The 2017-2019 out-
break provided the first documented evidence of
mpox transmission via sexual contact and of mpox
being associated with having multiple sex partners or
advanced HIV disease (16-18). However, in ~60% of
cases, the risk factors or sources of exposure for mpox
were unknown, suggesting a substantial knowledge
gap in the epidemiology of mpox in Nigeria (15).

During the 2022 mpox outbreak, 1,400 cases
were reported in Africa, of which Nigeria accounted
for 42% (3). However, only a few studies from Af-
rica discuss the epidemiology of and risk factors for
laboratory-confirmed mpox infections during that
outbreak. A case series from Nigeria described the in-
terplay of mpox with varicella zoster virus (VZV) but
was limited to southern Nigeria (19), suggesting the
need to explore the co-infection on a national scale.
Since 2023, the DRC has reported increasing mpox
cases, including those caused by the sexually trans-
mitted clade I strain (20,21). That change in the epide-
miology is concerning and calls for concerted action
and more information about the epidemiology of and
risk factors for mpox in countries in Africa where the
disease was previously endemic.

To investigate the epidemiology of and risk fac-
tors for laboratory-confirmed mpox in Nigeria dur-
ing the 2022 outbreak, we conducted an observational
cross-sectional study to address existing knowledge
gaps and provide insights that can be used to develop
public health strategies and interventions to control
future mpox outbreaks.

Methods

Ethics Statement

We obtained ethics approval for the study from the
National Health Research Ethics Committee, Nigeria
(NHREC/01/01/2007-25/10/2022). All participants
gave informed consent to participate in the study.

Study Participants

Our cross-sectional study included persons with sus-
pected mpox who attended mpox treatment centers

1800

and outpatient clinics across Nigeria during June
1-December 30, 2022. We defined a suspected case
of mpox by using the Nigeria Centre for Disease
Control and Prevention guidelines, as previously
described (22). On the basis of an average of 12 sus-
pected cases of mpox seen monthly during Janu-
ary-April 2022 in Nigeria, we estimated a minimum
sample size of 158 participants, including a 10%
dropout rate. We invited all mpox treatment centers
and outpatient clinics across Nigeria to participate in
the study and consecutively enrolled persons with
suspected mpox who attended study sites and gave
informed verbal or written consent. Suspected mpox
was diagnosed by PCR at the National Reference
Laboratory of the Nigeria Centre for Disease Con-
trol and Prevention as previously described (23). We
defined an mpox-positive participant as an mpox-
suspected participant for whom MPXV infection
was confirmed by real-time PCR. Because of lack of
laboratory diagnoses, we excluded probable cases
of mpox (Appendix, https:/ /wwwnc.cdc.gov/EID/
article/30/9/24-0135-Appl.pdf).

To document epidemiologic and clinical vari-
ables of all study participants, we used a structured
case report form, which was developed from existing
mpox literature review (4,15,18,23-25) and included
variables such as patient age, sex, occupation, sexu-
al orientation, and potential routes and risk factors
for mpox transmission (e.g., animal exposure, close
contact, and sexual behavior). Sexual history was
not obtained for all children. We also documented
comorbidities (e.g., HIV and VZV co-infections) (Ap-
pendix). All variables were documented at manifesta-
tion or at the time of participant recruitment.

We analyzed study data by using the SPSS Sta-
tistics 26 (IBM, https://www.ibm.com). We sum-
marized categorical variables as frequencies and per-
centages and summarized continuous variables by
using median and interquartile ranges (IQRs) because
of nonnormal distribution. We used x? for categori-
cal variables (or Fisher exact tests when assumptions
for x*> were not met because of small sample size)
and Mann-Whitney tests (comparing median values)
to determine variables associated with being mpox
positive. We determined independent predictors of
mpox positivity separately by using logistic regres-
sion models that included significant epidemiologic
variables on univariate analysis and other relevant
variables known to be theoretically associated with
mpox infection from prior literature. We deleted
missing variables pairwise without replacements. We
excluded educational level from the model because of
strong correlation with age group. Because of missing
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data, we did not include HIV and VZV data in the
logistic models. The logistic regression tables detail
the variables included in each model. In view of dif-
ferences in epidemiologic characteristics across age
groups, we assessed the risk factors for mpox positiv-
ity for the entire study population and separately for
children (<18 years of age) and adults. We reported
results as crude odd ratios (ORs) and adjusted odds
ratios (aORs) with 95% Cls. We considered p<0.05
(2-tailed) as statistically significant.

Results

Study Population

We enrolled 280 persons with suspected cases of
mpox during the study period, among whom we
excluded 15 (5.4%) from the final analysis because
of missing data related to sociodemographic and
epidemiologic characteristics. We enrolled 265
study participants, 28 days-69 years of age (median
27 years, IQR 14-36 years) across 23 states and the
Federal Capital Territory in Nigeria (Figure). Of the

Mpox Epidemiology and Risk Factors, Nigeria, 2022

265 participants, 163 (61.5%) were mpox positive
and 102 (38.5%) were mpox negative (Table 1). The
mpox-positive participants (median age 30 years
[IQR 22-37 years]) were older than the mpox-neg-
ative participants (median age 19 years [IQR 8-32
years]; p<0.0001).

Demographic and Epidemiologic Characteristics

of Mpox-Positive Participants

Of the 163 mpox-positive participants, 137 (84.0%)
were adults, 112 (68.7%) were male, 143 (87.7%) were
urban/semi-urban dwellers, 12 (7.4%) were self-re-
ported GBMSM, and 3 (1.8%) were female sex work-
ers (Appendix Table). Among the 163 mpox-positive
participants, exposure was unknown for 87 (53.4%)
and >1 exposure was reported for 76 (46.6%). Specifi-
cally, 59 (36.2%) had contact with a person with a sus-
pected case, 36 (22.1%) had close contact with a per-
son with a confirmed case, 35 (21.5%) reported animal
exposure, and 35 (21.5%) had sexual contact with a
person with a suspected case. Of the 46 mpox-pos-
itive participants who provided information about

Figure. Geographic distribution of sites in Nigeria participating in a study of epidemiology and risk factors for laboratory-confirmed mpox
during the mpox outbreak, Nigeria, 2022. A total of 265 study participants were enrolled from all geopolitical zones of the country, across

23 states and the Federal Capital Territory in Nigeria.
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possible places of exposure, 23 (50%) were exposed
at home, 20 (43.5%) in the community, and 3 (6.5%) in
the hospital. Among the mpox-positive participants
tested for HIV and VZV co-infections, 35.9% (55/153)
had VZV co-infection, 18.0% (24/133) had HIV

n

co-infection, and 6.0% (8/133) had both HIV and VZV
co-infections. Among the 102 mpox-negative partici-
pants, 31 (30.4%) were VZV positive, 52 (50.9%) were
VZV negative, and 19 (18.6%) were missing data on
VZV status. We did not investigate the causes of

Table 1. Demographic characteristics and epidemiologic risk factors for PCR-confirmed mpox among adults and children during mpox

outbreak, Nigeria, 2022*

No. (%) patients Univariate analysis Multivariate analysis
Study variable Total Mpox-pos  Mpox-neg cOR (95% CI) p valuet aOR (95% CI) p valuet
Age group <0.0001
Child, <18y 73 (27.5) 26(16.0) 47 (46.1) Referent Referent
Young adult, 18-35y 125 (47.2) 88(54.0) 37(36.3) 4.30 (2.33-7.94) <0.0001 3.93 (2.06-7.50) <0.0000
Older adult, >35 y 67 (25.3) 49(30.0) 18 (17.6) 4.92 (2.39-10.13) <0.0001 4.75 (2.23-10.13) <0.0001
Sex at birth
M 174 (65.7) 112(68.7) 62 (60.8) 1.42 (0.84-2.38) 0.186 1.38 (0.77-2.48) 0.284
F 91(34.3) 51(31.3) 40(39.2) Referent Referent
Local travel
Yes 34 (12.8) 28(17.2) 6 (5.9) 3.32 (1.32-8.33) 0.007 2.02 (0.76-5.34) 0.158
No 231 (87.2) 135(82.8) 96 (94.1) Referent Referent
Close contact with person with confirmed mpox
Yes 46 (17.4) 36 (22.1) 10 (9.8) 2.61 (1.21-5.52) 0.010 2.96 (1.26-6.96) 0.013
No 219 (82.6) 127 (77.9) 92 (90.2) Referent Referent
Prior animal exposure
Yes 43 (16.2) 35(21.5) 8(7.8) 3.21 (1.30-7.24) 0.003 2.35 (0.97-5.66) 0.058
No 222 (83.8) 128 (78.5) 94 (92.2) Referent Referent
Residence
Urban/semi-urban 231 (87.2) 143 (87.7) 88 (86.3) 1.14 (0.55-2.37) 0.73
Rural 34 (12.8) 20(12.3) 14 (13.7) Referent
Married:
Ever 95 (49.5) 70(51.1) 25 (45.5) 1.25 (0.67-2.35) 0.48
Never 97 (50.5) 67 (48.9) 30 (54.5) Referent
Education
None 59 (22.3) 35(21.5) 24 (41.4) Referent
Primary 32 (12.1) 12 (7.4) 20 (34.5) 0.41 (0.17-0.99) 0.003
Secondary 68 (25.7) 39(23.9) 29 (50) 0.92 (0.45-1.87)
Tertiary 106 (40.0) 77 (47.2) 29 (50) 1.82 (0.93-3.57)
International travel
Yes 3(1.1) 1(0.6) 2(2) 0.31(0.03-3.45) 0.561§
No 262 (98.9) 162 (99.4) 100 (98) Referent
Close contact with person with suspected mpox
Yes 78(29.4) 59(36.2) 19(18.6) 2.48 (1.37-4.48) 0.002
No 187 (70.6) 104 (63.8) 83 (81.4) Referent
Care of person with suspected mpox
Yes 5(1.9) 4 (2.5) 1(1) 2.54 (0.28-23.06) 0.652§
No 260 (98.1) 159 (97.5) 101 (99) Referent
Prior smallpox vaccine
Yes 13 (4.9) 9 (5.5) 4 (3.9) 1.43 (0.43-4.79) 0.557
No 252 (95.1) 154 (94.5) 98 (96.1) Referent
Past chickenpox{
Yes 23(16.6) 16(17.4) 7 (12.7) 1.44 (0.55-3.77) 0.451
No 124 (84.4) 76(82.6) 48 (87.3) Referent
HIV-status{
Positive 26 (12.2) 24 (18.0) 2(2.5) 8.59 (1.97-37.4) 0.001
Negative 187 (87.8) 109 (82.0) 78 (97.5) Referent
VZV statusy
Positive 86 (36.4) 55(35.9) 31(37.3) 0.94 (0.54-1.64) 0.831
Negative 150 (63.6) 98 (64.1) 52 (62.7) Referent
Other comorbidities#
Yes 13 (4.9) 10 (6.1) 3(2.9) 2.16 (0.58-8.03) 0.241
No 252 (95.1) 153 (93.9) 99 (97.1) Referent

*Boldface indicates statistical significance. aOR, adjusted odds ratio; neg, negative; pos, positive; cOR, crude odd ratio; VZV, varicella zoster virus.

tp values determined by x? tests except as indicated.

FMarital status data included adults only.

§Fisher exact test.

{[Some past chickenpox, VZV, and HIV status data were missing.

#Other comorbidities include type 2 diabetes mellitus, hypertension, and sickle cell disease.
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Table 2. Demographic characteristics and epidemiologic risk factors for PCR-confirmed mpox among adults during the mpox outbreak,

Nigeria, 2022*

No. (%) patients

Univariate analysis

Multivariate analysis

Variables Total Mpox-pos Mpox-neg cOR (95% CI) p valuet aOR (95% Cl)  p valuet
Age group,
Young adult, 18-35y 125 (65.1) 88 (64.2) 37 (67.3) 0.87 (0.45-1.70) 0.69 1.36 (0.66—2.80)  0.409
Older adult, >35 y 67 (34.9) 49(35.8) 18 (32.7) Referent Referent
Sex at birth
M 131 (68.2) 95(69.3) 36 (65.5) 1.19 (0.61-2.32) 0.601 1.29 (0.59-2.79)  0.523
F 61(31.8) 42(30.7) 19(34.5) Referent Referent
Nonsexual contact with person with suspected mpox
Yes 17 (8.90) 15(10.9) 2(3.6) 3.26 (0.72-14.75)  0.158 5.50 (1.12-27.14)  0.036
No 175(91.1) 122 (89.1) 53 (96.4) Referent Referent
Sexual contact with person with suspected mpox
Yes 41 (21.4) 35(25.5) 6 (10.9) 2.80 (1.10-7.11) 0.025 2.81 (1.01-7.79) 0.048
No 151 (78.6) 102 (74.5) 49 (89.1) Referent Referent
Risky sexual behaviori
Yes 113 (68.9) 90 (65.7) 23 (41.8) 2.66 (1.40-5.06) 0.002 2.808 (1.40-5.3) 0.004
No 79 (41.1) 47 (34.3) 32 (58.2) Referent Referent
Animal exposure
Yes 36 (18.8) 30(21.9) 6 (10.9) 2.29 (0.89-5.86) 0.078 1.79 (0.66-4.88) 0.255
No 156 (81.2) 107 (78.1) 49 (89.1) Referent Referent
Local travel
Yes 33(17.2) 27 (19.7) 6 (10.9) 2.00 (0.78-5.17) 0.144 1.74 (0.64-4.72) 0.28
No 159 (82.8) 110 (80.3) 49 (89.1) Referent Referent
Residence
Urban/semi-urban 170 (88.5) 122 (89.1) 48 (87.3) 1.19 (0.46-3.09) 0.727
Rural 22 (11.5) 15(10.9) 7 (12.7) Referent
Married
Ever 95 (49.5) 70(51.1) 25 (45.5) 1.25 (0.67-2.35) 0.48
Never 97 (50.5) 67 (48.9) 30 (54.5) Referent
Education
None 25(13.0) 21(15.3) 4 (7.3) Referent
Primary 8 (4.20) 5 (3.60) 3(5.5) 0.32 (0.05-1.90) 0.21
Secondary 54 (28.1) 34(24.8) 20(36.4) 0.32 (0.10-1.08) 0.07
Tertiary 105 (54.7) 77 (56.2) 28 (50.9) 0.53 (0.17-1.66) 0.27
International travel
Yes 3(1.60) 1(0.70) 2(3.6) 0.19 (0.02-2.19)  0.198§
No 189 (98.4) 136 (99.3) 53 (96.4) Referent
Close contact with confirmed mpox
Yes 33(17.2) 29(21.2) 4(7.3) 3.42 (1.14-10.26)  0.021
No 159 (82.8) 108 (78.8) 51 (92.7) Referent
GBMSM
No 146 (76.0) 107 (78.1) 39 (70.9) Referent
Yes 15(7.80) 12 (8.80) 3(5.5) 1.46 (0.39-5.44) 0.575
Unknown 31(16.1) 18(13.1) 13 (23.6) 0.51 (0.23-1.13) 0.095
Care of person with suspected mpox
Yes 5 (2.60) 4 (2.90) 1(1.8) 1.02 (0.18-14.86) 0.9998§
No 187 (97.4) 133 (97.1) 54 (98.2) Referent
Prior smallpox vaccine
Yes 13 (6.80) 9 (6.60) 4 (7.3) 0.90 (0.26-3.04)  0.9998
No 179 (93.2) 128 (93.4) 51(92.7) Referent
ComorbiditiesT
Yes 13 (6.80) 10 (7.30) 3(5.5) 0.87 (0.23-3.30) 0.7618
No 179 (93.2) 127 (92.7) 52 (94.5) Referent
HIV status#
Positive 26 (18.3) 24 (22.4) 2 (5.7) 4.71 (1.07-21.34)  0.026
Negative 116 (81.7) 83 (77.6) 33 (94.3) Referent
VZV status
Positive 62 (36.0) 40(31.0) 22(51.2) 0.43 (0.21-0.87) 0.017
Negative 110 (64.0) 89 (69.0) 21 (48.8) Referent

*Boldface indicates statistical significance, Empty cells indicate not applicable. aOR, adjusted odds ratio; cOR, crude odds ratio; GBMSM, gay and
bisexual and men who have sex with men; neg, negative; pos, positive; VZV, varicella zoster virus.
1p values determined by x? tests except as indicated.
FRisky sexual behavior is defined as >1 of the following in the 3 mo before illness onset: condomless casual sex; multiple sexual partners (>2 more
concurrent sex partners); treatment for sexually transmitted infections; transactional sex (payment for sex); sex with a sex worker.

§Fisher exact test.

fComorbidities include type 2 diabetes mellitus, hypertension, and sickle cell disease.

#Some HIV and VZV status data were missing.
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Table 3. Univariate analysis of associated between sexual histories of adults and mpox-PCR status during mpox outbreak, Nigeria,

2022*
No. (%)

Variablest Mpox positive Mpox negative Total cOR (95% CI) p valuef

Condomless casual sex, n = 166
Yes 77 (62.1) 19 (45.2) 96 (57.8) 1.98 (0.98-4.02) 0.056
No 47 (37.9) 23 (54.8) 70 (42.2)

Multiple sexual partners, n = 170
Yes 65 (50.8) 10 (23.8) 75 (44.1) 3.30 (1.50-7.28) 0.002
No 63 (49.2) 32 (76.2) 95 (55.9)

Sex with sex worker, n = 166
Yes 23 (18.5) 4 (9.5) 27 (16.3) 2.16 (0.70-6.67) 0.228
No 101 (81.5) 38 (90.5) 139 (83.7)

Transactional sex, n = 103
Yes 6 (8.10) 2(6.9) 8 (7.80) 1.19 (0.23-6.27) 0.99
No 68 (91.9) 27 (93.1) 95 (92.2)

Sex in prior month, n = 192
Yes 101 (73.7) 30 (54.5) 131 (68.2) 2.34 (1.22-4.49) 0.010
No 36 (26.3) 25 (45.5) 61(31.8)

Prior treatment for STI, n = 158
Yes 37 (31.6) 12 (29.30) 49 (31.0) 1.12 (0.51-2.43) 0.779
No 80 (68.4) 29 (70.70) 109 (69.0)

Risky sexual behavior, n = 192§
Yes 90 (65.7) 23 (41.8) 113 (58.9) 2.66 (1.40-5.06) 0.002
No 47 (34.3) 32 (58.2) 79 (41.1)

*Boldface indicates statistical significance. cOR, crude odds ratio; STI, sexually transmitted infection.
tVariables are defined in the Appendix (https://wwwnc.cdc.gov/ElD/article/30/9/24-0135-App1.pdf).

1p values determined by x? tests.

§Risky sexual behavior is defined as >1 of the following in the 3 mo before illness onset: condomless casual sex; multiple sexual partners (>2 more
concurrent sex partners); treatment for sexually transmitted infections; transactional sex (payment for sex); sex with a sex worker.

skin rash among participants who were VZV-nega-
tive and those for whom VZV status was missing.

Among the 23 study participants who reported
a history of chickenpox (Table 1), 7 (30.4%) were
VZV positive; 2 were mpox-negative adults and 5
were mpox positive (a 16-year-old adolescent and 4
adults), all of whom were probably experiencing re-
activated herpes zoster infection. Among the 2 mpox-
negative adults with probable reactivated herpes
zoster infection was a recently diagnosed 63-year-old
man living with HIV whose CD4 cell count was un-
known/missing.

Epidemiologic Risk Factors for Mpox Positivity

Univariate analysis indicated that the epidemiologic
risk factors associated with mpox positivity among
the 265 study participants were history of prior ani-
mal exposure, age group, close contact with a person
with confirmed mpox, educational level, and local
travel (Table 1). In a logistic regression model that in-
cluded age group, sex, animal exposure, close contact
with confirmed case and local travel, the independent
predictors of mpox positivity were age group and
close contact with a person with confirmed mpox
(Table 1). The odds of being mpox positive were sig-
nificantly higher among younger adults (18-35 years
of age) (aOR 3.93, 95% CI 2.06-7.50) and older adults
(>35 years of age) (aOR 4.75, 95% CI 2.23-10.13) than
among children. Odds of being mpox positive were
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significantly higher among participants who had
reported close contact with a person with confirmed
mpox than among those who had not (aOR 2.96, 95%
CI 1.26-6.96). Among 213 participants with known
HIV status, odds of being mpox positive were greater
among PLHIV than among those who were HIV
negative (OR 8.59, 95% CI 1.97-37.40; p = 0.001).

Epidemiologic Risk Factors among Adults

Univariate analysis indicated that among the 192
adult participants, the variables associated with be-
ing mpox positive were prior sexual and nonsexual
contact with a person with suspected mpox and re-
cent history of risky sexual behavior (Table 2). The
independent predictors among adults for being mpox
positive included recent history of risky sexual behav-
ior (aOR 2.81, 95% CI 1.40-5.63), nonsexual contact
with a person with a suspected case (aOR 5.50, 95%
CI 1.12-27.14), and sexual contact with a person with
a suspected case (aOR 2.81, 95% CI 1.01-7.79) (Table
2). Among the 142 adults with known HIV status
and the 172 with known VZV status, the odds of
being mpox positive were significantly higher among
PLHIV (OR 4.77, 95% CI 1.07-21.34) and significantly
lower among those who were VZV positive (OR 0.43,
95% CI 0.21-0.87). History of having had multiple
sex partners, having had sex recently, and having
engaged in risky sexual behaviors were significantly
associated with being mpox positive (Table 3).
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All 71 children with known HIV status tested nega-
tive for HIV. Multivariate analysis indicated that the
predictors of mpox positivity among children were
contact with animals (aOR 9.97, 95% CI 1.27-78.34)
and close contact with a person with a confirmed
case (aOR 4.76, 95% CI 1.14-19.87) (Table 4). We did
not include VZV in the model because of the high
numbers of missing data. However, among the 64
children with known VZV status, the odds of being
mpox positive were significantly higher among those
who were VZV positive than among those who were
VZV negative (OR 5.74, 95% CI 1.891-17.43).

Discussion

Our study showed that laboratory-confirmed mpox
was reported across various age groups and popu-
lations but was more common among persons who
were young adult, male, and mostly urban or semi-
urban dwellers. The demographic characteristics
of the mpox-positive participants in our study are
similar to those of the 2017-2019 mpox outbreak in
Nigeria, which also predominantly affected young
adult urban dwellers. Most cases of mpox during
the 2022 outbreak in Europe and North America
were among young adult urban dwellers, mostly
GBMSM (6,26). In contrast, only 7.4% of the mpox
participants in our study self-reported themselves
as GBMSM; MPXV is probably not currently
spreading within that particular social group in
Nigeria. Another possibility is that cases of mpox
in that group have either been overlooked or not

Mpox Epidemiology and Risk Factors, Nigeria, 2022

accurately reported because GBMSM may avoid
seeking clinical assessment because of laws in Ni-
geria that criminalize same-sex relationships.

The types of exposure settings reported in our
study suggest human-to-human and zoonotic trans-
missions of MPXV during the 2022 outbreak in Ni-
geria. We identified independent epidemiologic risk
factors for mpox positivity among study participants
as having had close contact with a person with con-
firmed mpox and being in an adult age group. Specific
risk factors for mpox among adults were >1 markers
of risky sexual behaviors (e.g., multiple sex partners
and condomless casual sex), and both sexual and
nonsexual close contact with a person with suspected
mpox. Among children, independent risk factors for
mpox positivity were close contact with a person with
confirmed mpox and contact with wild/domestic an-
imals. Besides nonsexual physical contact, it might be
postulated that mpox in Nigeria is also partly trans-
mitted via risky sexual behavior among adults who
subsequently transmit it to children through close
contact. Various studies conducted outside Africa
during the 2022 outbreak also identified risk factors
for being mpox positive as having had multiple sex
partners and other markers of risky sexual behavior
(9,11,12,14). Similarly, since 2023, a cluster of clade 1
strain mpox cases in the DRC was linked to sexual
contact, including among GBMSM (21).

Studies conducted mainly outside Africa suggest
that ~80% of mpox patients during the 2022 outbreak
had sexual encounters before their diagnosis (4,8),
and other studies conducted outside Africa have

Table 4. Epidemiologic risk factors for PCR-confirmed mpox among children (<18 y) during mpox outbreak, Nigeria 2022

No. (%) Univariate analysis Multivariate analysis
Variables Total Mpox-pos  Mpox-neg cOR (95% CI) p valuet aOR (95% ClI) p valuet
Sex at birth
F 30 (41.1) 9 (34.6) 21 (44.7) Referent Referent
M 43 (58.9) 17 (65.4) 26 (55.3) 1.53 (0.57, 4.11) 0.403 1.56 (0.46, 5.27) 0.477
Age group
09y 42 (57.5) 15 (57.7) 27 (57.4) 1.01 (0.38, 2.66) 0.984 2.03 (0.59, 7.05) 0.264
10-1y 31 (42.5) 11(42.3) 20 (42.6) Referent Referent
Close contact confirmed
Yes 13 (17.8) 7 (26.9) 6 (12.8) 2.52 (0.74, 8.51) 0.13% 4.76 (1.14, 19.87) 0.032
No 60 (82.2) 19 (73.1) 41 (87.2) Referent Referent
Animal exposure§
Yes 7 (9.6) 5(19.2) 2 (4.3) 5.36 (0.96, 29.91) 0.05% 9.97 (1.27,78.34) 0.029
No 66 (90.4) 21(80.8) 45(95.7) Referent Referent
Place residence 0.632
Rural 12 (16.4) 5(19.2) 7 (14.9) 1.36 (0.35, 4.81)
Urban/semi-urban 61(83.6) 21(80.8) 40(85.1) Referent
VZV statusq 0.001
Positive 24 (37.5) 15 (62.5) 9 (22.5) 5.74 (1.89, 17.43)
Negative 40 (62.5) 9 (37.5) 31(77.5) Referent
*Boldface indicates statistical significance. aOR, adjusted odds ratio; cOR, crude odds ratio; VZV, varicella zoster virus.
1p values determined by x? tests except as indicated.
fFisher exact test.
8§The 5 mpox-pos children with animal exposures did not report associated contact with a human with suspected mpox.
{[Some VZV status data were missing.
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shown prior sexual activity to be associated with
mpox infection among GBMSM and among hetero-
sexual adults (27,28). The role of sexual contact and
sexual behavior in the transmission of mpox was first
proposed during the 2017-2019 mpox outbreak in Ni-
geria (16,17). A single-center study conducted during
the 2022 outbreak in Nigeria reported mpox among
linked heterosexual partners, suggesting a relation-
ship between prior sexual contact and mpox infec-
tion in Nigeria (29). Our study, which was conducted
on a national scale in Nigeria, corroborates the prior
observations and supports a role of sexual activity in
transmission of the MPXV among adults during the
2022 mpox outbreak in Nigeria.

With regard to animal exposure being indepen-
dently associated with mpox positivity among chil-
dren and not adults, it is plausible but not confirma-
tory that zoonotic transmission of MPXV in Nigeria is
more common among children than adults. However,
the large confidence interval of the OR related to ani-
mal exposure suggests uncertainty of that finding.

In our study, 18% of participants with available
HIV test results had positive results, and odds of be-
ing mpox positive were 5 times higher among PL-
HIV than among those without HIV. During the 2022
global outbreak, 30%-50% of mpox-positive persons
were PLHIV (30); various studies, including reports
from Nigeria, have shown that those with advanced
HIV have more severe disease and higher death rates
than their HIV-negative counterparts (31). A review
of 86 confirmed mpox cases during the 2017-2019
mpox outbreak showed that persons with mpox were
»7 times more likely to be living with HIV than were
those without mpox (32). Because of missing HIV test
data, we cannot make definitive conclusions regard-
ing HIV as an independent risk factor for mpox in Ni-
geria during the 2022 mpox outbreak. Even so, HIV
and mpox are both sexually transmitted infections,
which makes it plausible that risky sexual behavior
might be a common factor for acquisition and further
transmission of mpox.

Approximately half of the mpox-negative partici-
pants in our study were VZV positive, and »36% of
mpox-positive participants also had a VZV-positive
test result. We previously reported VZV co-infection
to be independently associated with severe mpox
during the 2022 mpox in Nigeria (23). The high preva-
lence of VZV co-infection among mpox-positive and
mpox-negative participants reflects the endemicity of
chickenpox, herpes zoster infection, or both in Nigeria
and underscores that those VZV-related conditions
are the main differential diagnoses for mpox in Ni-
geria. Of note, VZV co-infection was associated with
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higher odds of mpox among children but lower odds
among adults. The reasons for the contrasting find-
ings are not obvious from our study data. Because we
did not distinguish chickenpox from reactivated her-
pes zoster virus infection in all participants, we could
not classify the prevalence of those VZV-related con-
ditions in relation to age, if any. Furthermore, we did
not include VZV in the multivariate analysis because
of a substantial amount of missing data, and as such,
we could not confirm whether our findings were tru-
ly reflective of an age-related difference in the asso-
ciations between VZV and mpox infections or if they
resulted from the effects of another confounder. On
the basis of the high rates of VZV-mpox co-infections
observed from prior studies of mainly the clade I vi-
rus (33,34), it has been proposed but not confirmed
that a breach in the skin caused by VZV lesions could
increase the likelihood of transmission of MPXV and
that MPXV may directly trigger VZV reactivation, re-
sulting in herpes zoster virus infection (34,35).

The major limitations of our study are associated
with recruitment of hospital-associated cases only,
which could have led to underascertainment of mild
mpox-positive cases and mpox-negative suspected
cases in the community and missing data related
to VZV and HIV co-infections among some partici-
pants, which precluded inclusion of these variables
for multivariate analysis. The predominance of mod-
erate to severe cases could also bias our study toward
HIV-positive participants, given that they are more
likely to have severe illness and thus need to seek
care at or get admitted into healthcare facilities. We
did not determine virus clades in our study, but prior
epidemiologic data suggest that the 2022 mpox out-
break in Nigeria probably resulted from the MPXV
clade IIb strain (36,37).

In conclusion, our study reveals that mpox pri-
marily affects adults in Nigeria, often associated with
sexual transmission, and that among children affect-
ed by mpox, the prominent drivers are animal con-
tact and VZV infection. Our findings emphasize the
value of addressing both sexual and nonsexual trans-
mission routes in public health efforts to control the
spread of mpox in Nigeria.
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Infection Rates and Symptomatic
Proportion of SARS-CoV-2 and
Influenza in Pediatric
Population, China, 2023

Chao Shi,! Yuhe Zhang,! Sheng Ye,! Jiyang Zhou, Fuyu Zhu, Yumeng Gao,
Yan Wang, Bingbing Cong, Shuyu Deng, You Li, Bing Lu, Xin Wang

We conducted a longitudinal cohort study of SARS-CoV-2
and influenza rates in childcare centers and schools in
Wuxi, China, collecting 1,760 environmental samples
and 9,214 throat swabs from 593 students (regardless of
symptoms) in weekly collections during February—June
2023. We estimated a cumulative infection rate of 124.8
(74 episodes)/1,000 persons for SARS-CoV-2 and 128.2
(76 episodes)/1,000 persons for influenza. The high-
est SARS-CoV-2 infection rate was in persons 18 years
of age, and for influenza, in children 4 years of age. The
asymptomatic proportion of SARS-CoV-2 was 59.6% and
66.7% for influenza; SARS-CoV-2 symptomatic proportion
was lower in 16—18-year-olds than in 4—6-year-olds. Only
samples from frequently touched surface tested positive
for SARS-CoV-2 (4/1,052) and influenza (1/1,052). We
found asynchronous circulation patterns of SARS-CoV-2
and influenza, similar to trends in national sentinel surveil-
lance. The results support vaccination among pediatric
populations and other interventions, such as environmen-
tal disinfection in educational settings.

ARS-CoV-2 and influenza have caused substan-

tial health threats. SARS-CoV-2 had caused >0.7
billion reported cases and 6.9 million deaths globally
by May 2023, when the World Health Organization
(WHO) declared the end of the Public Health Emer-
gency of International Concern for COVID-19 (1,2).
After several large waves during 2020-2022, SARS-
CoV-2 continued to circulate at lower levels in 2
subsequent waves in November 2022-February 2023
and April-June 2023, according to the WHO Global
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Influenza Surveillance and Response System (3). Sea-
sonal influenza causes annual epidemics, leading to
an annual average of 0.3-0.6 million deaths globally
(4). Although seasonal influenza declined substantial-
ly during the early phase of the COVID-19 pandem-
ic, a resurgence of influenza was seen in December
2021 and afterward; activity gradually increased in 2
waves during December 2022-May 2023 (3).

In China, influenza epidemics primarily associ-
ated with influenza virus A(H3N2) were observed
during April-December 2022, followed by a major
SARS-CoV-2 epidemic during December 2022-Febru-
ary 2023 (5). The changes observed after nonpharma-
ceutical intervention (NPI) requirements were eased
might reflect shifts in population-level immunity for
SARS-CoV-2 and influenza, as well as changes in
characteristics associated with Omicron variant pre-
dominance, which raises new questions on the infec-
tion extent and age-dependent risk profiles for SARS-
CoV-2 and influenza.

Young children and students are commonly con-
sidered a priority group for prevention and control of
seasonal respiratory viral infections, either because of
their high susceptibility to severe outcomes or their
role in virus transmission (6-8). However, the extent
of influenza infections among pediatric populations
and in educational settings remains unclear because
of lack of data, as do the infection rate and age dis-
tribution of SARS-CoV-2 after the period of Omicron
predominance (9-15). Reviews conducted before the
Omicron period of predominance found low SARS-
CoV-2 transmission among pediatric populations
and in educational settings, yet many of those data
were collected while NPIs were in place (10,11,13).
New data quantifying infection rates and variations

1These authors contributed equally to this article.

1809


http://www.cdc.gov/eid
https://doi.org/10.3201/eid3009.240065

RESEARCH

between age groups are necessary to develop and
refine vaccination and control strategies for SARS-
CoV-2 and influenza. Furthermore, comparing SARS-
CoV-2 with influenza could offer insights for delin-
eating between-virus heterogeneities in transmission,
epidemic trajectories, and responses to control mea-
sures. Previous studies comparing SARS-CoV-2 and
influenza have focused on clinical symptoms and
severe outcomes, such as hospitalization and death
(16-18), rather than comparing infection risk profiles
of the 2 viruses in the same pediatric population.

Accurately estimating the incidence of respira-
tory viral infections is challenging because infections
are usually partially observed in surveillance of active
infections. Symptomatic infections are not fully cap-
tured because of lack of systematic testing, and mild
and asymptomatic infections are particularly under-
represented because testing has primarily focused on
symptomatic persons and those with severe illness.
Estimating infection risk profile across subgroups
and settings is further complicated by variations in
the probability of developing symptoms and severe
illness. Although seroprevalence indicates the extent
of recent infections, distinguishing between seroposi-
tivity caused by natural infections or vaccination be-
comes difficult after widespread vaccination (9). Lon-
gitudinal cohort studies with prospective and intense
virological testing could provide valuable informa-
tion in this context. Few longitudinal cohort studies
have quantified infection rates of SARS-CoV-2 and
seasonal influenza among pediatric populations, and
particularly after the Omicron wave and widespread
vaccination (11,14,15,19-21).

Schools and childcare centers are primary set-
tings for daily activities and interactions of the pe-
diatric population, making them key settings for the
spread of respiratory viruses within that group. We
conducted a prospective and longitudinal cohort
study in educational settings in Wuxi, China, investi-
gating infection rates and age-dependent risk profiles
of SARS-CoV-2 and influenza among the pediatric
population. We report data over a full school term,
spanning February-June 2023, corresponding to a pe-
riod of increased influenza and SARS-CoV-2 activity
in China (22).

Methods

Study Design and Participants

We conducted this cohort study in the city of Wuxi
in Jiangsu Province, China. Wuxi spans an area of
>4,500 km?, including 5 districts, 2 county-level cit-
ies, and the Economic Development Zone. Wuxi had

1810

a resident population of 7.5 million in 2022, of which
~1 million persons 4-18 years of age were enrolled in
childcare centers and primary and secondary schools.

We conducted the study during a spring/sum-
mer school term during February-June 2023. We
used a multistage sampling scheme, and first selected
2 childcare centers, 2 primary schools, 2 junior sec-
ondary schools, and a high school in rural and urban
settings (Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/30/9/24-0065-Appl.pdf). Assum-
ing a 12%-18% attack rate of SARS-CoV-2 and influ-
enza and a 5% loss to follow-up, we aimed to enroll
a total of 595 persons and on average 85 persons per
school (23,24). Assuming a lower attack rate of 5%,
the sample size is sufficient to detect a difference of
9.5% or more between groups with 80% power and
5% level of significance. Given the required sample
size, we randomly selected 4 classes in each childcare
center and 2 classes in each school, and all students in
the selected classes were invited to participate in this
study. The study received ethics approval from Wuxi
Center for Disease Control and Prevention (approval
no. 202302). Informed consent or parental permission
was obtained for all participants. We conducted anal-
yses anonymously.

Data Collection and Follow-up

Follow-up was conducted weekly for SARS-CoV-2
and influenza infections, regardless of symptoms.
Trained school doctors in each institution collected
throat swab samples each week, except during the na-
tional holiday on May 1 and at the end of June, when
semester exams and summer break gradually began
across the institutions. School doctors interviewed
persons who tested positive for SARS-CoV-2 or influ-
enza, or the parents of children in childcare centers
and primary schools, to collect information on respi-
ratory symptoms during the week after the positive
test using a predesigned questionnaire (Appendix
Table 2). Information on participants” sex, age, and
COVID-19 and influenza vaccination history were
collected using questionnaires and by linking with
the local vaccination registry.

We collected environmental samples on the day
of respiratory sample collection each week in each
school. We collected swab samples from frequently
touched surfaces (e.g., handrails, floors) and surfaces
of infrequent touch (e.g., lights and ceilings) for viral
detection (Appendix).

Laboratory Methods
Respiratory specimens and environmental sam-
ples were placed in viral transport medium and
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transported at 2-8°C to district Center for Disease
Control and Prevention laboratories within 6 hours.
They were stored at —80°C until nucleic acid extrac-
tion. We extracted viral RNA using nucleic acid
diagnostic kits (Sansure Biotech [https://www.
sansureglobal.com] for SARS-CoV-2; Jiangsu Bio-
perfectus [https:/ /www.bioperfectus.com] for influ-
enza). We tested each sample for SARS-CoV-2 and
influenza virus within 48 hours of its receipt using
real-time reverse transcription PCR (RT-PCR) and the
nucleic acid test kit.

Definitions

SARS-CoV-2 and influenza infections were confirmed
when throat swabs tested positive on real-time RT-
PCR, regardless of symptoms. Multiple positive test
results of throat swabs collected from one person
within 28 days were considered 1 episode (14). We
defined a symptomatic SARS-CoV-2 or influenza epi-
sode as a person reporting >1 symptom, including
fever (body temperature >38°C), respiratory infec-
tion symptoms (cough, sore throat, congested nose,
runny nose, or sneezing), or other symptoms (fatigue
or vomiting).

Statistical Analysis

We excluded participants who did not meet the
eligibility criteria on sample collection and testing
(Appendix). We estimated cumulative infection
rates and 95% Cls of SARS-CoV-2 and influenza
infections by dividing the number of infection epi-
sodes by the number of participants using a Poisson
distribution. We used the logistic regression model
to investigate factors of infections and symptomatic
infections. To depict epidemic dynamics of SARS-
CoV-2 and influenza, we estimated weekly virus
positivity among participants and environmental
positivity using the number of positive test results
dividing the number of tests each week, in compar-
ison to the weekly influenza and SARS-CoV-2 posi-
tivity in influenza-like illnesses (ILI) using country-
level sentinel surveillance data (22). To account for
variations in the infection rate of the viruses across
different types of educational institutions, we cal-
culated the relative intensity of the virus using the
number of positive tests each week dividing the
total positive test results obtained throughout the
study period (25). We compared proportions with
%2 test or Fisher exact tests, as appropriate. We con-
ducted analyses using R version 4.2.3 (The R Project
for Statistical Computing, https://www.r-project.
org). We considered a 2-sided p value <0.05 to be
statistically significant.
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Results

Study Participants

We enrolled 666 participants and excluded 73 partici-
pants that did not meet the eligibility criteria, yield-
ing 593 (89.0%) participants included in the analysis.
During the 18-week study period, we sampled and
tested a total of 9,214 throat swabs, and each partici-
pant had 15.5 (95% CI 15.4-15.7) RT-PCR tests on av-
erage (Figure 1). We collected, on average, 15.3-16.1
respiratory samples across the educational settings
and age groups (Appendix Table 4).

Infection Rates and Age-Dependent Risk Profiles

We identified 74 episodes of SARS-CoV-2 infections,
yielding a cumulative rate of 124.8 (95% CI 98.0-
156.7)/1,000 persons. SARS-CoV-2 infection rates
varied significantly between types of educational set-
tings, urban/rural settings, and age groups (Table 1;
Figure 2). By types of educational settings, the rate
ranged from 40.5 (95% CI 16.3-83.4) /1,000 persons in
primary schools to 256.1 (95% CI 158.5-391.5) /1,000
persons in high schools. The infection rate per 1,000
persons was 153.6 (95% CI 115.1-200.9) in urban set-
tings and 84.7 (95% CI 52.4-129.4) in rural settings.
The infection rate was highest among persons 18
years of age and lowest in those 7-12 years of age
(Figure 2). We found no statistically significant as-
sociations between SARS-CoV-2 infection and sex or
vaccination history (Table 1).

We identified 76 influenza episodes, yielding a
cumulative rate of 128.2 (95% CI 101.0-160.4)/1,000
persons (Table 1). Although the overall infection rate
of influenza was similar to that for SARS-CoV-2, the
influenza infection rate was higher than SARS-CoV-2
in childcare centers and among children 4-6 years of
age (Table 1). Influenza infection rates were associ-
ated with types of educational settings, urban or rural
settings, and age groups, and the infection rate was
highest in childcare centers (219.7/1,000 persons),
and lowest in primary schools (23.1/1,000 persons).
The infection rate per 1,000 persons was 176.8 (95%
CI 135.2-227.1) in urban settings and 60.5 (95% Cl
33.9-99.8) in rural settings. By single year of age, the
highest influenza infection rate was seen in children 4
years of age (Figure 2). We found no significant asso-
ciation between influenza infection risk and sex. Only
0.5% of the participants had received influenza vac-
cines in the 2 years before this study, and influenza
vaccination history was not assessed in this study.

A total of 6 (8.1%) of the participants infected with
SARS-CoV-2 and 5 (6.6%) participants infected with
influenza tested positive in 2-3 consecutive weeks. Of
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those 11 participants, 9 (82%) were 14-15 years of age
and 2 were 4-6 years of age.

Circulation Patterns

The study period was from the 9th week through the
26th week of 2023. SARS-CoV-2 infections were spo-
radically detected during the 13th-15th week in sec-
ondary schools; subsequently, infections were identi-
fied continuously each week from the 18th through
the 26th week (Figure 3, panels A, B). SARS-CoV-2
positivity reached its peak in the 22nd week. The
SARS-CoV-2 circulation dynamic varied across types

of educational settings; a clearly defined peak and a
longer duration of circulation was seen in secondary
schools, whereas plateaus and more flattened infec-
tion curves were seen in childcare centers and prima-
ry schools (Figure 3, panels A, C).

Influenza virus was circulating before SARS-
CoV-2 and was detected continuously from the 9th
week through the 16th week, reaching its peak in the
14th week (Figure 3, panel B). Sporadic infections
were identified during weeks 20-23. Variations in
the influenza circulation pattern were found between
types of educational settings; influenza infections

Figure 1. Longitudinal reverse-transcription PCR results of 593 participants by type of educational setting in study of infection
rates, symptomatic proportion, and age-dependent risk profiles of SARS-CoV-2 and influenza in pediatric population, China, 2023.
A) Childcare centers; B) primary schools; C) secondary schools (both junior secondary schools and high school). Each row shows
longitudinal test results of 1 participant. Data are missing if no sample was tested.
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Figure 2. Infection rates and
risk for SARS-CoV-2 and
influenza infections by narrower
age groups in study of infection
rates, symptomatic proportion,
and age-dependent risk profiles
of SARS-CoV-2 and influenza
in pediatric population, China,
2023. A) Cumulative infection
rates per 1,000 persons; B)
odds ratios (log scale) by age.
Error bars indicate 95% Cls.

peaked sharply in childcare centers and more flat-
tened infection curves were seen in secondary schools
(Figure 3, panels C, D).

The dynamic of SARS-CoV-2 and influenza posi-
tivity generally mirrored that of SARS-CoV-2 and in-
fluenza positivity in ILI in the national sentinel sur-
veillance, with some small differences. For instance,
the SARS-CoV-2 epidemic peaked in the 22nd week
in our study, whereas it peaked in the 21st week at
the national level (Figure 3, panel B). Similarly, the
influenza epidemic peaked in the 14th week in our
study, whereas it peaked during weeks 10-12 at the
national level. Moreover, the ILI-influenza positivity
at the national level began to increase before the start
of the school term.

Symptomatic Proportion and Symptoms
We collected symptom data for 47 (63.5%) of SARS-
CoV-2 episodes and 39 (51.3%) of influenza episodes.
Of those, 19 (40.4%) SARS-CoV-2 and 13 (33.3%) influ-
enza episodes were symptomatic. The odds of SARS-
CoV-2 symptomatic infection was significantly lower
(odds ratio 0.1 [95% CI 0.0-0.8]) among persons 16-18
years of age than for those 4-6 years of age (Table
2). Cough (13/19) was the most frequently reported
symptom for SARS-CoV-2, followed by runny nose
(9/19) and congested nose (7/19). No participants
with symptomatic SARS-CoV-2 infections reported
seeking medical care.

The most reported symptoms for influenza were
cough (7/13), fever (6/13), and runny nose (6/13)
(Table 2). For SARS-CoV-2 and influenza, fever was
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reported only by participants in childcare centers and
primary schools, not in secondary schools (Appendix
Table 5). Only 2 participants >16 years of age infected
with influenza reported symptom data. In total, 20%
of participants with symptomatic influenza infections
reported seeking medical care.

Environmental Samples

We collected and tested a total of 1,052 environmen-
tal samples from frequently touched surfaces and 708
samples from infrequently touched surfaces. All of
the positive samples (4/1,052) were collected from
frequently touched surfaces during weeks 20-21, cor-
responding to the period of high SARS-CoV-2-posi-
tivity among the participants. In contrast, a lower
proportion (1/1,052) of environmental samples col-
lected from frequently touched surfaces tested posi-
tive for influenza in the 11th week (Figure 3, panel B).

Discussion

This prospective longitudinal cohort study investi-
gated infection rates, symptomatic proportion, envi-
ronmental virus positivity, and circulation patterns
of SARS-CoV-2 and influenza among pediatric pop-
ulations in educational settings. Approximately 85%
of participants were fully vaccinated with a primary
SARS-CoV-2 vaccine, but none received a booster
dose before this study; few received influenza vac-
cination during the 2022-23 influenza season. We es-
timated, approximately, an overall infection rate of
125 and 128 per 1,000 persons for SARS-CoV-2 and
influenza; nearly 60% of participants infected with

1813


http://www.cdc.gov/eid

RESEARCH

SARS-CoV-2 and two thirds of participants infected
with influenza were asymptomatic. We found dif-
ferent age-dependent infection risk profiles between
SARS-CoV-2 and influenza. The highest SARS-
CoV-2 infection rate was in persons 18 years of age,
and the highest influenza infection rate was in chil-
dren 4 years of age. A higher risk for symptomatic
SARS-CoV-2 infections was seen in the younger
group. The 2 viruses were only detected on fre-
quently touched surfaces. We found asynchronous
circulation patterns between SARS-CoV-2 and influ-
enza, similar to trends shown in national-level senti-
nel surveillance data.

Using a longitudinal design and weekly viro-
logical testing regardless of symptoms, this study
captured asymptomatic and mild infections, offering
insights into transmission characteristics of SARS-
CoV-2 across age subgroups in comparison with
those of influenza. Aligning with previous SARS-
CoV-2 systematic reviews that synthesized cohort
and contact-tracing studies and a household cohort
study from South Africa in which longitudinal viro-
logic testing was conducted, our results of the age-
varying SARS-CoV-2 infection risk indicate a higher
extent of transmission among secondary school stu-

dents than younger groups (11,14,20). In contrast to
transmission of SARS-CoV-2, our findings suggest
a higher extent of influenza transmission in young
children than in older groups, consistent with an in-
fluenza cohort study in South Africa (15). That con-
trasting age-dependent infection risk profile between
SARS-CoV-2 and influenza could be a consequence
of varying age-dependent susceptibility and infec-
tiousness between the 2 viruses. Contact tracing and
cohort studies suggested higher susceptibility and in-
fectiousness for SARS-CoV-2 in older children (>10
years) than in younger groups, which differs from in-
fluenza (15,26-30). A study in Nicaragua showed that
persons 10-17 years of age shed SARS-CoV-2 longer
than younger children (26). Studies in England and
South Korea found higher secondary attack rates of
SARS-CoV-2 among contacts >10 years of age than
among younger children (27,28). In contrast, a higher
secondary attack rate of influenza among younger
children was found in studies in the United States
and Mongolia (29,30). The South Africa influenza co-
hort study showed a higher risk for onward influenza
transmission from index case-patients <5 years of age
than index case-patients 5-18 years of age (15). The
variations in influenza infection rates found among

Figure 3. Circulation of SARS-CoV-2 and influenza during the spring/summer school term, February—June 2023, in study of infection
rates, symptomatic proportion, and age-dependent risk profiles of SARS-CoV-2 and influenza in pediatric population, China, 2023.
The term secondary schools refers to both junior secondary schools and high school. A) Weekly SARS-CoV-2 positivity by type of
educational setting. B) Weekly SARS-CoV-2 and influenza positivity among study participants (bars) and from environmental sources
(solid lines) and cases of ILI (dotted lines). Scales for the y-axes differ substantially to underscore patterns but do not permit direct
comparisons. C) Relative intensity of SARS-CoV-2 and influenza by setting (bottom to top, childcare centers, primary schools, and
secondary schools). D) Weekly influenza positivity by type of educational setting. ILI, influenza-like iliness.
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Table 1. Cumulative infection rates of SARS-CoV-2 and influenza and factors of infections among 593 participants in study of infection
rates, symptomatic proportion, and age-dependent risk profiles of SARS-CoV-2 and influenza in pediatric population, China, 2023*

SARS-CoV-2, n =74

Influenza, n = 76

Cumulative rates/ Cumulative rates/ p value for
No. 1,000 persons Univariate OR 1,000 persons Univariate OR ~ SARS-CoV-2

Characteristic participants (95% Cht (95% CI) (95% CDt (95% ChHt vs. influenza
Overall 593 124.8 (98.0-156.7) NA 128.2 (101.0-160.4) NA 0.93
Sex

F 311 115.8 (81.1-160.3) Referent 112.5 (78.4-156.5) Referent >0.99

M 282 134.8 (95.4-185.0) 1.2 (0.8-2.0) 145.4 (104.3-197.2) 1.4 (0.9-2.3) 0.81
Age group, y§

4-6 166 90.4 (50.6—149.0) 2.5(1.0-6.6) 222.9 (156.9-307.2) 10.0 (4.2-29.8) 0.002

7-12 180 38.9 (15.6-80.1) Referent 27.8 (9.0-64.8) Referent 0.77

13-15 165 187.9 (127.7-266.7) 5.7 (2.6-14.5) 127.3 (78.8-194.5) 5.1 (2.0-15.6) 0.17

16-18 82 256.1 (158.5-391.5) 8.5 (3.6-22.5) 158.5 (84.4-271.1) 6.6 (2.4-21.2) 0.18
Type of educational setting

Childcare center 173 86.7 (48.5-143.0) 2.3 (0.9-6.0) 219.7 (155.4-301.5) 11.9 (4.6-40.4) 0.001

Primary school 173 40.5 (16.3-83.4) Referent 23.1 (6.3-59.2) Referent 0.54

Junior secondary 165 187.9 (127.7-266.7) 5.5 (2.5-13.9) 127.3 (78.8-194.5) 6.2 (2.3-21.5) 0.17

school

High school 82 256.1 (158.5-391.5) 8.2 (3.5-21.6) 158.5 (84.4-271.1) 8.0 (2.7-29.0) 0.18
Urban

Y 345 153.6 (115.1-200.9) 2.0 (1.2-3.4) 176.8 (135.2-227.1) 3.3 (1.9-6.2) 0.47

N 248 84.7 (52.4-129.4) Referent 60.5 (33.9-99.8) Referent 0.39
COVID-19 vaccination history

Unvaccinated 68 147.1 (70.5-270.4) Referent NA NA NA

1 dose 19 105.3 (12.7-380.2) 0.7 (0.1-2.9) NA NA NA

2 doses 506 122.5(93.9-157.1) 0.8 (0.4-1.8) NA NA NA

*ORs were estimated using logistic regression model. NA, not applicable; NE, not estimated; OR, odds ratio.

tCumulative rate and 95% Cl indicate the number of episodes dividing the number of participants using Poisson distribution.

fInfluenza vaccination coverage was <1% and thus not included in the analysis for influenza.

§The age grouping generally corresponded to different types of educational settings. Most children in childcare centers, primary schools, junior secondary

schools, and high schools were 4-6, 7-12, 13—-15, and 16—18 years of age.

children 4 and 6 years of age (Figure 2) indicate that
age might influence the spread of influenza within
childcare centers. We reported infection rates by ed-
ucational setting because contact patterns could be
strongly influenced by social settings. Our results are
generally consistent with a prior US study showing
that primary school students tend to have fewer dis-
tinct contacts than those in junior secondary schools
and high schools (31). The infection rates in different
educational settings could inform school-based inter-
vention strategies.

A recent meta-analysis found asymptomatic pro-
portions associated with the Omicron variant varied
widely from 14% to 57 % for all age groups across stud-
ies (32). However, few studies have reported data for
pediatric populations or by granular age groups. Our
results (54% for persons 7-15 years of age) are similar
to a seroprevalence study in the United States show-
ing that 49% of Omicron infections were symptomatic
among children 5-15 years of age; that study found
higher symptomatic proportion for Delta infections
(33). We found a lower probability of symptomatic
SARS-CoV-2 infection in persons 16-18 years of age
than among young children, which might be partly
explained by the gradual development and matura-
tion of human immunity from birth to young adult-
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hood, providing protection against symptomatic
infection and more severe illness (34). Few studies
have reported asymptomatic influenza infections for
the pediatric population. Our estimates of symptom-
atic influenza infections (35% [95% CI 20%-53%] for
children 4-15 years of age) appeared slightly lower
than that seen in the South Africa influenza cohort
study (51% for children 5-12 years of age) (15).

A systematic review of studies conducted before
the Omicron wave found that fever and cough were
the most prevalent symptoms of SARS-CoV-2 and
influenza infections among children with a median
age of 5-8 years, broadly similar to the symptoms
we observed (16). Of note, fever was reported only
by students in childcare centers and primary schools
(those 4-12 years of age) in our study, not by older
students (Appendix Table 5). Those findings could
indicate possible varying symptom profiles (e.g., fe-
ver) across age groups, and the inclusion of older and
young children might explain why fever was not the
most prevalent symptom in our study.

Only the samples collected from frequently
touched surfaces when virus activity was high
tested positive for SARS-CoV-2 (4/1,052) and in-
fluenza (1/1,052). This finding is consistent with a
Hong Kong study conducted in childcare centers
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and primary schools (35). The results suggest that
contact by infected persons is a primary cause of en-
vironmental contamination in educational settings.
Strengthening environmental disinfection could
reduce SARS-CoV-2 and influenza transmission in
educational settings.

Our results and the data collected by the WHO
Global Influenza Surveillance and Response System
have shown asynchronous circulation patterns of
SARS-CoV-2 and influenza (3), which might indicate
negative viral interference between the 2 viruses (36).
Similar results have been indicated by population-
level and individual-level epidemiologic data (37,38)
and the low codetection rates of SARS-CoV-2 and in-
fluenza in a recent meta-analysis (39). A recent model
of airway epithelium suggests that SARS-CoV-2 rep-
lication could be inhibited by antiviral responses trig-
gered by influenza infections (40).

COVID-19 vaccines could prevent infections,
thereby reducing virus spread. However, real-life
observational data suggest a decline in vaccine effec-
tiveness after 2 doses against infection with the Omi-
cron variant, as well as waning protection over time
among children and adolescents (41). In total, 80% of
participants had received their last SARS-CoV-2 vac-
cine dose 12 months before, which might explain the
lack of significant effect for SARS-CoV-2 vaccination
in our study.

The first limitation of our study is that, although
no widespread control measures were implemented,
some participants might have adopted precaution-
ary behaviors in response to test results, which might
have reduced virus spread. Second, variations in the

infection rates were observed between schools of the
same type, possibly because of differences in virus
transmission between the communities where the
schools were located. Age-related estimates, which
were derived using a generalized linear mixed meta-
regression model accounting for between-school vari-
ations, were generally comparable to the main analy-
sis, except for the wider Cls of the influenza infection
rate for children 4-6 years of age (Appendix Table 6).
Nevertheless, the generalizability of our estimates
could be limited by the small number of schools in-
cluded in this study. Third, symptoms of the infec-
tions were self-reported; symptom data was lacking
among 43% of the infected persons and could cause
biases to the estimates of symptomatic proportions
(Appendix Table 4). We acknowledge that the esti-
mation of influenza symptomatic proportion for per-
sons 16-18 years of age is not feasible because of the
sparce data. Moreover, we did not consider subtypes
of SARS-CoV-2 or influenza virus because of lack of
data. We reported data collected from students dur-
ing a school term after a major SARS-CoV-2 epidemic
across the country in late 2022 and early 2023; no par-
ticipants received a booster SARS-CoV-2 vaccine dose
before this study, and influenza vaccination coverage
was low. We acknowledge that our findings might be
context-dependent, influenced by the population’s
immunity level related to infection history and vacci-
nation, as well as the implementation of NPIs. Future
studies are needed to investigate possible long-term
interactions between influenza and SARS-CoV-2.
Overall, we found different age-dependent
infection risk profiles between SARS-CoV-2 and

Table 2. Proportion of symptomatic SARS-CoV-2 and influenza infections, factors of symptomatic infections, and frequency of
symptoms in study of infection rates, symptomatic proportion, and age-dependent risk profiles of SARS-CoV-2 and influenza in

pediatric population, China, 2023*

SARS-CoV-2 Influenza
Symptomatic Univariate OR Symptomatic Univariate OR*
Characteristic episodes, n =47 (95% CI) episodes, n = 39 (95% CI)
Overall 19/47 (40.4%) NA 13/39 (33.3%) NA
Age group, y
4-6 4/7 (57.1%) Referent 11/34 (32.4%) Referent
7-15 13/24 (54.2%) 0.9 (0.1-4.9) 2/3 (66.7%) 1.8 (0.4-9.6)
16-18 2/16 (12.5%) 0.1 (0.0-0.8) 0/2 (0.0%) NE
Received >2 doses of COVID-19 vaccine 39/47 (83.0%) 0.3 (0.1-1.6) NA NA
Symptom
Fever 2/19 (10.5%) NA 6/13 (46.2%) NA
Cough 13/19 (68.4%) NA 7/13 (53.8%) NA
Sore throat 3/19 (15.8%) NA 0/13 (0.0%) NA
Congested nose 7/19 (36.8%) NA 113 (7.7%) NA
Runny nose 9/19 (47.4%) NA 6/13 (46.2%) NA
Fatigue 1/19 (5.3%) NA 0/13 (0.0%) NA
Vomiting 1/19 (5.3%) NA 0/13 (0.0%) NA
Sneezing 0/19 (0.0%) NA 0/13 (0.0%) NA
Medical attendance 0/19 (0.0%) NA 3/13 (23.1%) NA

*NA, not applicable; NE, not estimated; OR, odds ratio (estimated using logistic regression model).
tInfluenza vaccination coverage was <5% and thus not included in the analysis for influenza.
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influenza. The highest SARS-CoV-2 infection rate was
in persons 18 years of age, and for influenza, in chil-
dren 4 years of age. A higher proportion of symptom-
atic SARS-CoV-2 infections was seen in young chil-
dren than in older groups. Our findings can inform
both vaccination strategies and other interventions,
such as mask wearing, environmental disinfection,
and handwashing in educational settings for the con-
trol of SARS-CoV-2 and influenza.
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Formation of Single-Species
and Multispecies Biofilm by
Isolates from Septic Transfusion
Reactions in Platelet Bag Model

Cheryl Anne Hapip, Erin Fischer, Tamar Perla Feldman, Bethany L. Brown

During 2018-2021, eight septic transfusion reactions
occurred from transfusion of platelet units contaminated
with Acinetobacter spp., Staphylococcus saprophyticus,
Leclercia adecarboxylata, or a combination of those en-
vironmental organisms. Whether biofilm formation con-
tributed to evasion of bacterial risk mitigations, including
bacterial culture, point-of-care testing, or pathogen-re-
duction technology, is unclear. We designed a 12-well
plate-based method to evaluate environmental deter-
minants of single-species and multispecies biofilm for-
mation in platelets. We evaluated bacteria isolated from
septic transfusion reactions for biofilm formation by us-
ing crystal violet staining and enumeration of adherent
bacteria. Most combinations of bacteria had enhanced
biofilm production compared with single bacteria. Com-
binations involving L. adecarboxylata had increased
crystal violet biofilm production and adherent bacteria.
This study demonstrates that transfusion-relevant bac-
teria can produce biofilms well together. More work is
needed to clarify the effect of biofilms on platelet bacte-
rial risk control strategies, but US Food and Drug Admin-
istration—-recommended strategies remain acceptable.

Septic transfusion reactions (STRs) from bacterial
contamination of platelets are a persistent cause
of transfusion-associated deaths. Bacterial risk miti-
gation strategies are aimed at collection mitigations
(e.g., taking donor’s temperature, asking screening
questions, and disinfecting skin at venipuncture
site), pathogen reduction before storage, and detect-
ing bacterial growth by culture and point-of-care
rapid tests (1). Despite implementation of US Food
and Drug Administration (FDA) guidance on bacte-
rial risk control strategies by blood collection estab-
lishments and transfusion services, 8 STRs occurred
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during 2018-2021 from contaminated platelets units
involving Acinetfobacter spp. alone or in combination
with Staphylococcus saprophyticus, Leclercia adecarbox-
ylata, or both (Table) (2-5). FDA has communicated
heightened awareness around single-species and
multispecies contamination of platelet units and
noted that the units involved in recent STRs either
passed bacterial testing or were pathogen-reduced
(2,4-6). Those observations raise the possibility
that some bacteria may evade risk mitigations be-
cause of the route and timing of contamination or
through survival strategies like biofilm production.
Genetically related organisms have been isolated
in culture bottles (e.g., BacT/ALERT; bioMérieux,
https:/ /www.biomerieux.com), on the outside of
bags, at a collection set manufacturing facility, and
in blood centers, and whole-genome sequencing
(WGS) by the Centers for Disease Control and Pre-
vention (CDC) suggests an environmental source of
contamination (3-5).

Biofilms pose an ongoing challenge to infec-
tion control in healthcare settings by protecting
bacteria against physical, mechanical, and bio-
chemical methods of cleaning and disinfection,
and by shielding bacteria from natural defense and
treatments (7-9). Biofilms are complex structures
consisting of single or polymicrobial bacteria and
thrive on surfaces with moisture and nutrients. Bio-
films initiate detachment of bacterial cells or cluster
aggregates, produce endotoxins, have heightened
evasion from immune surveillance, and form a pro-
tective barrier.

Acinetobacter spp., S. saprophyticus, and L. adecar-
boxylata can form biofilms (10,11), although synergistic
growth enhancement and relevance of these monomi-
crobial or polymicrobial biofilms to platelets for trans-
fusion is unknown (4,10,12-14). Biofilm-mediated
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Table. Acinetobacter spp. bacteria—related and polymicrobial septic transfusion reactions, United States, May 2018-July 2021*

Year and month Location (outcome)

Risk mitigation (result) Bacterial species

2018 May Northern California Pathogen-reduction technology A-St
2018 May Utah (fatality) Aerobic culture (neg) A
2018 Oct Connecticutt Aerobic culture (neg), rapid antigen test (neg) A-S
2018 Oct Connecticut¥ Aerobic culture (neg), rapid antigen test (neg) A-S
2020 Jun North and South Carolina (fatality) Pathogen-reduction technology A-S—L
2020 Jun Central Ohio, Pennsylvania, New Jersey  Aerobic culture (neg), anaerobic culture (neg) A8
2021 Jul Ohio (fatality) Pathogen-reduction technology A-S-Lt
2021 Jul Virginia Pathogen-reduction technology S-L

*A, Acinetobacter spp.; L, Leclercia adecarboxylata; neg, negative; S, Staphylococcus saprophyticus.

TClinical isolates used in the experiments.
FTwo separate reactions from a double platelet.

§Case was excluded from Acinetobacter spp. cluster investigation by Centers for Disease Control and Prevention and US Food and
Drug Administration based on whole-genome sequencing data (5,36).

Acinetobacter spp. are opportunistic gram-negative
pathogens, and infections by those pathogens are an
increasingly relevant cause of medical device-related
infections, likely because of their ability to rapidly
generate resistant factors and tolerate harsh environ-
ments (12,15-19).

Environmental conditions, such as blood bag
plastics and presence of platelets, may affect bio-
film formation and, subsequently, bacterial risk
mitigations. Previous laboratory studies have
shown robust adhesion of S. epidermidis to the inter-
nal surface of platelet storage bags in the presence
of plasma factors and platelets (20-22). Further,
bacteria exhibit different traits between planktonic
and sessile states because bacterial attachment to
a surface causes a rapid change in gene expres-
sion levels; this mechanism may be important for
platelet bag surfaces and other surfaces through-
out the supply chain (9). Another study conducted
using a non-FDA-approved pathogen-reduction
technology (Mirasol; TerumoBCT, https://www.
terumobct.com) demonstrated that platelet prod-
ucts inoculated with planktonic S. epidermidis had
~1 log fewer bacteria after pathogen reduction
than those inoculated with sessile cells, highlight-
ing the potential importance of biofilms formation
in platelets (23).

Acinetobacter spp., S. saprophyticus, and L. ad-
ecarboxylata behavior in coculture and the relevance
to platelets for transfusion remains unknown. Pre-
liminary investigations conducted at the American
Red Cross Microbiology Laboratory demonstrated
the effect of platelets on biofilm matrix production
for single and combinations of transfusion-relevant
biofilm-producing bacteria (24). Our study aimed
to address gaps in knowledge by developing a
plate-based biofilm evaluation model with plate-
let-relevant variables using isolates from recent
STRs to investigate biofilm formation in contami-
nated platelets.

1820

Materials and Methods

Platelet Products

All platelet donors for this study provided informed
consent before collection. We collected platelet units
on the Amicus apheresis collection system (Fresenius
Kabi, https:/ /www.fresenius-kabi.com) and stored in
65% platelet additive solution (PAS III) (35% plasma).
We rested platelets for 2 hours, then agitated them in
a platelet incubator overnight at 20°C-24°C. We con-
ducted all experiments with 3-4 independent biologic
replicates and performed each biologic replicate with
a unique donor collected on a separate day. We tested
biologic replicates in technical duplicates (Figure 1).

Transfusion-Relevant Bacterial Isolates

We obtained bacterial strains of Acinetobacter spp. (A),
S. saprophyticus (S), and L. adecarboxylata (L) from the
pathogen-reduced apheresis platelet units involved
in the Northern California (May 2018) and the Ohio
(July 2021) clinical STR cases (Table). We used a bio-
film-producing S. epidermidis isolate (ATCC 35984)
for the positive control.

Plastic Platelet Bag Material

We created 15-mm round coupons from Amicus plate-
let bags (Fresenius Kabi) by using a Cameo 4 instrument
(Silhouette, https://www.silhouetteamerica.com). We
sterilized the coupons by submerging them in freshly
prepared 5% bleach for 5 minutes and then in 70% ster-
ile alcohol for 15 minutes. We aseptically transferred
the coupons and washed them in sterile distilled wa-
ter 3 times to remove excess alcohol (20,22). We placed
the coupons in a sterile 12-well plate (interior side up),
which we allowed to air dry in a biosafety cabinet.

Development of 12-Well Microplate Model to

Evaluate Bacterial Biofilms on Platelet Bag Plastics

To standardize testing of environmental vari-
ables on biofilm formation in platelet products, we
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Figure 1. Overview of procedural steps taken to evaluate monomicrobial and polymicrobial biofilms grown on platelet bag coupons in
different media (apheresis platelets vs. TSB—glucose) and at 22°C vs. 35°C. A) Study methodology for measuring biofilm production
through crystal violet assay. B) Methods for determining CFU per coupon and comparative species composition of polymicrobial biofilms.
CV, crystal violet; OD, optical density; PAS, platelet additive solution; RT, room temperature; TSA, tryptic soy agar; TSB, tryptic soy broth.

developed a multiwell plate assay that enabled simul-
taneous evaluation of single and pairwise combina-
tions of bacteria grown on platelet bag plastics. We
placed sterilized coupons cut from the platelet stor-
age bags in plate wells before inoculation by using
nontreated, sterile 12-well cell culture plates (Wuxi
NEST Biotechnology, https:/ /www.nestscientificusa.
com). After 24 hours of bacterial growth, we removed
the coupons from the plate, washed them, and used
them to characterize the adherent biofilm. We used
this simplified method to screen for effects of envi-
ronmental variables on the quantity of viable adher-
ent bacteria, biofilm matrix production, patterns in
species composition, and spatial organization on the
platelet bag plastic.

Inoculation and Controls

We transferred bacteria from frozen aliquots onto
tryptic soy agar (TSA) plates, streaked them for iso-
lation, and incubated them for 24 hours at 35°C. We
added isolated colonies to tryptic soy broth (TSB) and
incubated them overnight. We performed dilutions
in TSB to obtain a 600-nm optical density (OD) cor-

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

responding to a concentration of /3 x 108 CFU/mL. A
1:100 dilution of the broth in either apheresis platelets
or TSB with glucose (TSBG) gave a final inoculation
concentration of =3 x 10° CFU/mL. We mixed equal
volumes from the single bacterial inoculation tubes to
prepare L-S, L-A, A-S, and L-A-S inoculation tubes.
We added 1.5 mL from each inoculation tube to each
labeled well containing a single coupon for a starting
count of 4.5 x 10° CFU/ well. We set up negative con-
trol wells with uninoculated growth medium (plate-
let or TSBG) with and without coupons. We prepared
2 duplicate sets of plates and incubated them for 24
hours (1 at room temperature and 1 at 35°C).

Control Checks for Inoculation Suspension Counts,
Platelet Toxicity, and Sterility

We confirmed the population counts of the L, A, S,
and positive control inoculation suspensions by se-
rially diluting in sterile phosphate-buffered saline
(PBS) pH 7.4 and plating the -3 and -4 dilutions by
using the spread plate method (100 pL). We kept the
inoculation suspension tubes at room temperature
for 24 hours and replated them to check for platelet
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toxicity. We defined platelet toxicity as a countable
decrease in bacterial growth.

After 24 hours of incubation, we plated 100 pL
from the negative wells onto TSA plates and incubat-
ed them at 36°C for 48 hours. We defined sterility as
no growth on the TSA plates.

In Vitro Biofilm Assessment by Crystal

Violet Staining Assay

We used crystal violet staining assay as a proxy to
indicate the biomass of secreting material with these
combinations of clinical isolates from STRs. After
24 hours, we carefully removed the starting inocu-
lum from each well. We gently washed the coupons
2 times with 2 mL PBS. We fixed the coupon bio-
films by allowing them to dry on a block heater set
at 45°C-50°C for 1 hour. We stained the wells with 1
mL of 0.05% aqueous crystal violet for 15 minutes at
room temperature (22,24). We removed the stain and
gently washed the coupons 2 times with 2 mL sterile
water (25). During the final wash, were removed the
coupons and transferred them to new 12-well plates.
We used 2 mL 30% (vol/vol) acetic acid to elute the
bound crystal violet on the coupon and measured op-
tical density at 550 nm (OD, ). We performed each as-
say with duplicate wells for each bacterium (or com-
bination). We subtracted the baseline readings from
the coupons containing TSBG and apheresis platelets
without bacteria from the readings at OD,

Quantitation of Bacteria within Biofilm

We measured CFUs to quantify the bacteria present
in the biofilms formed from these isolates and deter-
mine if they grow well together for those cocultured.
We washed the wells in PBS and transferred the cou-
pons to sterile Eppendorf tubes containing PBS. We
vortexed these tubes thoroughly for 1 minute, placed
them in a floating foam rack, and sonicated them at
40 kHz for 30 minutes by using the Branson 5800
Sonicator (Emerson, https://www.emerson.com),
(20,21). After sonication, we thoroughly vortexed the
tubes for 1 minute and serially diluted the solution in
PBS. We plated dilutions onto TSA in duplicate and
the selective and differential media (eosin methylene
blue), Leeds, and MSA (mannitol salt agar) plates. We
counted colonies on the TSA plates to determine the
CFUs per coupon, and we counted the differential
plates to determine percentage distribution of bacte-
ria on the mixed coupons.

We quantitated the effect of sonication on the vi-
ability of each bacterium by measuring the CFU per
milliliter of a 3 x 10° CFU/mL PBS suspension (by se-
rial dilution) before sonication and after sonication. A
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decrease in CFU/mL would indicate loss of viability;
we noted no loss in viability.

Microscopic Examination

We washed coupons with biofilm and fixed them with
heat by placing the 12-well plates on a block heater
set at 45°C-50°C for 1 hour. We Gram-stained the
coupons by using a kit (Hardy Diagnostics, https://
hardydiagnostics.com) according to the manufacturer’s
instructions. We first sonicated duplicate coupons and
then the Gram-stained coupons to show efficacy of son-
ication. We visualized stained coupons by using light
microscopic examination with a BX5 series microscope
(Olympus, https://www.olympus-global.com) under
the 10x objective (100x total magnification) and 60x ob-
jective (600x total magnification). We captured images
by using Stream Motion Software (Olympus).

Statistical Analyses

Analyses included 3-4 biologic replicates per condi-
tion (Figure 1). Each biologic replicate represented a
unique platelet donor tested in an independent ex-
periment. We performed statistical analysis and vi-
sualization by using Excel version 2405 (Microsoft,
https:/ /www.microsoft.com) and Prism version 10
(GraphPad, https://www.graphpad.com). We iden-
tified statistical differences by using 2-way analysis
of variance (ANOVA) or by application of a mixed
effects model. We considered a p value of <0.05 as
significant. We used Sidak’s multiple comparison test
to test the effect of a condition on an individual bacte-
rial species when ANOVA or a mixed-effects model
yielded statistically significant results. We used a
threshold of p<0.05 to determine significance of the
adjusted p value (p,,), which we determined by using
multiple comparison testing.

Results

Effect of Growth Medium on Biofilm Formation

on Platelet Bag Plastic

We investigated the effect of growth medium on
bacterial burden and biofilm matrix production on
storage bag plastic for all single and pairwise combi-
nations of A, S, and L. By using our multiwell plate as-
say, we grew bacteria at 35°C in TSBG liquid medium
or in apheresis platelets in PAS III (APH PLTs) from
3 unique donors. We found that all bacterial mono-
culture or coculture combinations in TSBG or APH
PLTs resulted in viable bacteria adhered to the plate-
let storage bag plastic (Figure 2, panel A). The choice
of growth medium had a differential effect depend-
ing on the bacterial species (or combination). Total

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 9, September 2024


http://www.cdc.gov/eid
https://www.emerson.com
https://hardydiagnostics.com
https://hardydiagnostics.com
https://www.olympus-global.com
https://www.microsoft.com
https://www.graphpad.com

Biofilm from Septic Transfusion Reactions

Figure 2. Effects of different
growth media (TSBG) versus
APH PLT for most bacteria on
biofilm CFU recovery (A) and

CV biofilm formation (B) on
platelet bag coupons after 24
hours of incubation at 35°C.
Baseline readings of TSBG and
APH PLT without bacteria were
subtracted from the readings at
OD,,, Leclercia adecarboxylata
and the polymicrobial biofilms
containing L. adecarboxylata
showed a significant (p<0.05)
increase in CFU within the biofilm
and CV biomass when grown in
APH PLT compared with TSBG.
Acinetobacter spp. recovered
from the biofilm was significantly
decreased when grown in APH
PLT. Each dot represents an
individual biologic replicate
inoculated with the corresponding
monomicrobial or polymicrobial
bacterial species. A, Acinetobacter
spp.; APH PLT, apheresis
platelets; AU, absorbance unit; CV,
crystal violet; L, L. adecarboxylata;
NS, not significant; OD, optical
density; pos, positive control
(Staphylococcus epidermidis); S,
S. saprophyticus; TSBG, tryptic
soy broth—glucose.

CFU counts of adherent bacteria were higher when
L (p,;<0.0001), L-S (p,,<0.0001), and L-A-S (p,, =
0.0058) were grown in APH PLTs compared with
TSBG. In contrast, growth in APH PLTs appeared to
diminish the number of bacteria adhered to the plas-
tic coupon in monoculture of Acinetobacter alone by
alog (p,, = 0.0283). In a separate set of experiments,
we used a crystal violet staining assay to quantify the
production of biofilm matrix on the platelet storage
bag coupon when bacteria were grown in TSBG com-
pared with APH PLTs (Figure 2, panel B). Growth in
APH PLTs resulted in a mean 12-fold increase in crys-
tal violet staining of platelet plastic in cultures inocu-
lated with L. adecarboxylata alone (p,, = 0.0002) and
mean 4.1-fold, 7.5-fold, and 3.4-fold increases when L.
adecarboxylata was cultured in combination with Aci-
netobacter spp. (p,,; = 0.0123), S. saprophyticus (p,, =
0.0056), or both Acinetobacter spp. and S. saprophyticus
(P,q; = 0.038).

Limited Effect of Temperature on Biofilm Formation

by STR Isolates

Many environmental bacteria thrive at 22°C, which
is the temperature for conventional platelet storage.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

Therefore, we evaluated biofilm formation in APH
PLTs at 22°C. Apart from Acinetobacter spp. alone, we
did not detect a significant effect of growth in APH
PLTs at 22°C on the number of STR bacteria adhered
to the platelet plastic coupons compared with 35°C
(Figure 3, panel A). When Acinetobacter spp. was cul-
tured alone at 22°C, we found a mean log increase of
0.75 compared with growth at 35°C (p,, = 0.0228).
Although few significant differences were found in
biofilm matrix production at 22°C compared with
35°C, we did observe a trend toward a decrease of
bound crystal violet in biofilm matrix or biomass at
room temperature (Figure 3, panel B).

L. adecarboxylata Compared with Other

STR Bacteria in Multispecies Biofilms

To better understand the composition of multispe-
cies biofilms, we used selective and differential me-
dia to quantify the contribution of each species to the
overall number of viable, adherent bacteria on the
platelet bag coupons (Figure 4). The inoculum for
cocultures of bacteria in APH PLTs was composed of
equal proportions of either pairs or all 3 of the STR-
relevant bacterial species. Regardless of incubation
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temperature, we found that L. adecarboxylata made
up the highest percentage of the total CFUs on the
platelet bag coupon when grown in combination
with Acinetobacter spp., S. saprophyticus, or both.
The population of S. saprophyticus was limited in the
multispecies biofilms compared with Acinetobacter
spp- and L. adecarboxylata. When all 3 species were
cultured together, S. saprophyticus made up no more
than 2% of the total CFU counts of bacteria adhered
to the plastic coupon.

When grown in APH PLT or PAS III in 22°C con-
ditions, the doubling rate for S. saprophyticus isolate is
~169 minutes in the first 24 hours (Erin Fischer, Amer-
ican Red Cross unpub. data). This slower doubling
rate, in comparison to L. adecarboxylata at 113 minutes
and Acinetobacter spp. at 88 minutes, could contribute
to the low total CFU percentage in the mixed biofilm.
However, even the faster doubling rate of Acineto-
bacter spp. does not outcompete L. adecarboxylata in
a polymicrobial biofilm incubated at either 22°C or
35°C (Figure 4).

Efficacy of Sonication

Disruption and bacterial enumeration of Staphy-
lococcus spp. forming biofilms by sonication has
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received variable results (26). We incubated dupli-
cate coupons in S. saprophyticus-inoculated APH
PLT following our quantitation of biofilm bacteria
study design (Figure 1). We Gram-stained cou-
pons before the sonication stage and Gram-stained
duplicate coupons after sonication (Figure 5). We
examined the accumulation of platelets and gram-
positive cocci on the coupon (Figure 5, panel A) and
noted no evidence of platelets or cocci on the sur-
face of the coupon after sonication (Figure 5, panel
B), demonstrating that the sonication procedure
was effective at removing the biofilm and bacteria
from platelet coupons.

Discussion

In an investigation of the STRs that occurred during
May-October 2018, CDC and FDA demonstrated that
a subset of Acinetobacter spp. isolates from patients
in 3 different states belonged to a novel taxon of A.
calcoaceticus-baumannii complex (3). Later, Kracalik et
al. (4) and Villa et al. (5) provided an update to the
collaborative CDC and FDA investigations to include
WGS data that suggested a common environmental
source of bacteria upstream of blood manufactur-
ing (4,5). Kracalik et al. (4) recommended additional

Figure 3. Effects of different
incubation temperatures (22°C vs.
35°C) on biofilm CFU recovered
(A) and CV biofilm formation (B) on
platelet bag coupons after 24 hours
of incubation in APH PLT. Baseline
readings of TSBG and APH PLT
with no bacteria were subtracted
from the readings at OD,,
Incubation temperature showed

no significant effect on quantitative
monomicrobial or polymicrobial
bacterial growth in APH PLTs,
except for Acinetobacter spp. alone,
which was lower at 35°C. There
was a trend of decreased bound
CV at room temperature for all
bacteria, but only the Acinetobacter
spp./S. saprophyticus combination
showed statistically significant
reduction between 35°C and 22°C.
Each dot represents an individual
biologic replicate inoculated with
the corresponding monomicrobial
or polymicrobial bacterial species.
A, Acinetobacter spp.; APH

PLT, apheresis platelets; AU,
absorbance unit; CV, crystal violet;
L, Leclercia adecarboxylata; NS, not
significant; OD, optical density; pos,
positive control (Staphylococcus
epidermidis); S, S. saprophyticus;
TSBG, tryptic soy broth—glucose.
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Figure 4. Average total CFU (n = 3) percentage comparison for 4 combinations of Leclercia adecarboxylata, Acinetobacter spp., and
Staphylococcus saprophyticus mixed in equal parts and incubated together. Each bacterial species was measured in each polymicrobial
biofilm after 24-hour incubation in apheresis platelets at both 35°C and room temperature. A) L. adecarboxylata and Acinetobacter spp.;
B) L. adecarboxylata and S. saprophyticus; C) Acinetobacter spp. and S. saprophyticus; D) all 3 species incubated together. Even with
a longer doubling time, L. adecarboxylata outcompeted Acinetobacter spp. in CFU percentage, whereas S. saprophyticus only accounts
for 2% CFU in L—A—-S polymicrobial biofilm grown at room temperature. Error bars represent SDs of the replicates. A, Acinetobacter
spp.; L, L. adecarboxylata; RT, room temperature; S, S. saprophyticus.

studies to elucidate the effects of biofilm develop-
ment on platelet bacterial risk control strategies.

Our goal was to investigate biofilm formation
in platelet products by using specific isolates of Aci-
netobacter spp., S. saprophyticus, and L. adecarboxylata
implicated in the 2018-2021 STR cases. Our study
demonstrates that transfusion-relevant bacteria can
produce biofilms well in monoculture and coculture
combinations and that environmental conditions,
such as growth medium and plastics, affect biofilms.

Our data showed a limited effect of tempera-
ture on biofilm formation by the STR isolates and
that growth medium had a more significant effect
on growth. As expected, biomass in APH PLTs was

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

significantly higher than in TSBG. We observed a
mean 12-fold increase in crystal violet staining of
platelet plastic in cultures inoculated with L. adecar-
boxylata alone and mean 4.1-fold and 7.5-fold in-
creases when L. adecarboxylata was cultured in com-
bination with Acinetobacter spp. or S. saprophyticus. L.
adecarboxylata also showed a significant increase in
CFUs within the biofilm when grown in APH PLT
compared with TSBG. Conversely, Acinetobacter spp.
recovered from the biofilm significantly decreased
when grown in APH PLT. Of note, our data also dem-
onstrated that L. adecarboxylata outcompetes both S.
saprophyticus and Acinetobacter spp. in a polymicrobial
biofilm incubated in APH PLTs at either 22°C or 35°C.
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Biofilm formation and composition changes
with the environment, as previously shown (27,28).
Our results are in line with previous reports that the
platelet storage environment affects bacterial growth
(21,29). Other research has shown that growing bacte-
ria in the presence of platelets induces changes in ex-
pression of genes associated with biofilm maturation
(30). Gene expression is controlled by many external
and internal factors, such as 2-component or multi-
component signal transduction systems, quorum-
sensing, small RNA, and secondary messengers such
as cAMP; those systems monitor the environment
and regulate the production of exopolysaccharides,
fibrins, lipoproteins, and surface-associated proteins
(pili and flagella), which together make up the biofilm
biomass. Although our study does not address gene
expression, the recent publication of WGS results for
the STR isolates by CDC and FDA will enable future
studies to address the role of specific genes in eva-
sion of bacterial risk control strategies. The effect of
platelets on expression of bacterial virulence factors

Figure 5. Gram-stained platelet bag coupons incubated with
Staphylococcus saprophyticus in APH PLT before sonication and
Gram-stained duplicate coupons after sonication. A) Accumulation
of platelets and gram-positive cocci on the coupon. B) Visual
analysis after sonication showing no evidence of platelets or
cocci on the surface of the coupon, indicating that the sonication
procedure effectively removed the biofilm and bacteria. The grid
pattern observed on the coupon reflects the texture of the inner
surface of Amicus (Fresenius Kabi, https://www.fresenius-kabi.
com) platelet bags. APH PLT, apheresis platelets.
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remains poorly understood for bacteria that are classi-
cally associated with platelet contamination. Whether
platelets and other variables in the platelet storage
environment promote biofilm formation universally
is an open question that warrants further exploration.

One limitations of our study is that the assays used
were plate-based; therefore, we did not consider the ef-
fect of gas exchange and agitation in the platelet stor-
age environment. To stain the biofilms, we used crystal
violet, which is a basic aniline dye that binds to nega-
tively charged peptidoglycan, DNA, extracellular pro-
tein, and polysaccharides. Bacterial gene expression in
platelets is changed during growth in platelets com-
pared with TSBG (21), and this change would most
likely result in biofilm composition variations with
differences in crystal violet-bound negatively charged
molecules. Variation in biofilm production and com-
position also poses a challenge for selecting a bacterial
strain that does not produce biofilm under all condi-
tions tested in this study. Other research has demon-
strated that strains thought to be biofilm-negative will
produce biofilm under platelet storage conditions (29).
Improved genotypic characterization of STR isolates
could provide an avenue for engineering a biofilm-
negative strain in future studies. Further, we did not
conduct confocal microscopic examination, which lim-
its our view of the formation, development, morphol-
ogy, and structure of the biofilms.

Previous studies have proposed that some bio-
film-forming bacteria may evade detection by bac-
terial culture or pathogen reduction and that plank-
tonic versus sessile cells can affect efficacy (4,23,31).
Phylogenetic evidence presented by the CDC and
FDA investigation demonstrates genetic relatedness
between the STR strains and isolates collected at the
platelet collection set manufacturing site, strongly
supporting the hypothesis that these bacteria were
initially introduced into blood collection establish-
ments from an upstream source. Of note, related
strains also have been isolated from the hospital and
blood bank environment, and some studies have not-
ed microscopic bag leaks and variability in cocultured
isolates implicated in these Acinetobacter-related STR
(32). The relative contribution of limit of detection
and low bacterial load, presence of inactivated patho-
gens, and biofilm formation or other evasion strate-
gies to the failure of bacterial risk mitigation strate-
gies is unknown. If biofilm formation causes evasion
of bacterial testing or pathogen reduction, several
questions remain for further investigation, includ-
ing whether biofilms protect bacteria from the pso-
ralen or UV light penetration needed for inactivation,
whether viable but nonculturable cells found in some
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bacterial biofilms are immune to the pathogen-reduc-
tion process, and whether certain parts of the plate-
let bag are more susceptible to biofilm formation
than others.

In future studies on the relevance of biofilms in
platelets for transfusion, using the correct genetic
background when studying bacteria will be key. Re-
searchers might consider reviewing the World Health
Organization repository for platelet STR strains,
particularly with the novel A. calcoaceticus-bauman-
nii clusters identified in these recent STR cases and
subsequent CDC and FDA investigations (33). Some
species demonstrate that biofilm phenotypes differ
between laboratory-adapted reference strains and
clinical isolates, but whether this phylogenetic distinc-
tion translates to phenotypic differences is unknown
(34). It may also be of interest to investigate bacterial
contamination of indwelling catheters used to infuse
blood products and to better understand bacterial
load that may cause STRs given that, in some cases,
co-components of platelets involved in STRs have
been transfused without implication (5).

The FDA bacterial risk mitigation strategies re-
main acceptable, and more work is needed to under-
stand the gaps in information regarding the 2018-2021
Acinetobacter-related STRs in the United States (5,35).
Given the emerging medical device-related biofilm
risks, a need exists to clarify the effects of biofilms on
bacterial risk mitigation strategies and for innovative
technologies to manage the complexities presented
by biofilms (9).

These studies were conducted at and funded by the
American Red Cross.
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Role of Direct Sexual Contact
IN Human Transmission of
Monkeypox Virus, Italy

Giuseppe Sberna, Gabriella Rozera, Claudia Minosse, Licia Bordi, Valentina Mazzotta,
Alessandra D’Abramo, Enrico Girardi, Andrea Antinori, Fabrizio Maggi, Eleonora Lalle

The 2022 global mpox outbreak was driven by human-
to-human transmission, but modes of transmission by
sexual relationship versus sexual contact remain un-
clear. We evaluated sexual transmission of mpox by us-
ing monkeypox virus (MPXV) G2R-mRNA as a marker of
ongoing viral replication through in vitro experiments. We
analyzed clinical samples of 15 MPXV-positive patients
in Italy from different biological regions by using the set-
up method. The presence of MPXV DNA, MPXV G2R-
mRNA, or both in all analyzed lesion swab samples,
independent of viral load, confirmed a higher infectivity
risk from skin lesions. Positivity for MPXV G2R-mRNA in
nasopharyngeal swabs was associated with high MPXV
load, whereas positive results for MPXV G2R-mRNA
were obtained only in the 2 semen samples with the
lowest MPXV loads. Our results suggest that close or
skin-to-skin contact during sexual intercourse is the main
route of sexual transmission and that semen is a minor
driver of infection, regardless of MPXV load.

Monkeypox virus (MPXV) is the etiologic agent
of zoonotic mpox disease. Although the virus
was first discovered in colonies of monkeys kept for
research in 1958, MPXV is mainly transmitted to hu-
mans through physical contact with wild infected
animals (i.e., squirrels, rats, and mice), with contami-
nated materials, or with an infectious person (1). The
first human case of mpox was recorded in 1970 in the
Democratic Republic of the Congo; the virus is en-
demic in central and west Africa, where outbreaks are
regularly reported (1).

Before 2022, sporadic mpox cases had been de-
scribed outside Africa, mainly linked to travel. How-
ever, during May-June 2022, the emergence and rap-
id spread of mpox in >50 countries where the disease
was not endemic, led the World Health Organization

Author affiliation: National Institute for Infectious Diseases,
Lazzaro Spallanzani, Rome, Italy

DOI: https://doi.org/10.3201/eid3009.240075

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

(WHO) to declare the mpox outbreak a public health
emergency of international concern (2). The out-
break, caused mostly by the clade IIb variant of the
virus, was driven by human-to-human transmission
via close contact with infected persons; most cases
were described among men who had sex with men.
In several studies, viral DNA has been identified and
isolated in the semen of infected persons for weeks
after they acquired the infection, supporting the hy-
pothesis of sexual transmission (2-4). Viral DNA was
also detected in biologic samples such as saliva, naso-
pharyngeal swabs (NPS), blood, and urine, thus not
always implying the infectivity of the biologic sample
(5). Now, new in vivo and in vitro models able to
mimic aspects of viral biology, such as infectivity, can
be developed (6).

Cell culture is considered the standard for virus
isolation. Nevertheless, several factors, such as sub-
optimal sensitivity, eventual long storage of the sam-
ples, or the presence of antibodies against the virus
in the clinical samples, can contribute to the failure of
this procedure, resulting in the inability to establish
real viability and infectivity. To improve knowledge
about the route of transmission of this infection, find-
ing an alternative method able to overcome problems
associated with viral isolation and verify the infec-
tive capacity of MPXV in different biological regions
is essential.

Considering that MPXV replication strategy is
based on a cascade of 3 gene classes (early, interme-
diate, and late) (7,8), in this study, we explored the
possibility of using an early transcript as a marker of
ongoing viral replication. G2R is a crucial gene tran-
scribed during the early phase of infection and can
interact with the viral RNA polymerase during the
intermediate and late phases of viral replication, thus
affecting the fidelity of the transcription process (8).
Therefore, we selected G2R as a surrogate marker
of ongoing replication, because the presence of the
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G2R-mRNA transcript discriminates between actively
replicating and nonreplicating samples, providing an
indirect indication of the possible transmission mode.

We conducted a preliminary experiment using
Vero E6 cells infected in vitro with MPXV to assess
the effectiveness of the developed method for de-
tecting and measuring G2R-mRNA levels. We then
analyzed clinical specimens that tested positive
for MPXV DNA.

Methods

Ethics Statement

This study was conducted in accordance with the
Declaration of Helsinki and with protocol code no.
40z, Register of Non-Covid Trials 2022. The study
was approved by the Ethical Committee of the Laz-
zaro Spallanzani Institute MpoxCohort protocol “Stu-
dio di coorte osservazionale monocentrica su soggetti
che afferiscono per sospetto clinico o epidemiologico
di malattia del vaiolo delle scimmie (mpox).”

In Vitro Experiments

We maintained Vero E6 cells in modified eagle medi-
um supplemented with 10% heat-inactivated fetal calf
serum (FCS) at 37°C in a humidified atmosphere of
5% CO, and exposed to MPXV isolate hMpxv/Italy/
un-INMI-Pt2/2022, clade/lineage IIb B.1 (GISAID ac-
cession no. EPI_ISL_13251120 [https://www.gisaid.
org]; GenBank accession no. ON745215.1) for 1 hour
and 30 minutes at 37°C at a multiplicity of infection of
0.01. At the end of the adsorption period, we washed
and incubated cells at 37°C; at 30 minutes and 1, 2,
3,4, 6, 24, and 48 hours postinfection (hpi), we har-
vested, inactivated, and tested cells and supernatants
for MPXV DNA and G2R-mRNA presence by digital
droplet PCR (ddPCR).

Clinical Samples

During May-September 2022, a total of 29 samples (7
nasopharyngeal swab, 10 skin lesion swab, 8 semen,
and 4 urine samples) were collected for diagnostic
purposes from 15 patients admitted to the Nation-
al Institute for Infectious Diseases (INMI) Lazzaro
Spallanzani in Rome, Italy. Patients had a positive di-
agnosis of mpox within 7 days of symptom onset. We
retrospectively analyzed those samples.

MPXV DNA and G2R-mRNA Quantification

To establish the presence of viral DNA, we first
analyzed samples from different anatomic sites
of patients with an mpox diagnosis by a commer-
cial MPXV real-time PCR kit (Jiangsu BioPerfectus
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Technologies Co., Ltd., http://www.bioperfectus.
com) on the ELITe InGenius instrument (ELITech-
Group SAS, https:/ /www elitechgroup.com), obtain-
ing a semiquantitative measure by cycle threshold
(Ct) value. We further analyzed biological samples
that tested positive for MPXV DNA by real-time PCR
and cell supernatants from the in vitro experiments by
using ddPCR to obtain quantitative results expressed
as copies per milliliter. In brief, we extracted 140 pL of
supernatant from infected cells and biologic samples
by using the QlAamp Viral DNA Mini Kit (QIAGEN,
https:/ /www.qiagen.com) according to the manu-
facturer’s instructions. We quantified MPXV DNA by
using the QX200 AutoDG Digital Droplet PCR system
(Bio-Rad Laboratories, https://www.bio-rad.com),
as previously described (9).

To perform G2R-mRNA quantification, we ex-
tracted total RNA by using the RNeasy Mini Kit
(QIAGEN) according to the manufacturer’s instruc-
tions. To selectively degrade any traces of DNA, we
treated RNA extracted with DNase (TURBO DNase
Kit; Thermo Fisher Scientific, https://www.thermo-
fisher.com). We then reverse transcribed 10 pL of
RNA per sample according to the instructions of the
SuperScript IV First-Strand cDNA Synthesis reaction
kit (Thermo Fisher) by using 50 pmol OLigo d(T)20
as primers to select mRNA. We performed quantifi-
cation by using the Bio-Rad QX200 AutoDG ddPCR
system, targeting the early gene, G2R-mRNA (10).
To confirm the absence of MPXV DNA fragments, all
RNA-extracted samples underwent MPXV DNA PCR
after treatment with DNase.

Statistical Analysis

We performed linear regression analysis by using
GraphPad Prism version 9 (https://www.graphpad.
com). We expressed results as correlation coefficients (r).

Results

In Vitro Cell Culture Experiments

To establish if G2R-mRNA could be considered a
surrogate marker of ongoing MPXV replication, we
tested for its presence in vitro in infected Vero E6
cells. Cell-associated G2R-mRNA was detected at low
levels until 30 minutes postinfection, when it started
to increase, showing a peak at 1 hpi (Figure 1). This
result was expected because the G2R gene is early
transcribed during viral infection. After 1 hpi, we ob-
served a slightincrease in cell-associated G2R-mRNAs
throughout the infection until 24 hpi; levels remained
stable thereafter. All RNA samples treated with
DNase were negative for MPXV DNA, confirming
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the absence of MPXV DNA fragments and the
strength of the setup method (data not shown).

MPXV DNA levels released in the supernatant
steadily increased at each timepoint, peaking at 24
hpi. We observed substantially lower levels of DNA
released in the supernatants for mRNA cell-associat-
ed DNA, starting at 30 minutes postinfection and con-
tinuing throughout the observation period.

MPXV DNA and G2R-mRNA in Clinical Specimens
MPXV DNA and G2R-mRNA were present in NPS,
skin lesion swabs, urine, and semen samples (Table
1). All samples were positive for MPXV DNA by
diagnostic real-time PCR (mean Ct 27.3, range 13.3-
37.7), except for all urine and 2 semen samples that
showed negative results (Ct >45.0). We performed
absolute quantification of positive MPXV DNA
samples by ddPCR, and linear regression analysis
found a highly negative correlation (r = —0.99) be-
tween the Ct values and the amount of MPXV DNA
(Figure 2).

G2R-mRNA was detectable in all skin lesions
(r = 0.71) 4 of 7 NPS samples (r = 0.64), showing a
good correlation with MPXV DNA in both matrices.
Of note, we observed low positivity for G2R-mRNA
presence in only 2 of 8 semen samples; therefore,

Human Transmission of Monkeypox Virus

Figure 1. In vitro kinetics of MPXV infection in Vero E6 cell line
in study of role of direct sexual contact in human transmission
of MPXYV, ltaly. Cell-associated G2R-mRNA, a surrogate
marker of ongoing replication, was detected at low levels until
30 minutes postinfection, when it started to increase, showing
a peak at 1 hour postinfection. After 1 hour, a slight increase
was observed until 24 hours; levels remained stable thereafter.
MPXV DNA levels released in the supernatant steadily
increased at each time point, peaking at 24 hours postinfection.
MPXV, monkeypox virus.

we could not correlate those results with DNA lev-
els. Nevertheless, we emphasize that semen samples
with the highest DNA copy numbers tested negative
for G2R-mRNA, which is different from what we ob-
served in other matrices (Table).

Table. Molecular results of analyzed samples in study of role of direct sexual contact in human transmission of MPXV, ltaly*

Sample type Patient no. MPXV DNA Ct MPXV DNA ddPCR, copies/uL G2R-mRNA ddPCR, copies/uL
Semen 1 24.5 3,576 ND
2 34.5 2.2 2.4
4 ND NT NT
5 ND NT NT
6 27.9 145.2 ND
8 28.7 98.8 ND
11 34.3 12.4 6.0
12 37.7 ND ND
Skin lesion swab
Penis 1 22.2 1,216 7.2
Cutaneous 2 13.2 4,000,000 504
Penis 3 24.3 4,296 3.6
Scapula 5 35.4 2.1 2.8
Anal 9 35.6 1,552 4.8
Cutaneous 10 15.5 380,000 608
Anal 10 20.0 49,060 79.6
Pubis 13 15.9 521,000 16.4
Neck 13 17.7 117,600 10.8
Back 15 23.0 8,188 4.4
Nasopharyngeal swab 1 21.2 22,080 13.2
2 31.1 48 1.2
4 27.8 520 1.6
5 375 4.9 ND
6 28.5 164.4 10
7 37.2 1.0 ND
14 33.3 6.9 ND
Urine 1 ND NT NT
2 ND NT NT
5 ND NT NT
6 ND NT NT

*Ct, cycle threshold; ddPCR, digital droplet PCR; MPXV, monkeypox virus; ND, not detected; NT, not tested.
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Figure 2. Linear regression analysis of Ct values and MPXV
DNA levels in clinical specimens from study of role of direct
sexual contact in human transmission of MPXYV, Italy. Results
show highly negative correlation (r = —0.99) between Ct values
and the amount of MPXV DNA. Ct, cycle threshold; MPXYV,
monkeypox virus.

Discussion

During January 1, 2022-February 2024, more than
94,000 laboratory-confirmed cases of mpox, including
181 deaths, were reported to WHO from 117 mem-
ber states across all 6 WHO regions (11). Cases and
sustained chains of transmission have been reported
concurrently in nonendemic and endemic countries
in widely disparate geographic areas and have in-
volved mainly, but not exclusively, men who have
sex with men. Although close physical contact with
lesions on the skin or mucosal surfaces of mpox-
symptomatic persons represents the main factor for
human-to-human transmission in this outbreak (12),
recent studies suggest that sexual activity could rep-
resent an important route of disease transmission
(2,13). Lesions on the genitalia, perianal, and ingui-
nal areas of infected persons that tested positive for
MPXV DNA (4,14), as well as the high prevalence of
positivity in semen samples from mpox cases (9,15),
have been considered further evidence supporting
the sexual transmission route. A correlation between
the amount of viral load and infectious virus titer
has already been described for lesion and NPS swab
samples (16); on the contrary, difficulties in viral iso-
lation were found for semen samples, even when the
viral load was high (17). That evidence opens the is-
sue concerning the difference between sexual and
sexual contact transmissions. To overcome problems
associated with viral isolation and to verify the real
infectious capacity of MPXV in different biological
regions, we first evaluated the possibility of using
MPXV G2R-mRNA as a marker of ongoing viral rep-
lication through in vitro experiments. The presence of
high levels of G2R-mRNA during the early phase of
infection (within 1 hour), associated with low levels
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of MPXV DNA, confirms that this method reflects the
replication strategy of MPXV, because G2R is an early
gene. Therefore, we applied the same method in vivo
to analyze clinical samples from different biological
regions of MPXV-positive patients.

Our results showed the presence of either MPXV
DNA or MPXV G2R-mRNA in all analyzed lesion
swab samples, independent of MPXV DNA load, thus
confirming a higher infectivity risk from skin lesions.
As far as NPS samples are concerned, the presence of
MPXV G2R-mRNA was associated with a high MPXV
DNA load, indicating higher infectivity in NPS sam-
ples with low Ct values (16). When analyzing semen
samples, we obtained positive results for MPXV G2R-
mRNA in only the 2 samples with the lowest MPXV
DNA level, suggesting that this biologic fluid could
represent a minor route in the context of sexual trans-
mission, regardless of viral load. A possible expla-
nation for the other 6 semen samples showing high
MPXV DNA levels in the absence of viral replication
(i.e., negative MPXV G2R-mRNA) could be a passive
diffusion from skin lesions on the genitals or hands
(18). In fact, when analyzing data coming from pa-
tient 1, we observed a lesion on the penis with a high
viral load (Ct 22.2) and a clear positivity for the pres-
ence of G2R-mRNA, indicating active replication in
that site. Nevertheless, semen from the same patient
showed a high viral load (Ct 24.5), in the absence of
active replication (negative G2R-mRNA), with nega-
tive urine samples, suggesting possible contamina-
tion of semen from a lesion on the penis.

In conclusion, the use of MPXV G2R-mRNA as a
marker of replication enables discrimination between
infected and contaminated samples, overcoming the
problems related to viral isolation and providing an
explanation for the difficulty encountered in isolating
the virus from semen samples even with a high viral
load (17). Despite the limited number of tested sam-
ples, our data support the evidence that sexual con-
tact is the main route of sexual transmission, whereas
semen samples can represent a minor driver of infec-
tion, independent of MPXV DNA load. This evidence
is crucial to enable development of proper interven-
tions and to provide valuable support for decision-
making regarding protective measures for mpox pa-
tients and their close contacts.
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Molecular Epidemiology of
Western Equine Encephalitis Virus,
South America, 2023-2024

Aline Scarpellini Campos, Ana Claudia Franco, Fernanda M. Godinho, Rosana Huff, Darlan S. Candido,
Jader da Cruz Cardoso, Xinyi Hua, Ingra M. Claro, Paola Morais, Carolina Franceschina,
Thales de Lima Bermann, Franciellen Machado dos Santos, Milena Bauermann, Taind Machado Selayaran,
Amanda Pellenz Ruivo, Cristiane Santin, Juciane Bonella, Carla Rodenbusch, José Carlos Ferreira,
Scott C. Weaver, Vilar Ricardo Gewehr, Gabriel Luz Wallau, William M. de Souza,* Richard Steiner Salvato!

Western equine encephalitis virus (WEEV) is a mosquito-
borne virus that reemerged in December 2023 in Argen-
tina and Uruguay, causing a major outbreak. We inves-
tigated the outbreak using epidemiologic, entomological,
and genomic analyses, focusing on WEEV circulation
near the Argentina—Uruguay border in Rio Grande do Sul
state, Brazil. During November 2023—April 2024, the out-
break in Argentina and Uruguay resulted in 217 human

estern equine encephalitis virus (WEEV) is a

mosquitoborne alphavirus that causes cen-
tral nervous system (CNS) infection in humans and
equids in the United States, Canada, and the south-
ern cone of South America (1). WEEV is transmit-
ted in enzootic and epizootic transmission cycles
mainly by Culex and Aedes mosquitoes among birds
and lagomorphs, which can lead to sporadic spill-
over to equids and humans (2,3). In humans, west-
ern equine encephalitis (WEE) infections are usu-
ally mild or asymptomatic, causing fever, headache,
and myalgia (4). However, some patients experi-
ence encephalitis, which can be fatal in 5%-15% of
cases (5). In equids, WEEV infection can cause neu-
rologic disease (blindness, staggering, and seizures)
with high case-fatality rates, often leading to death
within days. As of July 2024, no specific treatments

cases, 12 of which were fatal, and 2,548 equine cases.
We determined cases on the basis of laboratory and clini-
cal epidemiologic criteria. We characterized 3 fatal equine
cases caused by a novel WEEYV lineage identified through
a nearly complete coding sequence analysis, which we
propose as lineage C. Our findings highlight the impor-
tance of continued surveillance and equine vaccination to
control future WEEV outbreaks in South America.

or vaccines are available to treat or prevent WEEV
infection in humans; inactivated vaccines effectively
prevent the disease in equids (6).

The largest WEEV outbreaks, which caused tens
of thousands of equine and >3,000 human cases, were
reported in the 1930s-1940s. However, <700 con-
firmed cases were reported in the United States after
the 1960s, and none has been reported during the past
25 years (1,4). Similarly, major outbreaks occurred in
South America during the 1970s and 1980s, followed
by isolated cases in Argentina in 1996 and Uruguay in
2009 (1,7,8). In December 2023, a large WEEV reemer-
gence began with a major outbreak in Argentina and
Uruguay. In this study, we contextualize the WEEV
outbreak in Argentina and Uruguay and investigate
active WEEYV circulation in Rio Grande do Sul, Brazil,
a state bordering those countries.
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Materials and Methods

Epidemiologic Data

We obtained epidemiologic data of WEEV cases in
equids and humans in Argentina and Uruguay from
the Pan American Health Organization (9). The data-
set included demographic and clinical characteristics
and the aggregate number of human WEE cases in
Argentina per epidemiologic week from epidemio-
logic week 43 (October 22-28) in 2023 to epidemiolog-
ic week 23 (June 2-8) in 2024. The equine WEE cases
included laboratory-confirmed and suspected cases
based on clinical or epidemiologic criteria.

Equine Samples

We performed molecular screening in brain tissue
samples from fatal horse cases, which were sub-
mitted to the Center for Health Surveillance of Rio
Grande do Sul State during January 1, 2023-April 10,
2024. All samples were stored at —80°C until testing
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/9/24-0530-Appl.pdf).

Entomologic Surveillance

We carried out entomologic surveillance in the Uru-
guaiana municipality in Rio Grande do Sul, focusing
on 2 nearby horse breeding farms with a recent his-
tory of neurologic equine disease; we later confirmed
1 WEEV-positive case. We deployed 8 CDC light
traps (John W. Hock Co., https://www.johnwhock.
com) and 4 Biogents BG-Pro traps (Biogents, https://
biogents.com) positioned at a height of 1.5 m above
ground level, placed near horses and vegetation. We
conducted mosquito sampling during 2 time periods
at each site: a 24-hour period starting at 6 P.M. and
a 12-hour period of 6 PM.-6 AM. We flash-froze
captured mosquitoes, stored them in liquid nitro-
gen, and transported for storage at —80°C at the Rio
Grande do Sul State Center for Health Surveillance
in Porto Alegre. We identified mosquito species mor-
phologically using standard keys (10,11). We pooled
mosquitoes by species and date, <10 mosquitoes per
pool. We amplified the cytochrome oxidase I gene by
PCR and sequenced for the molecular identification
of mosquito pools, following previously described
methods (12) (Appendix Table 2).

PCR Testing for Viruses

We immersed brain tissue fragments (=2 g/cm?) in
800 pL of TRIzol reagent (ThermoFisher Scientific,
https:/ /www.thermofisher.com) and subjected to
disruption using a Precellys 24 Touch (Thomas Scien-
tific, https:/ /www.thomassci.com). We immediately
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centrifuged the mixture to isolate the supernatant,
from which we extracted viral RNA using the Ex-
tracta Kit Fast-DNA and RNA Viral (Loccus, https://
www .loccus.com.br) according to the manufacturer’s
instructions. We homogenized the mosquito pool
samples with 800 pL of phosphate-buffered saline
and extracted RNA using Extracta Kit Fast-DNA and
RNA Viral. We tested all extracted RNA by quanti-
tative real-time reverse transcription PCR (rRT-PCR)
targeting WEEV using the TagMan RNA to-CT 1-Step
Kit (ThermoFisher Scientific), as previously described
(13). We performed reactions on a CFX Opus 96 Real-
Time PCR System (Bio-Rad Laboratories, https://
www.bio-rad.com). In addition, we screened the
samples using rRT-PCR targeting eastern equine en-
cephalitis (13), West Nile, St. Louis encephalitis (14),
Mayaro, and Oropouche viruses (15) (Appendix Ta-
ble 3). We also tested equine brain tissue samples for
rabies viruses (16).

WEEV Genome Sequencing and Assembly

We conducted WEEV genome sequencing on 3 horse
brain samples that tested positive by rRT-PCR. We
achieved a near-complete genome using the hybrid-
capture-based metagenomic approach enabled by II-
lumina Viral Surveillance Panel and RNA Prep with
Enrichment kit (Illumina, https://www.illumina.
com), according to the manufacturer’s instructions.
We sequenced VSP-enriched libraries on an Illumina
MiSeq platform and processed the generated raw
FASTQ files through the ViralFlow 1.0 pipeline (17)
for assembly, using the 1971 Oregon WEEV strain
71V-1658 (GenBank accession no. NC_003908.1), as a
reference genome.

Phylogenetic Analysis

We generated 3 novel WEEV genomes with >98%
coverage and aligned them with WEEV strains
with complete coding sequences that were avail-
able in the GenBank database as of June 10, 2024.
We performed multiple sequence alignment (MSA)
using MAFFT version 7.450 (https://mafft.cbrc.
jp/alignment/software) as previously described
(18) and conducted manual adjustment using Ge-
neious Prime 2023.0.4 (https://www.geneious.
com). We screened the dataset for recombination
events using all available methods in RDP version
4 (https:/ /rdp4.software.informer.com) (19). We
generated a maximum-likelihood (ML) phylogeny
tree using IQ-TREE version 2 (http:/ /www.iqtree.
org) under a general time-reversible plus invariable
plus gamma model determined by ModelFinder
(20,21). We used the ultrafast-bootstrap approach
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with 1,000 replicates to determine the statistical
support for nodes in the ML phylogeny (22). We
estimated regressed root-to-tip genetic divergence
against sampling dates to examine the temporal
signal and identify sequences with low data qual-
ity of our datasets, such as assembly errors, sample
contamination, data annotation errors, sequencing,
and alignment errors (23). We identified no obvi-
ous outliers. We estimated the dated phylogenet-
ic tree using BEAST version 1.10.4 (http://beast.
community) under a general time-reversible plus
invariable plus gamma model (24), an uncorrelated
log-normal relaxed molecular clock (UCLD) model
with an exponential rate distribution as previously
described (1), and a Skygrid tree prior (25) with
102 grids with one grid every 2 years since the root
of the tree. We used BEAGLE (http://beagle-lib.
googlecode.com) to enhance computation speed
(26). Last, we ran the evolutionary analyses inde-
pendently in triplicate for 500 million steps, sam-
pling parameters and trees every 50,000 steps. We
generated maximum clade credibility summary
trees using TreeAnnotator version 1.10.69 (https://
beast.community/treeannotator) and visualized
the phylogenetic tree by using Figtree version 1.4.2
(http:/ /tree.bio.ed.ac.uk/software/figtree).

Results

During November 18, 2023-April 6, 2024, a major
WEE outbreak occurred in Argentina and Uruguay,
causing 112 human and 127 equine cases, all labora-
tory-confirmed (Figure 1, panel A). On the basis of
clinical and epidemiologic criteria, Argentina also re-
ported 68 suspected human cases and 1,481 suspect-
ed equine cases, and Uruguay documented 37 sus-
pected human cases and 940 suspected equine cases.
The WEE outbreak began in northeastern Argentina,
spreading to central regions and Uruguay. In Argen-
tina, 47 confirmed equine cases were reported across
17 of 23 provinces, peaking in epidemiologic week 49
of 2023 and declining sharply by epidemiologic week
8 of 2024. A total of 107 human WEE cases, including
12 fatal cases, were identified in 8 provinces of Argen-
tina; 63/107 (58.9%) were concentrated in Buenos Ai-
res Province, mirroring the highest equine case bur-
den of 14/47 (29.8%) (Figure 1, panel A). The human
outbreak peaked between epidemiologic week 51 of
2023 and epidemiologic week 3 of 2024; during that
period, 58/107 (54.2%) of cases occurred. Available
data show that the human WEE case-patients were
predominantly male (male-to-female ratio 6.6:1), and
76/106 (71.7%) were >50 years of age. The most com-
mon symptoms were fever (82%), headache (76%),

Figure 1. Western equine encephalitis cases in Argentina, Uruguay, and Brazil. A) Cumulative western equine encephalitis laboratory-
confirmed cases in Argentina and Uruguay reported to the Pan American Health Organization (PAHO) during October 2023—-June 2024
(9). B) Locations of deaths among horses in Rio Grande do Sul state, Brazil, that tested positive (blue) and negative (yellow) for WEEV
by rT-PCR during December 2023—-April 2024. The cases were identified by our molecular epidemiology study in Barra do Quarai on
December 21, 2023 (EQ1090), in Uruguaiana on December 28, 2023 (EQ1122), and in Jaguar&o on January 30, 2024 (EQ237). WEEV,

western equine encephalitis virus.
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Figure 2. Maximum-likelihood phylogenetic tree of 3 new WEEYV strains from Rio Grande do Sul state, Brazil (bold text), and reference
sequences. Tip colors indicate WEEV lineage. We used an uncorrelated log-normal relaxed molecular clock model with an exponential rate
distribution for generating the time-rooted tree. Posterior probability scores appear next to key well-supported nodes. Dates at key nodes
are the estimated dates of divergence from a common ancestor, with Bayesian credible intervals. WEEV, western equine encephalitis virus.

and mental confusion (63%). Uruguay exhibited a
similar pattern; the equine outbreak preceded human
cases. The largest proportion of confirmed equine cas-
es (28.8%, 23/80) occurred in San José Department,
which also reported 3/5 confirmed human cases (Fig-
ure 1, panel A). No WEEV cases were reported in Ar-
gentina and Uruguay between epidemiologic week
15 of 2023 (April 7-14) and epidemiologic week 24 of
2024 (June 11-17).

During December 2023-April 2024, we conducted
a molecular diagnostic and entomologic study to in-
vestigate the presence of WEEV in Rio Grande do Sul
state, Brazil. In the entomologic surveillance, we cap-
tured 971 mosquitoes across 7 genera that were com-
bined into 117 pools for further analysis (Appendix

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

Table 2). The most prevalent genus was Culex, con-
stituting 664/971 (68.4%) mosquitoes. All mosquito
pools tested negative for WEEV, eastern equine en-
cephalitis, West Nile, St. Louis encephalitis, Mayaro,
and Oropouche viruses.

During January 1, 2023-April 10, 2024, we re-
ceived brain samples from 31 fatal horse cases from
22/497 (4.4%) municipalities in Rio Grande do Sul.
We tested 31 horse brain tissue samples by rRT-
PCR and detected WEEV RNA in 3 (9.7%) with cycle
threshold (Ct) values of 26-27 (Figure 1, panel B; Ap-
pendix Table 1). All 3 horses exhibited signs of neuro-
logic disease (i.e., paralysis and incoordination) and
none was vaccinated against WEEV. One horse was
2 months of age and died on December 21, 2023, in
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Barra do Quarai municipality; the second was 2 years
of age and died December 28 in Uruguaiana munici-
pality. Those municipalities are located on the Brazil
border with Argentina and Uruguay. The third case
was a 5-month-old horse that died on January 30,
2024, in Jaguardo municipality, on the Brazil-Uru-
guay border. In addition, those 3 fatal horse cases
were positive for rabies virus by rRT-PCR; the etio-
logic cause of death remained inconclusive for the
other 22 fatal horse cases (Appendix Table 1).

Next, we used Illumina sequencing to gener-
ate the nearly complete (>98%) coding sequences
for 3 WEEV strains with a mean depth of coverage
of 606-fold/nt. We submitted sequences to GenBank
(accession nos. PP544260, PP669617, and PP66961).
The maximume-likelihood phylogenetic analysis
showed that 3 WEEV strains circulating in the Rio
Grande do Sul state in 2024 clustered together in a
well-supported clade (posterior probability = 1) with
6 genome sequences of WEEV obtained from equine
cases in Uruguay during the outbreak of 2023-2024
(Figure 2). That clade represents a novel WEEV lin-
eage closely related to the 1958 CBAS87 strain from
Argentina, which we proposed as the C lineage (Fig-
ure 2). We confirmed that our genomic dataset had
a strong temporal signal based on regression of ge-
netic divergence from root-to-tip against sample col-
lection dates (R, = 0.7763) (Figure 3, panel A). Those
novel WEEV strains from Brazil shared 94.9-97.6%
nucleotide identity with the 1958 CBAS87 strain (Ap-
pendix Table 2). The time to the most recent common
ancestor (tMRCA) for WEEV strains associated with
the 2023-2024 outbreak in Brazil was estimated to be

early 2019 (95% Bayesian credible interval early 2012
to mid-2022) with a mean evolutionary rate of 2.6 x
107 substitutions/nucleotide/year (UCLD, mean 2.6
x 107, median: 2.6 x 107 95% height posterior den-
sity 1.8 x 10™ - 3.5 x 10™ substitutions/nucleotide/
year). Using Skygrid reconstruction with a grid with
an interval of 2 years based on tMRCA for all WEEV,
we found an effective population size that has been
decreasing between the late 1960s and 1980s (Figure
3, panel B). We found no evidence of recombination
in WEEV strains of the C lineage.

Discussion

We contextualized the major WEE outbreak in South
America in 2023-2024 and identified a new WEEV
lineage associated with this outbreak from 3 fatal
horse cases from Rio Grande do Sul, Brazil. The new
lineage forms a distinct clade evolving independently
for many decades from those circulating in North
America (1,4,27). Our findings strongly suggest that
WEEV has been circulating in South America since
2009 with cases likely unreported. We hypothesize 2
complementary explanations for the lack of reported
WEE cases from April 2009-November 2023 in South
America: limited enzootic circulation of the WEEV
between vectors and resident/migratory birds, or a
lack of WEEV surveillance, particularly in rural or
remote areas, where cases might go undetected. The
WEE outbreak in South America appears to have
ended in April 2024, when the last case was reported.
This cessation of cases may be due to the increased or
mandatory immunization of horses against WEE in
Argentina, Uruguay, and Brazil. Widespread equine

Figure 3. Phylogenetic analysis of WEEV strains from Rio Grande do Sul state, Brazil, and reference sequences. A) Regression of
sequence sampling dates against root-to-tip genetic distances in a maximum likelihood phylogeny of the WEEV strains. Sequences are
colored according to geographic source. Line indicates the correlation; shading indicates 95% Cls. B) Effective population size of WEEV
through time using the Skygrid model. Thin blue lines represent 95% Bayesian credibility interval, and the thick blue line represents the
posterior median. Vertical dotted lines indicate the best estimates for the time of the root of the tree (left) and the upper highest posterior

density (right). WEEV, western equine encephalitis virus.
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immunization in the region may contribute to sup-
pressing WEEV re-emergence in the near future.

Some experimental murine model studies indi-
cate reduced virulence of recent WEEV isolates (B3
strains) compared with earlier isolates (A, Bl, B2
strains), which could explain decreased human and
equine cases in North America (1,4,28). Alternative-
ly, the lack of reported WEE cases in North America
since 1999 may a result of WEEV’s silent or under-
reported circulation, because WEEV continued to be
detected in mosquitoes during 2004-2007 (29). In con-
trast, the large numbers of neurologic and fatal cases
in humans and equids in Argentina, Brazil, and Uru-
guay in 2023-2024 suggest that contemporary WEEV
strains circulating in South America might be more
virulent than those currently circulating in North
America. Further research is needed to elucidate the
virulence determinants that might explain this appar-
ent difference between WEEV lineages from South
and North America.

The first limitation of our study is that we fo-
cused on identifying active WEEV infections using
molecular methods only in fatal horse cases. Hors-
es with mild signs of disease should also be tested.
Also, age-stratified serologic studies are needed to
determine the extent of previous WEEV exposure
in the equine and human populations, and pat-
terns of past infections. Second, we did not detect
WEEV RNA in any mosquitoes, which may be ex-
plained by the generally low (e.g., <1%) arbovirus
infection rates observed in mosquitoes, even during
outbreaks, and including WEEV. For instance, 0.02%
(55/271,889) of mosquitoes captured in California,
USA, during 2004-2013 were positive for WEEV
by rRT-PCR (29). Also, our entomologic investiga-
tion showed that Culex spp. were the most abun-
dant mosquito species in the region; further studies
with an emphasis on Culex spp. mosquitoes, as well
as the Aedes albifasciatus mosquito, a previously in-
criminated WEEV vector (3,30), are needed to better
understand the transmission dynamics of WEEV in
South America. Third, we were unable to determine
whether ecologic drivers were associated with the
current outbreaks, but further studies should inves-
tigate climate factors, anthropogenic changes, and
migratory bird routes and activity (31).

In conclusion, our study identified active WEEV
circulation in Rio Grande do Sul, Brazil, and a nov-
el viral lineage associated with fatal cases in horses.
These findings highlight the critical need for continu-
ous laboratory diagnosis and surveillance for WEEV
in both horses and humans, as well as ecologic stud-
ies using a One Health approach to better understand
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the transmission dynamics and ecologic drivers
contributing to WEEV re-emergence in South Ameri-
ca. Finally, horse immunization should be considered
to mitigate the effect on animal health.

This article was preprinted at https:/ /www.medrxiv.org/
content/10.1101/2024.04.15.24305848v1.
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Medical Costs of Nontuberculous

Mycobacterial Pulmonary Disease,
South Korea, 2015-2019

Shihwan Chang,* Sol Kim,! Young Ae Kang, Moo Suk Park, Hojoon Sohn,? Youngmok Park?

Nontuberculous mycobacterial pulmonary disease
(NTM-PD) prevalence is a rising public health concern.
We assessed the long-term healthcare systems per-
spective of costs incurred by 147 NTM-PD patients at
a tertiary hospital in South Korea. Median cumulative
total medical cost in managing NTM-PD patients was
US $5,044 (interquartile range US $3,586-$9,680) over
49.7 months (interquartile range 33.0-68.2 months) of
follow-up. The major cost drivers were diagnostic test-
ing and medication, accounting for 59.6% of total costs.
Higher costs were associated with hospitalization for
Mycobacterium abscessus infection and pulmonary
comorbidities. Of the total medical care costs, 50.2%
were patient co-payments resulting from limited national
health insurance coverage. As South Korea faces signif-
icant problems of poverty during old age and increasing
NTM-PD prevalence, the financial and socio-economic
burden of NTM-PD may become a major public health
concern that should be considered with regard to ad-
equate strategies for NTM-PD patients.

Nontuberculous mycobacteria pulmonary disease
(NTM-PD) is a chronic respiratory condition of
growing concern. Its management is often compli-
cated by multiple biological, clinical, healthcare-asso-
ciated, and patient factors. Increased NTM infection
can be attributed to the widespread presence of NTM
in the environment, multiple transmission routes,
and insufficient preventive measures (1). Diagnosing
NTM-PD alone does not require immediate treatment
(2), often resulting in a period of medical observation
before treatment initiation. Eradication of NTM is fur-
ther challenged by lengthy treatment, lack of effective
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treatment regimens, antimicrobial resistance, adverse
reactions to treatment, and low adherence to thera-
peutic guidelines (2-5). Unfavorable treatment out-
comes and frequent recurrence necessitate continued
observation even after treatment completion (6,7). By
increasing the NTM-PD disease burden (1,3,8,9), such
issues pose considerable financial strain for health-
care systems and patients.

Among earlier studies evaluating the NTM-PD
burden, only a few reviewed the costs associated with
NTM-PD (10,11). A 2017 study in Germany reported
a nearly 4-fold increase in the mean direct medical
expenditure for patients with NTM-PD compared
with those who had never had NTM-PD (12). A 2020
study in Canada estimated that NTM-PD manage-
ment required an annual mean cost of US $11,541
(13). Regardless of between-country differences in
costs associated with NTM-PD, evidence suggests
that NTM-PD poses a substantial cost burden from
the healthcare provider perspective (14).

To better elucidate the cost burdens associated
with NTM-PD, we analyzed the medical costs in-
curred by patients with NTM-PD in South Korea.
Furthermore, we aimed to determine the distribution
of costs over the follow-up period and the effects of
causative NTM species or pulmonary comorbidities
on the costs. Our study was approved by the Institu-
tional Review Board of Severance Hospital (4-2021-
1663), with an informed consent waiver considering
its retrospective design.

Methods

We retrospectively reviewed electronic health re-
cords (EHRs) and institution billing records (IBRs)
of patients who had NTM-PD during 2015-2019 in
Severance Hospital, a tertiary referral hospital in
South Korea. We restricted the review of medical cost

These first authors contributed equally to this article.
2These authors were co—principal investigators.
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data to patients who had initiated and completed
>12 months of NTM-PD treatment before February
2022 (Figure 1). We did not analyze costs incurred by
healthcare services provided by or prescribed from
institutions other than Severance Hospital.

We extracted patient-level data from the EHR on
clinical history, laboratory and imaging tests, pre-
scribed treatment regimens, treatment outcomes,
and fee-for-service costs for all relevant medical
procedures and care services used by the included
patients leading up to February 28, 2022. For costs
that could not be ascertained from the IBRs (e.g.,
medications or health services prescribed from
Severance Hospital but received from elsewhere),
we referenced the Korean Health Insurance Re-
view and Assessment Service catalog for unit cost/
prices (as of January 2019) to calculate estimated
total medical costs (15). We based the definition of
direct medical out-of-pocket costs on patient co-
payment amount assessed for each health service
used, estimated by the cost ceilings for each item
defined by the National Health Insurance Service
(NHIS, https://www.nhis.or.kr) (Appendix Table
1, https://wwwnc.cdc.gov/EID/article/30/9/23-
1448-Appl.pdf).

To categorize hospital visits related to NTM-PD
management, we divided the follow-up period into 4

Figure 1. Patient selection for study of medical costs of

nontuberculous mycobacterial pulmonary disease, South
Korea, 2015-2019. NTM, nontuberculous mycobacteria;
PD, pulmonary disease.

1842

periods: prediagnostic, pretreatment, treatment, and
post-treatment (Figure 2). We defined the treatment
period as the first uninterrupted NTM-PD treatment
documented in the EHR.

All costs were assessed from the healthcare sys-
tem perspective, which includes costs associated with
patient co-payments (Table 1). Cumulative per-pa-
tient cost was defined as the total costs incurred at
all NTM-PD-related visits over the entire follow-up
period. Cost assessments were further categorically
based on each period of follow-up, type of visit, and
medical services. Subgroup analyses were based on
NTM species, presence of pulmonary comorbidities,
and type of services received (hospital admission,
surgical treatment, and management of treatment
complications).

All costs were assessed as 2019 United States
dollars (US $), based on the mean exchange rate for
South Korean won and US $ (1,165.69 won/US $1)
and adjusted for the medical consumer price index
and a 3% discount rate for costs incurred before 2019
(16,17). For all statistical analyses, we used SPSS Sta-
tistics 23 (IBM, https:/ /www.ibm.com) and a 2-tailed
significance level of 0.05.

Results

Patient Selection and Baseline Characteristics

Of the 1,036 patients with NTM-PD and IBRs for 2015-
2019, we included 147 in the final analysis (Figure 1).
Median participant age was 61.0 years (interquartile
range [IQR] 54.0-66.0 years), 100 (68.0%) participants
were female and 47 (32%) were male, and 5 (3.4%)
participants had previously received treatment for
NTM-PD (Table 2).

From the index date, the median follow-up du-
ration of our cohort was 49.7 months (IQR 33.0-68.2
months) and median treatment duration was 14.8
months (IQR 13.3-18.4 months). Over the entire fol-
low-up period, 71 (48.3%) patients were admitted for
NTM-PD >1 time.

Overall Per-Patient Medical Costs

The median per-patient cumulative total cost for
NTM-PD treatment was US $5,044 (IQR $3,586-
$9,680), or US $1,319 annually (Table 3; Appendix Ta-
ble 2). Patients incurred a median out-of-pocket cost
of US $2,535, which accounted for 50.2% of the total
cost. For outpatient visits, patients with NTM-PD in-
curred a median total cost of US $3,863 (IQR $2,969-
$5,333), or US $965 annually per patient. The 71 pa-
tients admitted for NTM-PD were hospitalized for a
median of 9 days (IQR 3-30 days), incurring a median
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Figure 2. Diagnostic and treatment timeline for study of medical costs of nontuberculous mycobacterial pulmonary disease, South
Korea, 2015-2019. The index date was defined as the date of the first pulmonology visit in which the physician initially evaluated the
patient for NTM-PD. NTM, nontuberculous mycobacteria; PD, pulmonary disease.

total admission cost of US $5,620 (IQR $1,296-$9,186),
or US $1,146 annually (Appendix Table 3).

Patients with any history of hospitalization for
NTM-PD-related treatment (median US $9,429) in-
curred a median total cost 2.5 times greater than
those without (median US $3,773) (Appendix Table
4). However, costs for outpatient visits did not differ
between both groups, suggesting that hospitalization
costs were the main driver of increased medical cost
for this patient group.

The median cumulative cost during the overall
follow-up period was US $5,470 (IQR $3,613-$9,914)
(Table 4; Figure 3; Appendix Table 5). The median
per-patient cost was highest during the treatment
period (US $2,108), followed by the pretreatment (US
$616) and post-treatment (US $451) periods. Costs
per patient were lowest for the prediagnostic period
(US $425). Medical costs sharply increased approxi-
mately 6 months before treatment initiation, peaking
during the first 3 months. Costs gradually decreased

approximately 1 year after treatment initiation (Ap-
pendix Figure 1).

By types of medical services, costs for diagnos-
tic tests shared the highest cumulative (59.6%, US
$3,006), outpatient (59.1%, US $2,282), and admission
(54.3%, US $1,590) costs over the entire follow-up pe-
riod (Table 3). Diagnostic tests consistently accounted
for the highest costs in any follow-up period (Table 4,
Figure 3). Medication costs accounted for the second
largest proportion of the cumulative costs for the en-
tire follow-up period (23.7%, US $1,197) and for those
incurred only during treatment (38.6%, US $814) but
not in all other periods.

Subgroup Analyses and Patient-Level Cost Drivers

When comparing costs by the 2 major NTM species,
the overall duration of follow-up was longer for the
112 patients treated for M. avium complex (MAC)
infection (median 51.4 months) than for the 15 treat-
ed for M. abscessus infection (median 33.1 months);

Table 1. Definitions of visits related to NTM-PD and assessment costs based on category and relevance of treatment used in study of

medical costs of NTM-PD, South Korea, 2015-2019*

Variable

Examples

Category
Medications
Diagnostic tests

All medications, all fees for drug administration (i.e., intravenous access) and dispensing
Acid fast bacilli smear/cultures, NTM identification, NTM drug-susceptibility tests, laboratory tests using patient

specimen (i.e., complete blood count, blood chemistry, urinalysis), imaging studies (e.g., computed
tomography, radiography), pulmonary function tests, induced sputum, invasive procedures (e.g.,
bronchoscopy, radiologic intervention)

Clinical services

Doctors’ fees for admission, outpatient visits, and consultation; hospital fees; meals during admission; fees for

documentation

Relevance to NTM-PD
Direct

Antibiotics for NTM-PD treatment, acid fast bacilli smear/cultures, NTM identification, NTM drug-susceptibility

tests, laboratory studies for diagnosis and treatment of NTM, surgical management of NTM

Indirect

Medications for symptom control (i.e., cough, sputum, hemoptysis); medications for management of adverse

events associated with NTM management; antibiotics and medications for management of pulmonary
comorbidities; laboratory studies for all NTM-PD-related visits, unless categorized as direct-related; medical
expenses for all NTM-PD-related visits

Unrelated

Costs of management of nonpulmonary comorbidities (i.e., hypertension, diabetes mellitus)

*NTM-PD-related visits were defined as all visits to the pulmonology department and nonpulmonology visits, including outpatient referrals for
management of adverse events during NTM-PD treatment, consultations during admissions for NTM-PD management, and visits for surgical
management of NTM-PD. Non-NTM-PD-related visits defined as all nonpulmonology visits that do not fit the criteria for an NTM-PD-related visit (i.e.,
visits for hypertension). NTM, nontuberculous mycobacteria; PD, pulmonary disease.
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p = 0.006). All 15 patients with M. abscessus infection
had been admitted for NTM-PD treatment, experi-
encing >2 hospitalizations that resulted in total stays
of 33 days (IQR 28-62 days). Nearly 40.2% of patients
with MAC infection were admitted for a median du-
ration of 5 days (IQR 2-10 days) (Appendix Table 6).
Likewise, median medical costs incurred by patients
with M. abscessus infection (US $19,190) were higher
than those incurred by patients with MAC infection
(US $4,557; p<0.001) (Table 5; Appendix Tables 7, 8);
the main driver of the cost difference between the
groups was admission costs.

Regarding patient-level factors, the number of
outpatient and admission visits, total length of stay,
and death associated with M. abscessus infection
(compared with MAC infection) were associated with
increased total medical care costs for NTM-PD (Ap-
pendix Table 9). Multiple linear regression results
revealed that the number of admissions and M. ab-
scessus infections (compared with MAC infections)

Table 2. Baseline characteristics of participants in study of
medical costs of nontuberculous mycobacterial pulmonary
disease, South Korea, 2015-2019*

Variable Total, n = 147
Age at diagnosis, y, median (IQR) 61.0 (54.0-66.0)
Female 100 (68.0)
Comorbidity
History of tuberculosis 29 (19.7)
History of NTM treatment 5(3.4)
Bronchiectasis 36 (24.5)
Chronic obstructive pulmonary disease 21 (14.3)
Asthma 11 (7.5)
Lung cancer 3(2.0)
History of thoracic operation 12 (8.2)
Hypertension 10 (6.8)
Diabetes mellitus 6 (4.1)
Other malignancy 17 (11.6)
Causative species
M. avium complex 112 (76.2)
M. abscessus 15 (10.2)
M. kansasii 10 (6.8)
M. fortuitum 2(1.4)
Othert 8(5.4)

Duration, mo, median (IQR)

Total duration of follow-up 49.7 (33.0-68.2)

Prediagnostic 0.2 (0.0-2.2)
Pretreatment 3.5(1.9-8.2)
Treatment 14.8 (13.3-18.4)

Post-treatment
No. outpatient visits, median (IQR)

19.5 (9.6-35.6)
23.0 (18.0-33.0)

No. admissions, n = 71, median (IQR) 1.0 (1.0-2.0)
Length of stay per admission, d, median (IQR) 6.0 (2.0-15.5)
Total length of stay, d, median (IQR) 9.0 (3.0-30.0)
Treatment outcome
Culture conversion 115 (78.2)
Microbiologic cure 101 (68.7)
Retreatment for recurrence 13 (8.8)
All-cause mortality 6(4.1)

*Data are presented as no. (%) patients except as indicated. NTM,
nontuberculous mycobacteria.
fIncludes mixed infections.
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were positively associated with the total medical cost
(i.e., more admissions and M. abscessus infections in-
creased costs), whereas culture conversion was asso-
ciated with decreased total cost (Table 6).

Out-of-Pocket Costs

Patients incurred a median out-of-pocket cost of US
$2,535 (Table 3), accounting for 50.2% of the cumu-
lative cost. The co-payment for outpatient visits and
admissions was 55% (median US $2,124) and 26.6%
(median US $1,494) of the cumulative costs for the re-
spective visits. Similar to the patterns observed for cu-
mulative costs, out-of-pocket costs over the follow-up
period indicated that the highest co-payment was ob-
served for the treatment period (US $1,029), followed
by the pretreatment (US $359) and post-treatment (US
$287) periods (Table 4; Figure 3).

Discussion

Our report of comprehensive and detailed NTM-
PD medical care costs in South Korea indicates that
each patient with NTM-PD incurred a total cost of
US $5,044 over a median follow-up period of 49.7
months, which translates to a median annual cost
of US $1,319. Restricting analysis to the 87 patients
with complete follow-up data brings the total me-
dian cost slightly higher, to US $5,470. Our analy-
ses revealed that most NTM-PD-associated medical
services were not fully covered through the Korean
NHIS, resulting in a median out-of-pocket cost ac-
counting for 50.2% (US $2,535) of the total care costs.
Most (66.4%) of the total NTM-PD medical costs
were incurred between 6 months before and 1 year
after treatment initiation. The largest share of the to-
tal medical costs during the entire follow-up period
was costs associated with diagnostic tests. Medical
costs were higher for patients with M. abscessus in-
fection and those with pulmonary comorbidities
because of more frequent hospital visits and more
extended hospitalizations.

In earlier studies evaluating medical costs of
pulmonary infections in South Korea, medical costs
for NTM-PD were considerably higher than those
for asthma (US $267, reported in 2017) and drug-
susceptible tuberculosis (US $754, reported in 2022)
and were comparable to the costs for treating and
managing tuberculosis-destroyed lungs (US $1,838,
reported in 2019) (18-20). Furthermore, a recent 2023
study conducted by our team using the NHIS data-
base reported that patients with NTM infection in-
curred at least 1.5 times higher annual medical costs
than the healthy control population (a total annual
medical cost of US $2,279.99 vs. US $1,496.26) (21). In
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Table 3. Cost analysis of the treatment of nontuberculous mycobacterial pulmonary disease, South Korea, 2015-2019*

Costs of NTM Pulmonary Disease, South Korea

Median costs (interquartile range)

Variable Cumulativet Out-of-pocket Annualf Per visit§
All visits, n = 147
Total 5,044 (3,586-9,680) 2,535 (1,779-4,087) 1,319 (845-2,478) NA
Nonbenefit 115 (13-431) 115 (13-497) 28 (3-109) NA
Medication 1,197 (656-2,728) 362 (214-872) 296 (178-676) NA
Diagnostic tests 3,006 (2,134—-4,511) 1,536 (1,152-2,332) 701(536—- 1,199) NA
Clinical services 616 (416—1,749) 426 (312-839) 140 (106—481) NA

Outpatient visits, n = 147

Total 3,863 (2,969-5,333) 2,124 (1,476-2,702) 965 (753-1,370) 163 (134-198)
Nonbenefit 35 (7-115) 35 (7-115) 8 (2-32) 1 (0-5)
Medication 1,050 (584—1,904) 347 (178-664) 247 (159-466) 40 (27-70)
Diagnostic tests 2,282 (1,806-2,997) 1,317 (991-1,772) 598 (433-753) 99 (78-121)
Clinical services 448 (347-597) 368 (272-474) 110 (87-137) 19 (17-20)

Admissions, n =71
Total
Nonbenefit
Medication
Diagnostic tests
Clinical services

5,620 (1,296-9,186)
326 (107-887)
464 (31-1,773)

1,590 (734-4,405)
1,470 (289-4,118)

1,494 (506-3,340)
326 (107-887)
94 (11-412)
498 (233-1,785)
348 (72-1,000)

1,146 (291-2,983)
65 (24-224)
110 (8-442)

317 (182-1,269)
359 (66-1,382)

3,493 (1,011-6,141)
212 (103-452)
275 (26-900)

1,243 (653-2,045)
1,111 (200-2,634)

*Currency in US $, rounded to the nearest dollar. NA, not applicable.

TAIl costs pertaining to each category of visit.

FCumulative cost divided by the duration of total follow-up in years.
§Cumulative cost for outpatients divided by the number of outpatient visits.
fiCumulative cost of admission divided by the number of admissions.

addition, patients with NTM-PD incurred large co-
payments or direct out-of-pocket costs for medical
services not covered through the NHIS. Those costs
comprised >50% of the total medical costs, suggest-
ing that long-term disease burden directly trans-
lates to a considerable cost burden for patients with
NTM-PD compared with other chronic respiratory
conditions (22,23).

We report the long-term costs associated with
NTM-PD and the cost drivers by different phases of
disease management, types of medical services, and
parts of the medical costs borne by patients. Costs
start to increase approximately 6 months before
treatment initiation, peak during the first quarter of
treatment, and then decrease after approximately 1
year of treatment (Appendix Figure 1). That period,
which roughly coincides with the pretreatment and
treatment periods (Table 2), accounts for 66.4% of

the total cost (Appendix Figure 2). A combination of
factors may explain the cost concentration observed
throughout that period, when intensive laboratory
studies are needed to decide when to initiate treat-
ment and monitor treatment outcomes as well as
treatment and management of associated adverse
events. Previous studies have demonstrated that
the economic burden is greater during the early
follow-up phases. In a recent study that compared
healthcare expenditures among patients with NTM
infection and matched controls, medical costs were
the highest 6 months before NTM-PD diagnosis
(21). Similar studies conducted in Germany and the
United States reported that annual overall health-
care costs were highest during the first year after
NTM-PD diagnosis (12,24). Another study conduct-
ed in Canada demonstrated that costs attributable to
NTM-PD during the acute-care phase (i.e., the first

Figure 3. Cost proportion

analysis by follow-up period,

in study of medical costs of
nontuberculous mycobacterial
pulmonary disease, South Korea,
2015-2019. Cumulative cost was
analyzed by each follow-up period.
Numbers within bars represent the
percentage of each cost category.
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Table 4. Cumulative cost for each category and proportions of
out-of-pocket cost in study of medical costs of nontuberculous
mycobacterial pulmonary disease, South Korea, 2015-2019*
Period Median cost, US$ (IQR) % Out-of-pocket

Overall follow-up

Total 5,470 (3,613-9,914) 47.4
Medication 1,171 (550-2,509) 29.6
Diagnostic tests 3,093 (2,134-4,597) 49.9
Clinical services 633 (435-1,749) 75.7
Prediagnostic
Total 425 (255-1,052) 60.2
Medication 10 (0-77) 30.0
Diagnostic tests 393 (231-766) 56.2
Clinical services 44 (24-99) 86.4
Pretreatment
Total 616 (399-1,079) 58.3
Medication 18 (0-74) 33.3
Diagnostic tests 497 (279-864) 60.0
Clinical services 65 (40-111) 78.5
Treatment
Total 2,108 (1,660-3,590) 48.8
Medication 814 (512-1,362) 31.0
Diagnostic tests 1,051 (837-1,726) 56.7
Clinical services 209 (180-303) 84.7
Posttreatment
Total 451 (138-1,363) 63.6
Medication 7 (0-220) 28.6
Diagnostic tests 295 (94-902) 51.2
Clinical services 89 (42-229) 60.7

*Data are for 87 patients with data for all 4 periods of follow-up.

150 days after the first hospital visit associated with
NTM-PD) were greater than those associated with
subsequent care phases (13).

Earlier studies have identified hospitalization
costs as the main cost driver of NTM-PD manage-
ment (12,13,24). Among our study population, 71
(48.3%) patients were admitted for NTM-PD-related
issues throughout the follow-up period. Admission
costs accounted for 59.6% of the total costs incurred
by those patients, consistent with earlier findings re-
porting hospitalization costs accounting for as much
as 69% of the total medical costs for NTM-PD (14). In
our study, the main cost drivers for hospital admis-
sions (54.3%) and the entire NTM-PD management
(59.6%) were diagnostic tests (Table 3). The second
largest cost driver, medication costs (23.7% of the
total cost), was concentrated in the treatment period
(38.4% of the costs during treatment) (Table 3; Appen-
dix Figure 2). Our estimates were higher than those
in France (6%), Germany (9%-21.8%), and the Unit-
ed Kingdom (12%) but lower than those in Canada
(6%-70%), which may reflect differences in clinical
practice and patient characteristics across countries
(11,12,14). Furthermore, a relatively lower proportion
of medication costs for managing NTM-PD in South
Korea may be attributed to the government-negotiat-
ed drug costs for those approved for reimbursement
schemes by the NHIS, which are generally lower than
the market prices in other high-income settings (25).

Clinically challenging patient subgroups, such
as those with M. abscessus infections (2,26) or comor-
bidities, probably require more healthcare resources
and incur more costs for disease management (10,11).
Our study directly assessed the increased costs and
cost drivers associated with managing more difficult
subgroups of patients with NTM-PD in South Korea.
Patients with the M. abscessus subtype incurred costs
4.2 times higher than those infected with MAC, which
was almost exclusively because of the increased costs
associated with longer and more frequent hospitaliza-
tions for patients with M. abscessus infection (Table 5;
Appendix Table 6). Moreover, patients with pulmo-
nary comorbidities bore >67.4% more costs to treat
and manage NTM-PD than those without comorbidi-
ties (Appendix Tables 10-12). NTM-PD patients with
pulmonary comorbidities incurred approximately
twice as much medication cost and a 50% increase in
diagnostic test costs. When comparing the cost driver
by types of clinical visits, we found that most of the
increased medical costs were attributable to hospital-
ization costs.

Our cost estimates of NTM-PD management in
South Korea were considerably lower than those in
Germany and Canada. In 2011, Leber et al. estimated
an annual cost of approximately CA $6,000 required
to treat NTM-PD in Canada (11). In 2017, research-
ers in Germany compared the healthcare costs of
patients with NTM-PD with those of uninfected con-
trols and reported an attributable direct annual cost
associated with NTM-PD of €9,093.20 (12). Our es-
timate of US $1,319 as the annual cost of managing
NTM-PD is substantially lower in absolute terms; the
large difference in medical costs for NTM-PD may be
attributable to lower fee-for-service costs for medical
care in South Korea than in Germany or Canada. Ac-
cording to a 2021 health report of the Organisation
for Economic Cooperation and Development (OECD,
https:/ /www.oecd.org), per-capita healthcare ex-
penditure in Korea (US $3,406) is approximately
half of that in Canada (US $5,370) and Germany (US
$6,518); however, healthcare use (e.g., annual con-
sultations per person) far exceeds (17.2 in 2019 for
South Korea) that of Germany (9.8) and Canada (6.6)
(23). Those discrepancies may result from consider-
able differences in medical fee schedules across those
countries. If medical service fees in South Korea are
equivalent to those of Canada and Germany, costs as-
sociated with NTM-PD management in South Korea
would be equivalent to, if not higher than, those of
Canada and Germany.

Although our study did not assess patient per-
spective costs, we were able to assess patient co-pay-
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Table 5. Analysis of cumulative cost based on causative species in study of medical costs of nontuberculous mycobacterial pulmonary

disease, South Korea, 2015-2019*

Costs, median (interquartile range)

Variable Mycobacterium avium complex, n = 112 M. abscessus, n = 15 p value
All visits
Total 4,557 (3,334-7,086) 19,190 (9,914-26,219) <0.001
Medication 1,069 (614—1,799) 2,767 (2,441-4,225) <0.001
Diagnostic tests 2,830 (2,078—4,055) 5,726 (3,334-11,190) <0.001
Clinical services 541 (377-930) 6,093 (4,263-11,972) <0.001
Outpatient visits
Total 3,859 (2,960-5,124) 3,300 (3,016-4,278) 0.492
Medication 976 (543-1,645) 983 (738-1,466) 0.823
Diagnostic tests 2,292 (1,805-3,060) 1,863 (1,650-2,480) 0.110
Clinical services 444 (347-564) 506 (318-643) 0.399
Admissionst
Total 1,710 (933-7,747) 14,197 (6,711-22,521) <0.001
Medication 61 (20-516) 1,784 (1,456-3,153) <0.001
Diagnostic tests 998 (653—4,793) 3,093 (1,590-9,867) 0.024
Clinical services 556 (147-1,863) 5,639 (3,847-11,439) <0.001

*Currency in US $, rounded to the nearest dollar.
M. avium complex n = 45.

ment costs associated with all medical services used
through NTM-PD management. Patients incurring
higher medical costs experienced higher co-payment
and out-of-pocket costs for their illness manage-
ment. Except for patients with M. abscessus infec-
tion, patients in our cohort paid approximately more
than half of the cumulative total medical care costs
incurred during their disease management at our in-
stitution alone, which represents a much larger share
(in terms of co-payment) of medical costs relative to
the general South Korea population average (30%)
and >3 times the share of costs reported from Canada
(15%) and Germany (13%) (23).

Given the limited scope of our data, we were
not able to ascertain cost burdens associated with
nonmedical direct and indirect costs. As such, the
direct patient out-of-pocket medical care costs as-
sessed represent only 2% of the South Korea Gross
Domestic Product per capita. However, South Ko-
rea faces substantial problems with poverty during
old age, which affects 43.8% of the elderly popula-

tion according to the OECD. That proportion is the
highest in the OECD rankings and 3 times greater
than the OECD average of 13.5% (27). NTM-PD pa-
tients in our study and South Korea in general are
elderly (8,21,28). Given those considerations, we
suspect that NTM-PD may impose major socio-eco-
nomic burdens on the patients, which may be much
more significant for particular subgroups (e.g.,
those with multiple hospitalizations or M. abscessus
infections and those who remain culture positive
despite treatment). More research is needed to bet-
ter understand the socio-economic consequences of
NTM-PD (including the level of catastrophic costs
experienced by the patient and their household be-
cause of NTM-PD) and guide the development of
relevant policy measures.

Among the interpretation and generalizability
limitations of our study, our study cohort was derived
from a single institution. Thus, our cost estimates
may not fully represent the general medical costs
of NTM-PD management across South Korea. It is

Table 6. Multiple linear regression analysis of factors driving cumulative cost in study of medical costs of nontuberculous

mycobacterial pulmonary disease, South Korea, 2015-2019*

Model no., variable(s) B SE B t p value R? Adjusted R?
1 0.616 0.610
No. admissions 6058.547 627.484 0.785 9.655 <0.001
2 0.739 0.730
No. admissions 5503.292 532.913 0.713 10.327 <0.001
Causative species: MAC =0, 7921.642 1530.022 0.358 5177 <0.001
M. abscessus = 1
3 0.758 0.746
No. admissions 5379.334 520.642 0.697 10.332 <0.001
Causative species: MAC =0, 7445.211 1502.260 0.336 4.956 <0.001
M. abscessus = 1
Culture conversion -3082.792 1455.967 -0.142 -2.117 0.039

*N = 147 patients. Variables include age, sex, history of tuberculosis, history of nontuberculous mycobacteria treatment, bronchiectasis, asthma, chronic
obstructive pulmonary disease, lung cancer, causative species (MAC vs. M. abscessus), total follow-up duration, treatment duration, number of outpatient
visits, number of admissions, culture conversion, microbiologic cure, retreatment for recurrence, and death from any cause. MAC, Mycobacterium avium

complex; NA, not applicable.
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possible that NTM-PD patients included in our sam-
ple may have sought care for NTM-PD at other institu-
tions before and during follow-up visits to Severance
Hospital, which may result in higher healthcare sys-
tems perspective per-patient costs. However, annual
per-patient NTM management costs reported from
an earlier study in South Korea that used the national
health insurance claims database (healthcare systems
perspective) (US $1,197.75/y) were equivalent to (or
slightly lower than) our cost estimates (US $1,319/y)
(21). Although we are not able to directly compare
the 2 studies by using patient-level data, similarities
in the cost estimates suggest that many NTM patients
may be managed at a single institution and that our
estimates closely represent those of general NTM pa-
tients in South Korea. Although it is difficult to as-
certain and attribute differences in NTM-PD medical
costs attributed to patients in South Korea compared
with those in other countries, similarities in the over-
all trends (key cost drivers by types of healthcare use
and types of diseases) suggest that the magnitude of
our estimates largely represents differences in clinical
practices and medical service costs across other coun-
tries with similar estimates. Second, we were limited
in assessing any additional NTM-PD-related costs
that patients and the healthcare systems may have
incurred, such as nonmedical costs and productivity
loss. Therefore, our cost estimates may underestimate
true costs for NTM-PD management. Data from pa-
tient cost survey studies (to ascertain short- and long-
term patient costs) and large panel data comprising
multi-institutional cohorts with medical insurance
claims information may provide a complete disease
and financial burden of NTM-PD. Last, although we
compared the costs associated with NTM-PD with
those associated with other respiratory conditions,
lack of an adequate control group with no history of
NTM-PD limited our assessment of the relative dis-
ease and financial burden of NTM-PD.

In conclusion, our comprehensive, long-term as-
sessment of medical costs associated with NTM-PD
management demonstrates that NTM-PD poses a
substantial disease burden on and financial costs to
healthcare services and patients. Our findings sug-
gest that the cost burden is considerably higher for
patients with M. abscessus infection or pulmonary
comorbidities, which is attributable to the longer
duration of disease management and more frequent
and longer hospitalization required. In addition, un-
like patients with other respiratory infection-related
illnesses, patients with NTM-PD bear much larger di-
rect out-of-pocket costs that account for approximate-
ly 50% of direct medical costs. Although additional
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evidence from more complete data sources may be
needed to fully ascertain long-term disease burden
and costs, our study findings provide initial evidence
that can be used for developing policies to support
patients with NTM-PD and alleviate financial bur-
dens during their disease management.

The data that support the findings of this study are
available from the corresponding author (Y.P.) upon
reasonable request.

This research was supported by the “Korea Disease
Control and Prevention Agency (KDCA)” research project
(project #20211111777-00).

Authors have no conflicts of interest to declare.

Authors met the criteria for authorship recommended by
the International Committee of Medical Journal Editors,
were fully responsible for all content, and were involved
in all stages of manuscript development. Study
conception and design: Y.A.K., H.S., Y.P.; data collection:
S.C.,SK,; Y.AK,MSP., and Y.P; and data interpretation:
S.C,Y.AK,HS,and Y.P.

About the Author

Dr. Chang is a clinical fellow of pulmonary and critical
care medicine at Severance Hospital of Yonsei University
in Seoul. His primary research interests include
respiratory infections.

References

1. Jeon D. Infection source and epidemiology of
nontuberculous mycobacterial lung disease. Tuberc Respir
Dis (Seoul). 2019;82:94-101. https:/ / doi.org/10.4046/
trd.2018.0026

2. Daley CL, Iaccarino JM, Lange C, Cambau E, Wallace R] Jr,
Andrejak C, et al. Treatment of nontuberculous
mycobacterial pulmonary disease: an official ATS/ERS/
ESCMID/IDSA clinical practice guideline. Clin Infect Dis.
2020;71:e1-36. https:/ / doi.org/10.1093/ cid / ciaa241

3. Stout JE, Koh W], Yew WW. Update on pulmonary
disease due to non-tuberculous mycobacteria. Int J Infect Dis.
2016,45:123-34. https:/ / doi.org/10.1016/].ijid.2016.03.006

4. Griffith DE, Aksamit TR. Managing Mycobacterium avium
complex lung disease with a little help from my friend.
Chest. 2021;159:1372-81. https:/ /doi.org/10.1016/
j.chest.2020.10.031

5. Adjemian J, Prevots DR, Gallagher J, Heap K, Gupta R,
Griffith D. Lack of adherence to evidence-based treatment
guidelines for nontuberculous mycobacterial lung disease.
Ann Am Thorac Soc. 2014;11:9-16. https:/ /doi.org/10.1513/
AnnalsATS.201304-0850C

6. Pasipanodya JG, Ogbonna D, Deshpande D, Srivastava S,
Gumbo T. Meta-analyses and the evidence base for microbial
outcomes in the treatment of pulmonary Mycobacterium
avium-intracellulare complex disease. ] Antimicrob
Chemother. 2017;72(suppl_2):i3-19. https:/ /doi.org/
10.1093/jac/ dkx311

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024


https://doi.org/10.4046/trd.2018.0026
https://doi.org/10.4046/trd.2018.0026
https://doi.org/10.1093/cid/ciaa241
https://doi.org/10.1016/j.ijid.2016.03.006
https://doi.org/10.1016/
https://doi.org/10.1513/AnnalsATS.201304-085OC
https://doi.org/10.1513/AnnalsATS.201304-085OC
https://doi.org/
http://www.cdc.gov/eid

10.

11.

12.

13.

14.

15.

16.

17.

18.

Pasipanodya JG, Ogbonna D, Ferro BE, Magombedze G,
Srivastava S, Deshpande D, et al. Systematic review and
meta-analyses of the effect of chemotherapy on pulmonary
Mycobacterium abscessus outcomes and disease recurrence.
Antimicrob Agents Chemother. 2017;61:€01206-17.

https:/ /doi.org/10.1128/ AAC.01206-17

Lee H, Myung W, Koh W], Moon SM, Jhun BW.
Epidemiology of nontuberculous mycobacterial infection,
South Korea, 2007-2016. Emerg Infect Dis. 2019;25:569-72.
https:/ /doi.org/10.3201/eid2503.181597

Winthrop KL, Marras TK, Adjemian ], Zhang H, Wang P,
Zhang Q. Incidence and prevalence of nontuberculous
mycobacterial lung disease in a large U.S. managed care
health plan, 2008-2015. Ann Am Thorac Soc. 2020;17:178-85.
https:/ /doi.org/10.1513/ AnnalsATS.201804-2360C
Ballarino GJ, Olivier KN, Claypool R], Holland SM,
Prevots DR. Pulmonary nontuberculous mycobacterial
infections: antibiotic treatment and associated costs.

Respir Med. 2009;103:1448-55. https:/ /doi.org/10.1016/
j.rmed.2009.04.026

Leber A, Marras TK. The cost of medical management of
pulmonary nontuberculous mycobacterial disease in
Ontario, Canada. Eur Respir J. 2011;37:1158-65.

https:/ /doi.org/10.1183/09031936.00055010

Diel R, Jacob ], Lampenius N, Loebinger M, Nienhaus A,
Rabe KEF, et al. Burden of non-tuberculous mycobacterial
pulmonary disease in Germany. Eur Respir J. 2017;49:
1602109. https:/ /doi.org/10.1183/13993003.02109-2016
Ramsay LC, Shing E, Wang ], Marras TK, Kwong JC,

Brode SK, et al. Costs associated with nontuberculous
mycobacteria infection, Ontario, Canada, 2001-2012. Emerg
Infect Dis. 2020,26:2097-107. https:/ /doi.org/10.3201/
€1d2609.190524

Goring SM, Wilson JB, Risebrough NR, Gallagher J,

Carroll S, Heap K], et al. The cost of Mycobacterium avium
complex lung disease in Canada, France, Germany, and the
United Kingdom: a nationally representative observational
study. BMC Health Serv Res. 2018;18:700. https:/ /doi.org/
10.1186/s12913-018-3489-8

Health Insurance Review and Assessment Service. Reimbursed
drugs and price ceilings [cited 2022 May 12]. https:/ /www.
hira.or.kr/bbsDummy.do?pgmid=HIRA A030014050000
US Internal Revenue Service. Yearly average currency
exchange rates [cited 2024 Feb 1]. https:/ /www.irs.gov/
individuals/international-taxpayers/yearly-average-
currency-exchange-rates

Korean Statistical Information Service. Annual consumer
price index by expenditure category [cited 2024 Feb 1].
https:/ /kosis.kr/statHtml/statHtml.do?orgld=101&tblld=
DT_1J22135&vw_cd=MT_ETITLE&list_id=P2_6&scrid=&l
anguage=en&seqNo=&lang_mode=ené&obj_var_id=4&itm_
id=&conn_path=MT_ETITLE&path="%252Feng %252Fstatisti
csList%252FstatisticsListIndex.do

Lee Y], Kwon SH, Hong SH, Nam JH, Song HJ, Lee JS,

et al. Health care utilization and direct costs in mild,

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Costs of NTM Pulmonary Disease, South Korea

moderate, and severe adult asthma: a descriptive study
using the 2014 South Korean Health Insurance Database.
Clin Ther. 2017;39:527-36. https:/ /doi.org/10.1016/
j.clinthera.2017.01.025

Lee S, Kim M]J, Lee SH, Kim HY, Kim HS, Oh IH.
Comparison of disability-adjusted life years (DALYs)

and economic burden on people with drug-susceptible
tuberculosis and multidrug-resistant tuberculosis

in Korea. Front Public Health. 2022;10:848370.

https:/ /doi.org/10.3389/fpubh.2022.848370

Lee HY, Han DJ, Kim KJ, Kim TH, Oh YM, Rhee CK.
Clinical characteristics and economic burden of tuberculous-
destroyed lung in Korea: a National Health Insurance
Service-National Sample Cohort-Based Study. ] Thorac Dis.
2019;11:2324-31. https:/ /doi.org/10.21037/jtd.2019.06.14
Lee SW, Chang S, Park Y, Kim S, Sohn H, Kang YA.
Healthcare use and medical cost before and after diagnosis
of nontuberculous mycobacterial infection in Korea: The
National Health Insurance Service-National Sample Cohort
Study. Ther Adv Respir Dis. 2023;17:17534666221148660.
https:/ /doi.org/10.1177 /17534666221148660

Ruger JP, Kim HJ. Out-of-pocket healthcare spending by
the poor and chronically ill in the Republic of Korea. Am

J Public Health. 2007;97:804-11. https:/ /doi.org/10.2105/
AJPH.2005.080184

Organization for Economic Cooperation and
Development. Health at a glance 2021 [cited 2024 Jul 22].
https:/ /www.oecd-ilibrary.org

Marras TK, Mirsaeidi M, Chou E, Eagle G, Zhang R,
Leuchars M, et al. Health care utilization and expenditures
following diagnosis of nontuberculous mycobacterial lung
disease in the United States. ] Manag Care Spec Pharm.
2018;24:964-74. https:/ /doi.org/10.18553 /jmcp.2018.18122
Chung WJ, Kim HJ. Interest groups’ influence over drug
pricing policy reform in South Korea. Yonsei Med J.
2005;46:321-30. https:/ /doi.org/10.3349/ym].2005.46.3.321
Griffith DE, Daley CL. Treatment of Mycobacterium
abscessus pulmonary disease. Chest. 2022;161:64-75.

https:/ /doi.org/10.1016/j.chest.2021.07.035

Kang J, Park ], Cho J. Inclusive aging in Korea: eradicating
senior poverty. Int ] Environ Res Public Health. 2022;19:2121.
https:/ /doi.org/10.3390/ijerph19042121

Park JH, Shin S, Kim TS, Park H. Clinically refined
epidemiology of nontuberculous mycobacterial pulmonary
disease in South Korea: overestimation when relying

only on diagnostic codes. BMC Pulm Med. 2022;22:195.
https:/ /doi.org/10.1186/s12890-022-01993-1

Address for correspondence: Youngmok Park, Division of

Pulmonary and Critical Care Medicine, Department of Internal

Medicine, Yonsei University College of Medicine, Severance

Hospital, 50-1 Yonsei-ro, Seodaemun-gu, 03722 Seoul,

South Korea; email: Omokfv@yuhs.ac

1849


https://doi.org/10.1128/AAC.01206-17
https://doi.org/10.3201/eid2503.181597
https://doi.org/10.1513/AnnalsATS.201804-236OC
https://doi.org/10.1016/
https://doi.org/10.1183/09031936.00055010
https://doi.org/10.1183/13993003.02109-2016
https://doi.org/10.3201/eid2609.190524
https://doi.org/10.3201/eid2609.190524
https://doi.org/
https://www.hira.or.kr/bbsDummy.do?pgmid=HIRAA030014050000
https://www.hira.or.kr/bbsDummy.do?pgmid=HIRAA030014050000
https://www.irs.gov/
https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1J22135&vw_cd=MT_ETITLE&list_id=P2_6&scrId=&language=en&seqNo=&lang_mode=en&obj_var_id=&itm_id=&conn_path=MT_ETITLE&path=%252Feng%252FstatisticsList%252FstatisticsListIndex.do
https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1J22135&vw_cd=MT_ETITLE&list_id=P2_6&scrId=&language=en&seqNo=&lang_mode=en&obj_var_id=&itm_id=&conn_path=MT_ETITLE&path=%252Feng%252FstatisticsList%252FstatisticsListIndex.do
https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1J22135&vw_cd=MT_ETITLE&list_id=P2_6&scrId=&language=en&seqNo=&lang_mode=en&obj_var_id=&itm_id=&conn_path=MT_ETITLE&path=%252Feng%252FstatisticsList%252FstatisticsListIndex.do
https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1J22135&vw_cd=MT_ETITLE&list_id=P2_6&scrId=&language=en&seqNo=&lang_mode=en&obj_var_id=&itm_id=&conn_path=MT_ETITLE&path=%252Feng%252FstatisticsList%252FstatisticsListIndex.do
https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1J22135&vw_cd=MT_ETITLE&list_id=P2_6&scrId=&language=en&seqNo=&lang_mode=en&obj_var_id=&itm_id=&conn_path=MT_ETITLE&path=%252Feng%252FstatisticsList%252FstatisticsListIndex.do
https://doi.org/10.1016/
https://doi.org/10.3389/fpubh.2022.848370
https://doi.org/10.21037/jtd.2019.06.14
https://doi.org/10.1177/17534666221148660
https://doi.org/10.2105/AJPH.2005.080184
https://doi.org/10.2105/AJPH.2005.080184
https://www.oecd-ilibrary.org
https://doi.org/10.18553/jmcp.2018.18122
https://doi.org/10.3349/ymj.2005.46.3.321
https://doi.org/10.1016/j.chest.2021.07.035
https://doi.org/10.3390/ijerph19042121
https://doi.org/10.1186/s12890-022-01993-1
mailto:0mokfv@yuhs.ac
http://www.cdc.gov/eid

RESEARCH

Ecologic, Geoclimatic, and
Genomic Factors Modulating
Plague Epidemics in Primary

Natural Focus, Brazil

Matheus F. Bezerra, Diego L.R.S. Fernandes, Igor V. Rocha, Joado L.L.P. Pitta, Natan D.A. Freitas,
André L.S. Oliveira, Ricardo J.P.S. Guimaraes, Elainne C.S. Gomes, Cecilia Siliansky de Andreazzi,
Marise Sobreira, Antonio M. Rezende, Pedro Cordeiro-Estrela, Alzira M.P. Almeida

Plague is a deadly zoonosis that still poses a threat in
many regions of the world. We combined epidemiologic,
host, and vector surveillance data collected during 1961—
1980 from the Araripe Plateau focus in northeastern Bra-
zil with ecologic, geoclimatic, and Yersinia pestis genom-
ic information to elucidate how these factors interplay
in plague activity. We identified well-delimited plague
hotspots showing elevated plague risk in low-altitude ar-
eas near the foothills of the plateau’s concave sectors.
Those locations exhibited distinct precipitation and veg-

lague is a deadly bacterial disease caused by Yer-

sinia pestis and is implicated in major pandemics
throughout the course of human history. Despite the
decline in global incidence, plague outbreaks still oc-
cur in regions where the bacterium maintains a syl-
vatic cycle (1,2). In addition, plague resurgence has
been reported after long periods of quiescence, mak-
ing active animal surveillance in its natural foci criti-
cal to prevent outbreaks in human populations (3).

Plague incidence typically undergoes accentu-
ated variations over time (2). Evidence from studies
performed in central Asia and North America dem-
onstrate that such variations are triggered by the
combined effect of geoclimatic and ecologic factors.
Temperature, precipitation, landscape, vegetation,

etation coverage patterns compared with the surround-
ing areas. We noted a seasonal effect on plague activity,
and human cases linearly correlated with precipitation
and rodent and flea Y. pestis positivity rates. Genomic
characterization of Y. pestis strains revealed a founda-
tional strain capable of evolving into distinct genetic vari-
ants, each linked to temporally and spatially constrained
plague outbreaks. These data could identify risk areas
and improve surveillance in other plague foci within the
Caatinga biome.

soil composition, and host-vector densities and di-
versity have been reported to interplay in a trophic
web that leads to plague dissemination in both wild
fauna and humans (3-5). However, information re-
garding the role the geoclimatic and ecologic aspects
in the modulation of plague systems in foci of Brazil
is lacking.

The current demarcation of plague focal areas in
Brazil lacks granularity and encompasses extensive
regions solely based on geologic formations with re-
ported plague cases (6). Thus, identification of spe-
cific geoclimatic and environmental patterns indicat-
ing hotspots for increased plague risk could provide
valuable information for implementing more asser-
tive and targeted animal surveillance.
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The Araripe Plateau (Chapada do Araripe) con-
stitutes a geologic landmark situated along the bor-
der of Pernambuco, Ceard, and Piaui states of Brazil.
Although the region is in the core of the semiarid
biome known as Caatinga, the plateau is topped by
savanna, and its slopes have lush forest vegetation
because of orographic precipitation and a perme-
able tabletop (7,8). The Araripe Plateau was con-
sidered the epicenter of plague in Brazil until 1980,
when the last confirmed human case in the region
was notified (9).

We took advantage of the geographically well-
delimited features of the Araripe Plateau and the ro-
bust amount of data obtained from the Pilot Plague
Program (10) regarding human and animal surveil-
lance to perform a case study of a plague focus in Bra-
zil through a One Health perspective. By combining
20 years of epidemiologic data with ecologic, geocli-
matic, and Y. pestis genomic variables, we aimed to
unravel the intricate dynamics of plague in a natural
focus in Brazil.

Methods

Data Collection

In brief, we retrieved information on Y. pestis res-
ervoirs, vector surveillance, and notification of
human plague cases from the national Brazilian
Plague Reference Service (https://www.cpqam.
fiocruz.br/sr/peste) document repository. We ob-
tained metadata from the Fiocruz Y. pestis collec-
tion of the World Data Centre for Microorganisms
(https:/ /www.wdcm.org; collection no. 1040) and
the CONCEPAS database (http://cyp.fiocruz.br).
We collected demographic and climatic variables
from multiple public databases (Appendix 1 Figure
1, https://wwwnc.cdc.gov/EID/article/30/9/24-
0468-Appl.pdf).

Geospatial Analysis

We collected coordinates from human cases where
public health conducted site visits. To identify plague
risk hotspots, we calculated the kernel density esti-
mation (KDE) and space-time scan (SaTScan, https://
www.satscan.org) statistics. We interpolated rainfall
data from meteorologic stations by using inverse
weighted distance and used the normalized differ-
ence vegetation index (NDVI) as a proxy for vegeta-
tion coverage (Appendix 1).

Laboratory Testing for Plague
Human plague diagnosis was performed through a
combination of clinical and epidemiologic assessment
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and laboratory testing, such as culturing bubo
aspirates or blood cultures. Rodent diagnoses were
made by direct microscopy observation of spleen im-
prints and blood smears, followed by conventional
bacteriology. Fleas also were tested via bacterial cul-
turing (Appendix 1).

Statistical Analysis and Ecologic Networks

We calculated linear regression, nonlinear corre-
lations, principal component analysis (PCA) and
receiver operating characteristic curves by using
GraphPad Prism version 10.1 (GraphPad, https://
www.graphpad.com). We analyzed the fundamental
properties of each host-vector plague network by us-
ing the bipartite package in R (The R Project for Sta-
tistical Computing, https://www.r-project.org). We
considered p<0.05 statistically significant.

Whole-Genome Sequencing and Bioinformatic Analysis
We performed DNA extraction by using the
DNeasy Blood & Tissue Kit (QIAGEN, https://
www.qiagen.com). We conducted genomic library
preparation using the Nextera XT Library Prepa-
ration Protocol (Illumina, https://www.illumina.
com) and used the MiSeq sequencer and 600-cycle
version 3 cartridge (Illumina) for sequencing. We
assembled genomes by using VelvetOptimiser and
annotated by using the Prokka pipeline, as previ-
ously described (11). We conducted core single-
nucleotide variant (SNV) calling by using Snippy
(https:/ / github.com/tseemann/snippy) and used
IQ-TREE2 (http://www.iqtree.org) to perform
phylogenetic analyses based on the core SNV. We
then visualized results by using the iTOL (https://
itol.embl.de) platform.

Results

Spatiotemporal Features of Plague Outbreaks

in the Araripe Plateau Region

During 1961-1980 in the Araripe Plateau focus, 551
human plague cases were reported; 292 were in the
state of Pernambuco, 240 in the state of Ceara, and
only 1 in the state of Piaui (Appendix 1 Figure 2, pan-
els A, B). However, we excluded 18 cases in Pernam-
buco from the spatial analysis because case locations
were unknown.

Human plague cases were concentrated mostly
at the foothills of the Araripe Plateau, in regions of
lower altitude, but close to the plateau’s slope (Figure
1). KDE analysis concentrated the plague risk more
intensely in 3 areas of lower altitude in the municipal-
ities of Exu, Bodocd, and Araripina, and those areas
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Figure 1. Spatial distribution and risk analysis of human plague cases in a study of ecologic, geoclimatic, and genomic factors
modulating plague epidemics in primary natural focus, Brazil. Background colors show the altimetry (m) from SRTM. The black line
shows the tri-state boundaries between Pernambuco, Ceara, and Piaui. Red circles identify plague risk areas by application of KDE in
human cases in Pernambuco. Blue circles A and B indicate plague risk clusters calculated by SaTScan for 1975 (A) and 1967-1975
(B). Pink circles indicate spatial distribution of human plague cases by number of occurrences per municipality in Ceara. Inset map
shows Brazil with the Araripe Plateau focus in red. KDE, kernel density estimation; SaTScan, space-time scan (https://www.satscan.org)
statistics; SRMT, Shuttle Radar Topography Mission (https://www.earthdata.nasa.gov).

are closed in by concave cliffs (Figure 1). Converse-
ly, only a few cases were reported on the top of the
plateau. To overcome bias of heterogeneous popula-
tion density, we performed a SaTScan analysis using
the census tracts as geographic areas, which con-
firmed the findings from the KDE analysis. Further-
more, the estimated relative risk for the population
living within the radius of 2 areas were much higher
than for the surrounding areas; 5.29-fold higher in
area A and 24.67-fold higher in area B (Figure 1). The
year-by-year dynamics of plague cases in the region
was clearly visible (Video, https://wwwnc.cdc.gov/
EID/article/30/9/24-0468-V1.htm).

Effect of Eco-Epidemiologic and Climatic Variables

on the Dynamics of Human Plague Cases

By analyzing precipitation levels and data from
40,972 rodents and 39,150 fleas tested for Y. pestis
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in the Araripe Plateau region during 1966-1980, we
were able to assess the seasonal and annual effect
of those variables on the number of human cases.
Overall, the years with higher rodent and flea Y.
pestis positivity rates overlapped the years with
more human cases (Figure 2, panels B, D, F, H,
J). In addition, using rodent capture success as a
proxy for animal abundance, we found that years
with more human cases and Y. pestis—positive ani-
mals also had reduced rodent abundance, indicat-
ing that Y. pestis circulation had a major effect on
the rodent population. Of note, the annual dynam-
ics of average pluviosity (rainfall amount) showed
a l-year delay effect when compared with human
cases until 1976 (Figure 3, panel A), after which
plague became quiescent in the region. Thus, we
considered the pluviosity from the previous year in
further analyses.
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Next, we evaluated the seasonal aspects of those
variables by measuring the average monthly rates
for several additional variables during 1966-1980.
Along with the human cases, rodent and flea Y. pestis
positivity rates, flea index (number of fleas per host),
and rodent abundance all showed a strong seasonal
component, peaking during the end of winter and
beginning of spring (August-October) (Figure 2). We

Factors Modulating Plague Epidemics, Brazil

noted that rainfall occurred mostly in the first semes-
ter, peaking during late summer and early fall (Febru-
ary-April) (Figure 3, panel B).

The occurrence of human cases was proportion-
ally related to rodent (R* = 0.94) and flea (R? = 0.93)
Y. pestis positivity rates, and human cases related
more moderately (R?> = 0.65) to the previous year’s
pluviosity (Figure 4, panel A). We also ran those

Figure 2. Annual (left column) and seasonal (right column) dynamics of plague occurrence and flea and rodent capture and abundance
rates in a study of ecologic, geoclimatic, and genomic factors modulating plague epidemics in primary natural focus, Brazil. A, B) Human
cases; C, D) rodent positivity; E, F) flea positivity; G, H) flea index (number of fleas per host); |, J) rodent capture success. Vertical lines

provide midpoints for comparison between measured indices.
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variables in a multivariable regression model; how-
ever, rodent and flea positivity were also mutually
dependent and therefore redundant (R? = 0.94) (Ap-
pendix 1 Figure 2, panels C, D). For that reason, the
model was better explained by a single variable
linear regression. Linear regression of flea index
showed no impact of this variable on human cases
or rodent infection. By comparing monthly averages
during 1966-1980, we found that the rodent abun-
dance (capture success), flea index, and rodent and
flea Y. pestis positivity rates had a stark linear pro-
portionality with human cases at a seasonal level
(Figure 4, panel B). Of note, although the effect of
rodent and flea Y. pestis positivity rates on human
cases showed a linear pattern, rodent abundance
had a negative exponential correlation with plague
activity in humans, and Y. pestis positivity in animal
hosts and vectors (Figure 5).

The PCA of multiple eco-epidemiologic and cli-
matic features revealed that distinct years clustered
together according to the intensity of human cases,
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Figure 3. Effects of climatic
variables on human cases in a
study of ecologic, geoclimatic,
and genomic factors modulating
plague epidemics in primary
natural focus, Brazil. A)

Yearly average pluviosity
(rainfall amount); B) monthly
average pluviosity. Dots
indicate averages; whiskers
indicate upper and lower limits.
Average pluviosity (mm?®) was
measured in municipalities in
the state of Pernambuco in the
Araripe Plateau region during
1962-1980. The curves in panel
B represent the third order
polynomial interpolation of cases
and pluviosity averages; shaded
areas indicate 95% Cls.

suggesting a synergic effect among those variables.
Of note, 1975, which had the highest number of hu-
man cases, showed unique eco-climatic features.
Those features included lower abundance of Necromys
lasiurus mice; distinct ecologic network parameters,
such as host-vector robustness and modularity; high
precipitation (considering a 1-year lagged effect); and
higher Y. pestis—positivity rates in rodents and vectors
(Figure 6; Appendix 1 Figure 2, panel E). We desig-
nated years as epidemic or low-activity according to
the PCA analysis.

Spatiotemporal Dynamic of Human Plague Cases

by Rainfall and Vegetation Coverage

On the basis of our preliminary findings that human
plague cases correlated with the average pluvios-
ity from the previous years in the Araripe Plateau re-
gion (Figure 3, panel A), we expanded our analysis to
evaluate whether that effect would also demonstrate
a spatial pattern. By interpolating pluviometry data
from meteorologic stations in the region, we observed
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Figure 4. Linear regression of human cases, rodent and flea positivity, and pluviosity (rainfall amount) in a study of ecologic, geoclimatic,
and genomic factors modulating plague epidemics in primary natural focus, Brazil. Annual (A) and monthly (B) average number of
human cases compared with Yersinia pestis positivity among rodents and fleas and average pluviosity are shown. The previous year
pluviosity data only included years from the plague outbreaks, 1966—1976. Solid lines indicate averages, shaded areas indicate 95%

Cls, and dots indicate outliers.

a marked overlap between clusters of plague cases
and rainfall volume during the study period (Fig-
ure 7, panel A). Similar to the plague cases, rain was
more intense in lower altitude areas neighboring the
elevated plateau. Next, we also investigated the spatial
distribution of rainfall in the years that anticipated ma-
jor outbreaks (1967 and 1974) or epidemiologic silence
(1972) and observed a 1-year delay in spatial overlap be-
tween rainfall and plague cases (Appendix 1 Figure 3).

Considering the semiarid climate in the region,
we hypothesized that one of the mechanisms through
which rainfall could modulate plague would be ef-
fects on the availability of vegetation as a food source
for wild rodents. NDVI data showed that vegetation
was concentrated in the slopes of the Araripe Plateau,
overlapping the main rainfall and plague case areas
(Figure 7, panel B).

Ecologic Aspects of Plague in Araripe Plateau and
Ecologic Networks

N. lasiurus mice were the most representative ro-
dent species during the study period. Nevertheless,
N. lasiurus mice representation varied through time
and was greatly reduced in epidemic years (Figure
8, panel A). Moreover, reduction of N. lasiurus mice
populations had a dramatic effect on the overall cap-
ture success rate. Of note, after the abrupt shift from a
major plague outbreak in 1975 to quiescence, the wild
rodent population quickly reestablished.

Among flea vector species, the most common
in captured rodents was Polygenis spp. fleas, which
were the predominant and almost exclusive species
in wild rodents, including N. lasiurus mice. On the
other hand, Xenopsylla spp. fleas were mostly found
in the synanthropic Rattus rattus rats. Less commonly,

Figure 5. Exponential correlation between rodent capture success and human and animal Yersinia pestis positivity in a study of ecologic,
geoclimatic, and genomic factors modulating plague epidemics in primary natural focus, Brazil. A) Human cases; B) rodent positivity; C)
flea positivity. Capture success serves as a proxy for rodent abundance.
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Figure 6. Year-based principal component analysis in a study of
ecologic, geoclimatic, and genomic factors modulating plague
epidemics in primary natural focus, Brazil. PC based on eco-
epidemiologic and climatic features. The weight of each included
variable is provided in Appendix 1 Figure 2, panel E (https://wwwnc.
cdc.gov/EID/30/9/24-0468-App1.pdf). PC, principal component.

Adorapsylla spp. and Ctenocephalides spp. fleas were
also identified (Figure 8, panel B). Because the meth-
od of flea species classification changed over time, we
referred to fleas only at the genus level.

The structural properties of the host-vector
network exhibited significantly higher robustness
in epidemic years than low-activity epidemiologic
years (Figure 6), and effects were seen in both small
mammal (Mann-Whitney p = 0.014) and flea (Mann-
Whitney p = 0.029) groups (Figure 9). Modularity
(quantitative modularity) and nestedness (weighted
nested overlap and decreasing fill [NODEF]) values
surpassed those predicted by null models, and ap-
peared similar across epidemiologic years as the
connectance, a term used to describe the ratio of ob-
served ecological interactions to the total potential
for such interactions. By sorting years according to
their epidemiologic status, we observed distinct pat-
terns of biologic interactions between small mam-
mals and flea species (Figure 10, panel A). We also
calculated annual values for the ecologic network
metrics (Appendix 1 Figure 4, panel A).

Using only epidemiologic variables, 11 of 14
plague years (1977 singularity resulted in an invalid
value) were correctly classified by the linear discrimi-
nant analysis; 1969 and 1975 were misclassified as not
epidemic, and 1976 was misclassified as epidemic.
When using 5 different network variable combina-
tions with epidemiologic variables, we found the cor-
rect classification of those 14 years was obtained by
adding only modularity and nestedness. Those find-
ings showed that the network variables increased the
correct discrimination by 21.43% compared with the
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eco-epidemiologic variables alone. We summarized
probabilities of classification for all models by using
epidemiologic and network variables, and found that,
in terms of predictive probability, 1969 and 1976 were
less prone to correct prediction by different models
(Appendix 1 Figure 4, panel B).

Monthly-Based Eco-Epidemiologic Surveillance
Parameters as Predictors of Human Plague Risk

To estimate how data from animal surveillance can
provide informative alerts of risk for human plague,
we next analyzed monthly data. The receiver operat-
ing characteristic curve analysis revealed that 0.86%
rodent positivity and 0.34% flea positivity are the op-
timal cutoff values of risk for human cases. We found
that rodent and flea Y. pestis positivity rates were
strong predictors of plague activity in humans in the
same month: for fleas, area under the curve was 0.77,
sensitivity was 66.7% and specificity was 88.3%; for
rodents, area under the curve was 0.86, sensitivity
was 83.3%, and specificity was 81.8%. The other eco-
logic variables, such as capture success and flea index,
on the other hand, were poor predictors (Figure 11).

Genomic Features from Y. pestis Isolates

We analyzed 913 Y. pestis isolates from human cases,
animal reservoirs, and vectors, including 439 isolates
from Brazil and 474 from elsewhere. The core genome
analysis resulted in a conserved sequence that was
equivalent to 46% of the CO92 reference strain (Gen-
Bank accession no. GCA_000009065.1). The core SNV
contained a total of 1,867 SNV sites that diverged
from the CO92 genome.

The core SNV approach identified discernible pat-
terns of geographic distribution of Y. pestis lineages at
the global level. Strains from Brazil were a relatively
homogeneous genetic group, assigned within the
1.0RI phylogenetic population (Figure 12). Isolates
from Brazil constituted a monophyletic clade that de-
rived directly from strains from South America and
North America, which in turn branched from strains
from Yunnan and Southeast Asia. That genetic con-
nection sheds light on the historical dissemination of
Y. pestis in Brazil. Among Y. pestis genomes from the
NextStrain dataset (https://nextstrain.org), strains
from the same geographic plague foci grouped to-
gether within the phylogenetic tree (Figure 12).

The plague spikes in Brazil during 1966-1972
were constituted by a basal occurrence of the main,
undifferentiated, genetic group that we termed
Araripe ancestor (Figure 12), which derived some
transitory groups that were unsuccessful in re-
placing the basal lineage over time. One of those
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genetic groups, group D, was isolated in August
1969 and quickly expanded, representing 76%
(28/37) of Y. pestis isolates during October 1969-
March 1970, when the cases in the region ceased. In
the second semester of 1970, when plague started
to disseminate again, we did not identify any group
D strains, and we assigned the new isolates to the
Araripe ancestor group.

The Y. pestis strains isolated during the 1974-1975
outbreak formed a monophyletic and discernible
clade, group E (Figure 12). Of note, the only 2 iso-
lates during the quiescent year of 1973 were group
E, which was uncommon in previous years. After
1973, however, that clade promptly replaced the pre-
vious strains circulating in the region, which over-
lapped with an unprecedented upsurge of plague
cases (Figure 13). In addition, the lineage replacement
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caused by group E strains was observed temporally
and spatially (Figure 14). We noted the apomorphic
mutations that defined each of those derived groups,
along with their predicted effects on protein function
(Appendix 2 Table 1, https:/ /wwwnc.cdc.gov/EID/
article/30/9/24-0468-App2.xlsx).

Discussion

We aimed to dissect plague epidemics that occurred
in the Araripe Plateau focus of Brazil. By combining
epidemiologic, ecologic, climatic, and genomic infor-
mation, we were able to learn relevant aspects of the
intricate spatiotemporal dynamics of plague in the re-
gion. Analysis from the temporal series showed that
eco-epidemiologic and climatic factors had a stark
and linear influence on the risk for human plague.
Monthly rodent and flea positivity rates strongly

Figure 7. Spatial distribution
of rainfall (pluviometry) and
vegetation coverage in a study
of ecologic, geoclimatic, and
genomic factors modulating
plague epidemics in primary
natural focus, Brazil. A)
Locations of human cases
and interpolation of average
pluviometry (1961-1980)

in the Araripe Plateau
municipalities of Pernambuco
state. B) Locations of human
cases and normalized
difference vegetation index
model showing vegetation
concentrated in the slopes

of the Araripe Plateau,
overlapping the main rainfall
and plague case areas. Images
obtained by the Landsat 4
satellite in 1984.
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Figure 8. Diversity of rodent and flea species during distinct epidemiologic scenarios of plague in a study of ecologic, geoclimatic, and
genomic factors modulating plague epidemics in primary natural focus, Brazil. A) Frequency of each rodent species on capture traps
per year (left axis), yearly capture success (right axis) and human plague cases (red curve on top). B) Sankey diagram representing the
distribution of rodents and other small mammal hosts according to the flea species and frequency.

indicated the risk for human cases and cutoff values
were <1% positivity, meaning any basal detection of
Y. pestis bacteria in wildlife signaled a risk for human
plague cases. Although these indicators have high
sensitivity and specificity, detecting early-stage risk
requires a large number of sampled animals. Those
findings support previous studies suggesting that se-
rosurveys in sentinel species, such as dogs, are more
efficient and require fewer tests (12).
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Human plague in the Araripe Plateau region
typically started at the end of the rainy season and
peaked in the driest months, August-September.
Our results showed that rainfall affected plague dy-
namics in this semiarid region by modulating the
wild rodent and flea abundance. Sylvatic rodent and
flea populations expand after the rainy season until
the peak of the dry season, and once food and water
sources become scarce, rodents carrying vector fleas

Figure 9. Comparison between
ecologic networks parameters in
a study of ecologic, geoclimatic,
and genomic factors modulating
plague epidemics in primary
natural focus, Brazil. Graphs
compare nonepidemic years
(cases <5) with epidemic years
(cases >5). A) Host robustness;
B) vector robustness; C)
modularity; D) connectance,
which is used to characterize
community-wide specialization;
E) nestedness based on overlap
and decreasing fill. Cutoff value
for epidemic status was defined
according to the cluster at the
principal component analysis.
Mann-Whitney test was used to
compare groups. Asterisks (*)
indicate statistically significant
difference (p<0.05). The lower
and upper error bars correspond
to the first and third quartiles
(the 25th and 75th percentiles).
Vertical lines within boxes
represent medians.
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Figure 10. Potential Yersinia pestis transmission networks in a study of ecologic, geoclimatic, and genomic factors modulating plague
epidemics in primary natural focus, Brazil. A) Epidemic years, >5 human cases; B) nonepidemic years, <5 human cases. Transmission
networks were based on biologic interactions between host and vector species. Weight of links represent relative proportion of flea

species per small mammal.

are attracted to human domestic perimeters by the
grain crops grown there. Those events overlap the
quick dissemination of plague in the rodent commu-
nities, leading to rodent dieoffs and the search for
new hosts by the fleas.

Precipitation patterns have been implicated in
plague risk in distinct ecosystems (4,13-15). Our find-
ings suggest that rainfall could set the ground condi-
tions for plague dissemination in the following year.
Similarly, studies from other plague systems also re-
ported a lagged effect of precipitation on plague risk
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(15-17). Of note, the plague epidemic described here
overlapped with a period of cool and negative Pacific
decadal oscillation teleconnection that lasted until
1976 (18-20), which is supported by previous studies
performed in other ecosystems (17).

Geospatial analysis revealed that locations at
lower altitudes and closer to the concave sectors
from the plateau were at higher risk for plague oc-
currence. We hypothesized that those locations
provided specific conditions that led to the dis-
semination of plague in wildlife and, eventually,

Figure 11. Human risk

prediction in a study of ecologic,
geoclimatic, and genomic factors
modulating plague epidemics

in primary natural focus, Brazil.
Prediction used ecologic variables
at a monthly level. A) Receiver
operating characteristic curves
and cutoff values of the ecologic
variables for the prediction of >2
human cases within the same
month. B) Sensitivity, specificity,
and AUC for each variable. Error
bars indicate 95% Cls. AUC, area
under the curve.
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Figure 12. Genomic characterization of Yersinia pestis strains in a study of ecologic, geoclimatic, and genomic factors modulating plague
epidemics in primary natural focus, Brazil. Phylogenetic tree was based on the 1,867 single-nucleotide variants identified in the core genome
from 913 strains isolated in the Araripe Plateau and included in the analysis. The rings contain metadata regarding the epidemiologic features
from the Araripe Plateau outbreaks (ring 1), the attributed geographic foci (ring 2), and genetic group provided in the NextStrain dataset
(https://nextstrain.org) (ring 3). Brazil branches are colored according to their genetic subgroups. Scale bar indicates nucleotide substitutions

per site.

in humans. That hypothesis was further support-
ed by the marked spatial overlap between plague
hotspots with increased rainfall and vegetation
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coverage areas. Of note, although the top of the pla-
teau has savanna-like vegetation, the concave slopes
are described to encompass unique characteristics,

Figure 13. Temporal distribution
of Yersinia pestis strains in a
study of ecologic, geoclimatic,
and genomic factors modulating
plague epidemics in primary
natural focus, Brazil. The graph
shows genomic characterization
of Y. pestis strains from this
study compared with the
number of human plague

cases per year. Scales for the
y-axes differ substantially to
underscore patterns, but do not
permit direct comparisons.
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including forest vegetation and increased water
availability due to orographic rain (7,21). Those
findings support the trophic cascade hypothesis and
underscore the influence of climate factors, such as
water availability, vegetation coverage, and host-
vector abundance, on Y. pestis dissemination. Simi-
lar patterns have been observed in other systems, in-
dicating a broader ecologic context where climate is
implicated in the spread of plague (14,17,22). Identi-
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fying well-defined hotspots with conditions optimal
for plague outbreaks is crucial for maximizing an as-
sertive epidemiologic surveillance of this neglected
yet reemerging disease, especially in resource-con-
strained settings.

The scarcity of satellite-derived data throughout
the period studied restricted our access to variables
essential for modeling the suitability of plague resur-
gence. Moreover, the abrupt disappearance of plague

Figure 14. Spatial distribution

of Yersinia pestis strains in a
study of ecologic, geoclimatic,
and genomic factors modulating
plague epidemics in primary
natural focus, Brazil. The
sequence strains from the
Araripe Plateau are shown
during various timeframes: A)
August 1966—October 1969;

B) November 1969—March
1970; C) April 1970-May 1973;
and D) June 1973-December
1980. Detailed spatiotemporal
dynamics of Y. pestis lineages in
the Araripe Plateau are available
at https://microreact.org/project/
fNz1zKcNyCTmKQrtke33Gm-
yersinia-pestis-strains-in-the-
araripe-plateau-brazil.
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after a massive rodent dieoff in 1975 potentially could
be attributed to the depletion of sensitive hosts or
vectors and the expansion of resistant ones (22,23).
Consequently, further research encompassing later
timeframes and integrating satellite-derived climatic,
topographic, and land-use data, alongside assess-
ments of host-vector suitability for Y. pestis infection,
is imperative for accurately modeling potential sce-
narios of plague resurgence.

Beyond its effects on human health, sylvatic plague
raises major conservation concerns. Our findings show
that plague activity correlated with substantial de-
clines in abundance of N. lasiurus mice. The drastic
effect on wild rodent abundance has been reported to
cascade through the ecosystem, affecting prey-preda-
tor balance and consequently, biodiversity and eco-
system stability (24). Furthermore, plague can disturb
ecologic systems by directly infecting a wide range of
mammal species (25,26). In this study, the presence of
generalist species with extensive interactions contrib-
uted substantially to the network’s robustness during
epidemic years; however, a sharp population decline
in those species impacts most of their interaction part-
ners, rendering generalist species surveillance crucial
(27,28). We found the potential for plague maintenance
via multiple species interactions, akin to patch dynam-
ics (29), is especially evident during epidemic years.
Such periods exhibited greater stability in maintaining
transmission pathways despite local species extinc-
tions, which was evidenced by higher network robust-
ness in epidemic years.

The amalgamation of phylogenetic and spatio-
temporal characteristics in Y. pestis isolates from the
Araripe focus highlighted the incidence of a foun-
dational ancestral strain. That strain exhibited the
capability to evolve into distinct genetic groups,
each linked to temporally and spatially constrained
outbreaks. Of note, the large outbreak of 1974-1975
was observed in immediate succession to the dis-
placement of previously prevalent Y. pestis strains by
a singular clade. The expansion of specific Y. pestis
clades temporarily overlapped with 2 atypical years,
1969 and 1976, in the eco-epidemiologic linear model.
Phylogroup D appeared in 1969, and 1976 marked
the aftermath of the largest plague outbreak period
in the region; strains from that outbreak were geneti-
cally characterized by displacement of prior lineages
by phylogroup E.

The results from this study rely on records gen-
erated during epidemiologic surveillance of human
and animal plague. The first limitation of this study
is the lack of case-level data in the state of Ceara in
the northern range of the Araripe Plateau, which
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limited most data analysis to the southern part in
Pernambuco state. The second limitation is that, al-
though plague surveillance in rodents and fleas was
uninterrupted during the study period, outbreaks in
specific sites might have biased the rodent capture ef-
fort toward specific locations. Finally, because satel-
lite images were available only after the study period,
a 4-year delay occurs between surveillance and NDVI
representation.

In conclusion, this study identified well-delimited
pockets of plague activity spanning areas just a few
kilometers wide in the Araripe Plateau region of Bra-
zil. Through the lens of One Health, we determined
plague hotspots by using a specific combination of
rainfall, vegetation, and landscape features. We also
measured the impact of plague activity on wild rodent
populations and spillover events in humans. Our re-
search provides a holistic understanding of the ecolog-
ic implications of plague in an ecosystem of Brazil. Our
findings from Araripe Plateau data could help refine
plague risk areas and improve surveillance in other
plague foci within the Caatinga biome.
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Use of Open-Source Epidemic
Intelligence for Infectious
Disease Outbreaks, Ukraine, 2022

Anjali Kannan, Rosalie Chen, Zubair Akhtar, Braidy Sutton,
Ashley Quigley, Margaret J. Morris, C. Raina Maclintyre

Formal infectious disease surveillance in Ukraine has
been disrupted by Russia’s 2022 invasion, leading to
challenges with tracking and containing epidemics. To
analyze the effects of the war on infectious disease epi-
demiology, we used open-source data from EPIWATCH,
an artificial intelligence early-warning system. We ana-
lyzed patterns of infectious diseases and syndromes be-
fore (November 1, 2021—February 23, 2022) and during
(February 24—July 31, 2022) the conflict. We compared
case numbers for the most frequently reported diseases
with numbers from formal sources and found increases
in overall infectious disease reports and in case numbers
of cholera, botulism, tuberculosis, HIV/AIDS, rabies, and
salmonellosis during compared with before the invasion.
During the conflict, although open-source intelligence
captured case numbers for epidemics, such data (except
for diphtheria) were unavailable/underestimated by for-
mal surveillance. In the absence of formal surveillance
during military conflicts, open-source data provide epi-
demic intelligence useful for infectious disease control.

On February 24, 2022, Russia forces launched an
armed attack against Ukraine (1), escalating the
ongoing Russo-Ukrainian conflict that began in 2014
when Russia annexed Crimea and resulting in one of
Europe’s biggest threats to peace and security since
the Cold War (2). The healthcare sector in Ukraine has
been heavily affected, and 18 months into the recent
conflict, 10,000 civilians had died (3). Such conflict
situations increase the risk for epidemics (4), and the
disruption or cessation of public health surveillance
creates challenges for tracking them. Rapid epidemic
intelligence using open-source data may be an alter-
native form of surveillance for infectious disease out-
breaks during times of conflict.

Author affiliation: University of New South Wales, Kensington,
Sydney, New South Wales, Australia

DOI: https://doi.org/10.3201/eid3009.240082
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Before 2022, the healthcare system in Ukraine
had already experienced major stressors, including
8 years of conflict in the eastern part of the country,
followed by the COVID-19 pandemic (1). Several
weeks before Russia invaded, the fourth COVID-19
wave in Ukraine peaked, further decreasing num-
bers of available healthcare staff and increasing stress
on hospitals (1). As of February 20, 2022, only 34.5%
of the Ukraine population had received 2 doses of
COVID-19 vaccine and only 2% of the eligible popu-
lation had received a booster (5).

Other vaccine-preventable diseases were also
highly prevalent in Ukraine before the invasion, and
some of the lowest vaccine coverage rates in Europe
were in Ukraine (5). For example, vaccine-derived
poliomyelitis reemerged in 2021, after previous cases
in 2015 and 2016 (6,7). A polio vaccination campaign
targeting 140,000 children was implemented shortly
after the outbreak but was paused as the conflict be-
gan (6). Similarly, a large measles epidemic affected
Ukraine during 2017-2019, in part because of low vac-
cination coverage, which was the lowest in Europe in
2016 (31%) (5). Although reported cases decreased
substantially in 2020 (264 cases) and 2021 (16 cases),
recent shortages in measles vaccines pose a threat (8).

Compared with rates for most other countries
in Europe, rates of tuberculosis (TB) in Ukraine are
higher, and a substantial proportion of infections are
multidrug resistant (5). Before the recent conflict, the
COVID-19 pandemic had also significantly affected
TB diagnosis and treatment centers, thus hindering
TB control (9).

In 2019, the second largest HIV / AIDS epidemic
in eastern Europe and central Asia was in Ukraine;
~1.0% of the Ukraine population were reported to
be living with the infection (10,11). Drivers of the
epidemic included risky drug injection practices
and disruption of treatment centers because of
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Figure 1. Daily EPIWATCH (https://www.epiwatch.org) reports
of outbreaks in Ukraine before and during Russia’s invasion,
November 1, 2021-July 31, 2022.

conflict, which could further exacerbate the HIV/
AIDS burden in Ukraine (6).

The ongoing conflict, escalated by the invasion,
has resulted in the destruction of healthcare infra-
structure in Ukraine (12). In the 11 months after Rus-
sia invaded, 707 attacks on the Ukraine healthcare
system were reported (12). Disruption of vaccination
programs, limited testing capacity, displacement,
and overcrowding can increase the risk for reemer-
gence of vaccine-preventable infections such as po-
lio, COVID-19, influenza, measles, TB, and pertussis
(6). In addition, water supplies in cities such as Mari-
upol are not safe to drink because of damaged sew-
age systems and raw sewage leakage into nearby
rivers and streams, yet many people still drink con-
taminated water (4). Risk for various infectious dis-
eases is further increased by lack of regular housing

Figure 2. Comparison of daily EPIWATCH (https://www.epiwatch.
org) reports of outbreaks in Ukraine during Russia’s invasion
(February 24, 2022—July 31, 2022) and in the same period of the
previous year (February 24, 2021-July 31, 2021).
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and shelter, reduced caloric intake, and poor hy-
giene and sanitation.

After February 2022, formal surveillance for most
infectious diseases ceased, and reporting of notifiable
infectious diseases has since been minimal. Open-
source data can help overcome the lack of formal
disease surveillance by harnessing information from
open sources such as news media, medical organiza-
tions, and social media. Use of artificial intelligence
(Al) can generate early warning signals from open-
source data and provide epidemiologic information
regarding infectious diseases in the absence of formal
surveillance in a war zone (13).

To analyze patterns of infectious diseases and
syndromes before (November 1, 2021-February 23,
2022) and during (February 24-July 31, 2022) the in-
vasion (hereafter called the conflict), we used EPI-
WATCH (https://www.epiwatch.org), an open-
source Al-based epidemic early warning system that
has been operating since 2016. EPIWATCH collects
open-source data, which are then processed by 2 Al
systems to generate epidemic signals (13); the sys-
tem has the proven capacity to capture early warn-
ing signals for infectious diseases (14-16). Because
our study involved analysis of open-source pub-
lished data that was anonymous, ethics approval
was not required.

Methods

To enable comparison of periods before and dur-
ing the conflict, we gathered open-source data from
EPIWATCH for Ukraine for 2 periods before (No-
vember 1, 2021-February 23, 2022, and February-
July 2021) and during (February 24-July 31, 2022
the conflict. EPIWATCH collects outbreak reports
on specific infectious diseases and clinical syn-
dromes, including undiagnosed syndromes such as
severe acute respiratory infection, pneumonia, rash
and fever, and encephalitis.

The before-conflict period served as a baseline
for comparing disease reports from the during-
conflict period. To capture a relevant snapshot of
epidemics in Ukraine around the time the conflict
began, which could influence epidemics occurring
during the conflict, we selected the 3 months before
the conflict as a baseline for the immediate before-
conflict period. To account for seasonal variations
of disease incidence, we also collected data for the
same period during the previous year (February 24-
July 31, 2021) as a second comparator.

EPIWATCH searches for =200 specific disease
and syndrome terms in 46 languages, and ~70% of
all intelligence gathered is from non-English sources

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 9, September 2024
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(17). EPIWATCH gathered data for all areas within
the internationally recognized borders of Ukraine in
the Ukrainian and Russian languages (because Rus-
sian is spoken in some parts of Ukraine). The Rus-
sian language had already been in use in EPIWATCH
since September 2019. After Russia invaded Ukraine
on February 24, 2022, the EPIWATCH team added
the Ukrainian language to the EPIWATCH search
engine. To reduce ascertainment bias caused by add-
ing a new language, identical EPIWATCH search
terms were applied retrospectively in the Ukrainian
language by using the Google search engine for the
2 before-conflict control periods in 2021-2022; those
terms were added to the dataset to compare trends
before and during the conflict. Because the retrospec-
tive search used the same search terms and search
engine (Google) for prospective data collection, the
results should be comparable.

We downloaded EPIWATCH outbreak report
data for Ukraine for the periods of interest, com-
bined with retrospective data in the Ukrainian
language, and screened the data for eligibility. In-
clusion criteria for the final analysis were reports fo-
cusing on infectious diseases and syndromes among
humans; zoonotic diseases (diseases circulating
among animals that can be transmitted to humans);
and having data regarding confirmed, probable, or
suspected cases. We excluded reports not meeting
those criteria.

To conduct descriptive epidemiologic analysis of
outbreak reports, we used Microsoft Excel (https://
www.microsoft.com). We extracted data on diseases,
syndromes, populations affected, and location and
time and analyzed the data by reporting periods. We
compared numbers of reports from the before- and
during-conflict periods as well as from the previous
year and constructed graphs by using Prism (Graph-
Pad, https:/ /www.graphpad.com).

We next extracted case numbers from the reports.
We extracted from EPIWATCH reports the number
of cases of the 8 most reported diseases and created
a line list for further analysis. We included cases in
the line list only if reports had definitive numbers. If
case numbers were vague or cumulative, we exclud-
ed them. We also removed duplicate case numbers.
Then, we searched for formal case numbers published
by organizations engaged in formal surveillance (e.g.,
the World Health Organization and the European
Centre for Disease Control and Prevention). We then
compared during-conflict case numbers from EPI-
WATCH with case numbers of the same diseases
published by formal surveillance during the same pe-
riod, when available.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

Open-Source Epidemic Intelligence, Ukraine

Figure 3. Number of reports of clinical syndromes per day before
and during Russia’s invasion, Ukraine, November 1, 2021—July
31, 2022.

Results

We identified 805 outbreak reports in EPIWATCH
during February 24, 2022-July 31, 2022, for an aver-
age of 5 reports per day. In comparison, 259 reports
were collected in the 3 months before the conflict (No-
vember 1, 2021-February 23, 2022), an average of 2
reports per day (Figure 1). Reports initially peaked (n
=14) on April 7, 2022, largely regarding a diphtheria
outbreak in the Ternopil Oblast of western Ukraine.
The largest peak was in June, when 37 reports were
attributed to an outbreak of cholera in Mariupol in
eastern Ukraine. For the same period in the previous
year, we found 180 reports, indicating a 447 % increase
during the conflict (Figure 2).

Before the invasion, there were a total of 4 reports
of clinical syndromes, all of which were acute gas-
troenteritis (Figure 3). After the invasion, syndromic
reports increased; acute gastroenteritis (87.1% of re-
ports) was the most common, followed by influenza-
like illness (6.5%), fever of unknown origin (3.2%),
and meningitis (3.2%).

According to individual reports from June 2022
of acute gastroenteritis, many illnesses were identi-
fied as dysentery or suspected cholera. Among other
reports of acute gastroenteritis, a report from May 26,
2022, cited an outbreak of unknown cause resulting
in acute gastroenteritis signs/symptoms among 17
internally displaced persons in the Lviv region. In ad-
dition, starting on July 20, 2022, an outbreak affecting
91 persons within 1 week was reported in the Odessa
region. A report of meningitis recorded on July 31,
2022, mentioned an overall increase in viral/bacterial
meningitis cases in Ukraine since before the conflict.

Before the conflict, the most frequently re-
ported outbreaks were COVID-19, influenza, and
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poliomyelitis, accounting for 70% of the total re-
ports during that period (Table 1). In the during-
conflict period, the most frequently reported dis-
eases were COVID-19 (increased from 106 to 187
reports), cholera (from 0 to 157 reports), botulism
(from 22 to 122 reports), TB (from 11 to 75 reports),
HIV/AIDS (from 6 to 61 reports), rabies (from 12
to 40 reports), salmonellosis (from 4 to 39 reports),
and diphtheria (from 2 to 29 reports) (Table 2).
Only cholera was not reported before the conflict.

Table 1. Numbers of daily reports of disease outbreaks before
and during Russia’s invasion, by disease, Ukraine, November 1,
2021-July 31, 2022*

No. reports
Disease Before conflict During conflict
COVID-19 106 187
Cholera 0 157
Botulism 22
Tuberculosis 11 75
HIV/AIDS 6 61
Rabies 12 40
Salmonellosis
Diphtheria
Poliomyelitis
Varicella
Rotavirus infection
Malaria
Influenza
Measles
Leptospirosis
SARS-CoV-1 infection
Othert
Hepatitis A
Escherichia coli infection
Hepatitis, unspecified
Hepatitis C
Lyme disease
Encephalitis
Tularemia
Staphylococcus infection
Anthrax, unspecified
Mpox
Shigellosis
Smallpox
Meningococcal
CCHF
Newcastle disease
Q fever
Tetanus
Yersiniosis
Typhoid fever
Dirofilariasis
Avian influenza, unspecified
Brucellosis
Influenza A(H1N1)
Influenza A(H3N2)
Influenza A(H5N1)
Influenza B
Listeriosis
Pneumonia of unknown origin
Rubella
Trichinellosis
*Data are reports of outbreaks, not case numbers. CCHF, Crimean-Congo
hemorrhagic fever.
TReports containing information about diseases that were deemed by
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Frequency of reporting decreased for poliomyelitis
(from 37 to 19 reports), influenza-unspecified (from
39 to 10 reports), and influenza A(H3N2) (0 reports)
during the conflict (Table 1).

With regard to our comparison of case numbers
from EPIWATCH and from formal surveillance, most
diseases were not reported by formal surveillance,
except for botulism, TB, and diphtheria (Table 3).
For botulism, the number of cases identified through
EPIWATCH (32 cases) was lower than that identified
through formal surveillance (51 cases) (22). For TB, the
only statistic found by formal surveillance was for the
Rivne Oblast for the first quarter of 2022 (113 cases),
whereas EPIWATCH was able to collect case number
data for the entire reporting period and across more
locations (5,647 cases) (23). Both EPIWATCH and for-
mal surveillance identified 2 cases of diphtheria (22).

Discussion

The ongoing escalation of the conflict in Ukraine is
one of the world’s fastest growing humanitarian cri-
ses and has disrupted health systems and reduced
outbreak detection and response capabilities in the
country (24). We have demonstrated the value of us-
ing open-source epidemic intelligence to gain infor-
mation about unfolding epidemics and public health
priorities in a conflict zone where formal surveillance
is reduced or lacking. We were able to identify new
epidemics that occurred during the conflict, such as
cholera, botulism, and human cases of rabies (which
were presumably exacerbated by an increased num-
ber of displaced domestic dogs). The increases in
cholera and gastroenteritis reflect declining hygiene
and sanitation during the conflict, including lack of
access to safe drinking water and toilets and subse-
quent improper disposal of fecal waste (25). The in-
crease may also be exacerbated by improper handling
and disposal of dead bodies (26), such as burial in
shallow graves, which increases the risk for trans-
mission of some diseases (26,27). We also identified
increased HIV/AIDS and TB cases. HIV clinics were
shut down during the conflict (4), most likely affect-
ing testing and surveillance. In addition, medications
such as antiretroviral drugs have become scarce or
been misused, which may increase the risk for drug-
resistant HIV and may subsequently limit treatment
options and further increase transmission (6). Over-
all, the disruption of transportation networks during
the conflict has decreased access to medical supplies
and treatment for infectious diseases (4). Lack of ac-
cess to testing and treatments has also resulted in loss
of continuity of care, poorer outcomes, and increased
community transmission (6).
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Table 2. Case numbers for the most frequently reported diseases seasonally and before and during Russia’s invasion, by period,

Ukraine
Seasonal, February 24— Before invasion, November 1, During invasion,

Disease July 31, 2021 2021-February 23, 2022 February 24-July 31, 2022
COVID-19 279,671 599,695 7,338
Cholera 0 0 10,015
Botulism 9 11 32
Tuberculosis 5,851 4,799 5,647
HIV + AIDS 3,717 3,255 4,333
Rabies

Human 0 2 13

Animal 0 11 20
Salmonellosis 109 0 57
Diphtheria 0 7 2

Using EPIWATCH, we were able to extract more
complete case data for the 8 most reported infectious
diseases compared with formal surveillance. During the
conflict, formal reporting of infectious diseases such as
COVID-19 notably decreased, most likely because of lack
of testing. The collapse of formal surveillance systems in
Ukraine during the conflict resulted from a variety of fac-
tors (e.g., high levels of displacement, attacks on health-
care facilities, lack of routine data collection, limited
testing and treatment, reduced diagnostic capabilities,
and changes in disease testing policies) (28). After the
invasion, case numbers from the Ukraine government
or other formal surveillance sources for many diseases
either ceased to be reported or were not up to date. Some
formal surveillance systems continued to report cases
of botulism, TB, and diphtheria, but even for those, we
showed that numbers are probably underestimated.

Weak or absent formal surveillance during war-
time hampers timely and targeted interventions such

as vaccination programs (29). Solely relying on for-
mal surveillance may result in missed early warning
signals from other sources, heightening the risk that
diseases will spread internationally, particularly if
refugees migrate to other countries. In that context,
open-source epidemic intelligence can provide early
warnings of epidemics.

Among the limitations of our study, open-source
data are not subject to validation compared with for-
mal surveillance data. However, EPIWATCH uses 3
Al subsystems to improve data quality and exclude
irrelevant material (30). All data are then further
curated by human analysts, who follow standard-
ized operating procedures. EPIWATCH provides re-
ports of outbreaks, rather than case numbers; thus,
monitoring report trends reflects signal strength,
and case numbers extracted from reports may be
less precise. However, for most diseases there was
no formal surveillance or case reporting during the

Table 3. Comparison of cases extracted from outbreak reports collected by EPIWATCH and by formal surveillance during Russia’s
invasion for the 8 most frequently reported diseases, Ukraine, February 24—July 31, 2022*

Disease No. cases obtained from EpiWatch No. cases reported by government or other surveillance

COoVID-19 7,338 COVID-19 surveillance in Ukraine ceased in February 2022 (18).

Cholera 10,015 None. The WHO situation report from June 22, 2022, mentions
increased social media publications about the threat of cholera,

and the report from June 29, 2022, mentions the detection of non-
01 Vibrio cholerae environmental samples; however, no case
numbers were reported (19,20). In December 2022, WHO

published a 2022 global situational summary report on cholera;
however, it did not mention of cases of cholera in Ukraine (21).

Botulism 32 51 cases were reported by the WHO Health Cluster Ukraine in the

first 6 months of 2022 (22).
Tuberculosis 5,647 113 cases were reported by the WHO Health Cluster Ukraine in
the Rivne Oblast for the first quarter of 2022, with a last update on
April 2022 (23).

HIV + AIDS 4,333 None. The cessation of HIV/AIDS surveillance has not officially
been announced; no government or other reporting was found.

Rabies None. The cessation of rabies surveillance has not officially been

Human 13 announced; no government or other reporting was found.
Animal 20

Salmonellosis 57 None. The cessation of salmonellosis surveillance has not officially
been announced; no government or other reporting was found.

Diphtheria 2 2 cases were reported by the WHO Health Cluster Ukraine, with

last update in April 2022 (22).

*EPIWATCH (https://www.epiwatch.org) statistics are for total cases in the entire country and not specific oblasts. WHO, World Health Organization.
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conflict, whereas we were able to extract case num-
bers from the open-source reports. Another limita-
tion is ascertainment bias because media reporting
may be increased in regions of Ukraine with larger
populations. As a result, data from smaller regions
were less frequently obtained, and thus, infectious
diseases may be underestimated. Last, because we
added the Ukrainian language in February 2022,
ascertainment bias could have contributed to the
observed increase in reports from that time. How-
ever, we accounted for that difference by using a
control period in the previous year, for which we
retrospectively collected data in the Ukrainian lan-
guage. Historical open-source reports of outbreaks
from Ukraine might have been removed or censored
by 2022, which may have reduced the potential for
data capture; however, there is no evidence to sug-
gest this was the case. A longer control period may
have been more informative of longer-term trends
and is planned in a follow-up study.

Our study provides an overview of epidemic
activity in Ukraine during the Russian escalation of
the Russo-Ukrainian war in 2022, demonstrating that
EPIWATCH was able to capture a breadth of data
that was not captured by other formal sources. Open-
source digital disease surveillance therefore provides
a useful way to gather real-time health intelligence in
a conflict zone when formal surveillance is absent or
reduced. Using EPIWATCH and other open-source
health intelligence systems can be valuable for real-
time decision support in disaster contexts, including
conflict or natural disasters.
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Autochthonous Leishmaniasis
Caused by Leishmania tropica,
Identified by Using Whole-
Genome Sequencing, Sri Lanka

Hermali Silva,’ Tiago R. Ferreira," Kajan Muneeswaran, Sumudu R. Samarasinghe, Eliza V.C. Alves-Ferreira,
Michael E. Grigg, Naduviladath V. Chandrasekharan, David L. Sacks, Nadira D. Karunaweera

Cutaneous leishmaniasis is atypical in Sri Lanka be-
cause Leishmania donovani, which typically causes
visceral disease, is the causative agent. The origins of
recently described hybrids between L. donovani and
other Leishmania spp. usually responsible for cutane-
ous leishmaniasis remain unknown. Other endemic der-
motropic Leishmania spp. have not been reported in Sri
Lanka. Genome analysis of 27 clinical isolates from Sri
Lanka and 32 Old World Leishmania spp. strains found
8 patient isolates clustered with L. tropica and 19 with L.
donovani. The L. tropica isolates from Sri Lanka shared
markers with strain LtK26 reported decades ago in India,
indicating they were not products of recent interspecies
hybridization. Because L. fropica was isolated from pa-
tients with leishmaniasis in Sri Lanka, our findings in-
dicate L. donovani is not the only cause of cutaneous
leishmaniasis in Sri Lanka and potentially explains a
haplotype that led to interspecies dermotropic L. don-
ovani hybrids.

Leishmaniasis is a heterogeneous group of diseases

caused by protozoan parasites of the genus Leishma-
nia, transmitted by the bite of phlebotomine sand flies
(1). The 3 typical clinical presentations of leishmani-
asis affecting humans are visceral leishmaniasis (VL),
cutaneous leishmaniasis (CL), and mucocutaneous
leishmaniasis (MCL) (1). Those who are most affected
are persons in Asia, Africa, and Latin America who
suffer from poverty (2).
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Although Leishmania donovani causes VL in other
countries in Asia and Africa, an atypical variant of
the same species is almost exclusively associated with
CL in Sri Lanka (3). Common symptoms of CL are
papules, nodules, plaques, and ulcers. Leishmaniasis
cases in Sri Lanka have increased over the past 2 de-
cades, from 22 in 2001 to 3,389 in 2022 (https:/ /www.
epid.gov.lk). Over the past 2 decades, <10 cases of
leishmaniasis have been VL in Sri Lanka; some cases
have included severe chronic conditions preceding
or occurring after the Leishmania infection (4). There
are 2 primary hotspots in Sri Lanka, 1 in the southern
province and 1 in the north-central province (5).

The genetic factors associated with disease phe-
notypes of leishmaniasis are not well understood.
The A2 multigene family in Leishmania might be as-
sociated with either dermotropic or viscerotropic
phenotypes (6). A2 gene variants encode stress-
induced transmembrane proteins that are key for
the parasite tropism to internal organs observed in
visceralizing species (6). Abnormal changes in the
number of chromosome copies that characterize ex-
tensive aneuploidy, usually harmful in most com-
plex organisms, are frequent and highly tolerated in
Leishmania parasites because they have a role in gene
expression modulation (7,8).

The leishmaniasis disease profile worldwide is
typically associated with the causative species of
Leishmania (9). However, descriptions of emerging
isolates and atypical phenotypes have made this
association less clear (6,10). Recent genetic studies
have shown that the Leishmania natural population
structure is more complex than previously thought,
partially because of the plasticity of the parasite ge-
nome and the occurrence of sexual reproduction (11).
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Isolates from the same clade might carry relevant
genetic features accounting for shifts in clinical phe-
notypes. For example, L. donovani isotype MON-37
(from the Montpellier typing system) is the known
causative agent of CL in Sri Lanka, and MON-2 is the
known causative agent of VL in India (3,12).

A more recent analysis of L. donovani clinical iso-
lates from Sri Lanka reported interspecies genomic
hybrids between L. donovani and 2 common cutane-
ous species, L. major from Africa and L. tropica from
the Middle East (13). The evidence of hybridization
and introgression history in the Leishmania popula-
tion in Sri Lanka suggests genetic exchange might
have played a role in the insurgence of dermotropic
L. donovani. However, many epidemiologic aspects
of this model are unclear. Most CL causing L. don-
ovani isolates described to date do not display clear
evidence of hybridization with dermotropic species,
and the parental strains of possible hybrid parasites
in Sri Lanka remain unknown. Currently, <20 high
quality next-generation sequencing (NGS) datasets
of Leishmania spp. isolated from patients in Sri Lanka
are publicly available (13). Therefore, it is crucial to
perform whole-genome sequencing (WGS) analysis
on a wider range of clinical isolates to better under-
stand the atypical pathogenesis of leishmaniasis in
Sri Lanka.

We studied WGS results of 27 Leishmania clinical
isolates from Sri Lanka and made multiple genetic
comparisons by using 32 different Old World Leish-
mania strains, including 5 interspecies L. donovani hy-
brids previously reported in Sri Lanka. Among the
genomes analyzed, we describe autochthonous L.
tropica isolates in patients from Sri Lanka who, apart
from 1 exception, did not have travel history outside
the country.

This study has been approved by the Ethics Re-
view Committee, Faculty of Medicine, University of
Colombo, Sri Lanka (approval no. EC-16-080). Written,
informed consent was obtained from the participants.

Methods

Leishmania Culture

We cultured Leishmania promastigotes from 27 lesion
aspirates (26 CL and 1 MCL) in M199 culture medium
supplemented with 10% heat-inactivated fetal bo-
vine serum (Thermo Fisher Scientific, https:/ /www.
thermofisher.com) and 100 IU/ml of penicillin and
100mg/ml of streptomycin (Thermo Fisher Scientif-
ic). We incubated the cultures at 25 + 1°C until the
logarithmic phase promastigote count reached 107/
mL and then harvested them.
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Genomic DNA Isolation and Sequencing

We extracted DNA from the cultured Leishmania
promastigotes by using a QlAamp DNA Mini Kit
(QIAGEN, https:/ /www.qiagen.com) and prepared
libraries by using the Nextera XT DNA library prepa-
ration kit (Illumina, https:/ /www.illumina.com) and
the Nextera DNA Flex library preparation kit (Illu-
mina), according to the manufacturer’s instructions.
Paired-end sequencing was conducted by Applied Bi-
ological Materials (British Columbia, Canada) by us-
ing the NextSeq (2x75bp) and HiSeq 4000 (2x150bp)
platforms (Illumina).

WGS Data Analysis

We analyzed WGS data of 27 clinical isolates from this
study and 32 Leishmania genomes of Old World spe-
cies available from the National Center for Biotcech-
nology Information Sequence Read Archive (https://
www.ncbi.nlm.nih.gov/sra) or the European Nucleo-
tide Archive (https://ebi.ac.uk/ena). We detected
genome-wide  single-nucleotide  polymorphisms
(SNPs) in each sample after mapping high-quality
reads to the reference strain, L. tropica L590 or L. don-
ovani CL-Sri Lanka (genome available on TriTrypDB,
https:/ /tritrypdb.org). We extracted the consensus
sequences of 7 different genetic markers to identify
the clinical isolates at the species level. Phylogenetic
analysis by NGS multilocus sequence typing (MLST)
involved 59 genomes of nucleotide sequences with
the indicated number of base pairs from the follow-
ing genes: ribosomal RNA internal transcribed spacer
(ITS; L. donovani CL-Sri Lanka CP029526:1015798-
1016063), 265 bp; glucose-6-phosphate dehydrogenase
(G6PD; LtrL590_34:26953-27953), 1,001 bp; glucose-
6-phosphate isomerase (GPL, LtrL590_12:302579-
303479), 901 bp; isocitrate dehydrogenase precur-
sor (ICD; LTRL590_SCAF000112:124407-125407),
1,001 bp; phosphomannose isomerase (PMI;
LtrL.590_32:632360-633360), 1,001 bp; aspartate ami-
notransferase (AST; LtrL.590_35:290874-291838), 965
bp; and inosine-guanine nucleoside hydrolase (IGNH;
LtrL590_14:44174-44933), 760 bp (14). We extracted
the ITS reference sequence from the L. donovani CL-
Sri Lanka reference genome because the ITS sequence
is not fully assembled in L. tropica L590. We conduct-
ed phylogenetic analysis with maximum-likelihood
method and tamura-nei model by using NGS MLST
sequences as input in MEGA X (15). We compiled
the pileup of read alignments to each locus used for 3
representative L. tropica genomes (Appendix 1 Figure
1,  https://wwwnc.cdc.gov/EID/article/30/9/23-
1238-Appl.pdf). We checked the aneuploidy pro-
files by inferring the chromosome copy values from
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whole-genome analysis normalized read depth after
we mapped to the L. tropica L590 reference genome
v.57, found in TriTrypDB, and assuming that all sam-
ples are diploid.

To confirm the absence of species admixture
in the new L. tropica from Sri Lanka, we studied
the genomewide zygosity profiles and the popula-
tion genetic structure by tracking SNP frequencies
in all 59 WGS samples. After mapping, we used
aligned reads to identify SNPs in heterozygos-
ity (allele frequency 0.15-0.85) or in homozygosity
(allele frequency >0.85) by using the PAINT soft-
ware suite (16). We investigated the gene sequenc-
es of the A2 virulence factor (L. donovani CL-Sri
Lanka CP029521:270000-320000) to identify any
association with the phenotype of CL. We gener-
ated pseudo-sequences from 1,368,585 high-quality
whole-genome linked SNPs that had information in
>50% of the samples to build phylogenetic network

trees in SplitsTree v.6.0.2.3 (https:/ /software-ab.cs.
uni-tuebingen.de/download/splitstree6/wel-
come.html) (17). We calculated hamming distances
and used the neighbor-net method to generate a
splits network. A total of 1,000 bootstrap split rep-
licates were used for internode confirmation of the
phylogenetic tree of the L. tropica genomes, with a
minimum 50% cutoff.

Data Availability

Data supporting the conclusions of this article
are within the article and Appendix files, includ-
ing Sequence Read Archive accession numbers for
all the genomic data used in this work (Appen-
dix 2 Tables 1-3, https://wwwnc.cdc.gov/EID/
article/30/9/23-1238-App2.xIsx). We deposited raw
sequencing data in the National Center for Biotech-
nology Information BioProject archive (accession no.
PRJNA904745).
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Figure 1. Geographic locations of patients with cutaneous or mucocutaneous leishmaniasis in Sri Lanka. The mucocutaneous
leishmaniasis patient was from the Puttalam district (A), Anamaduwa subdistrict. The cutaneous leishmaniasis patients were from both
the Matara (B) and Hambantota (C) districts. Isolates labeled in orange were identified as Leishmania tropica. Isolates labeled in blue
were identified as L. donovani. A, Puttalam district; A1, Anamaduwa; B, Matara district; B1, Hakmana; C, Hambantota district; C1,
Okewela; C2, Beliatta; C3, Tangalle; C4, Ambalantota; C5, Sooriyawewa.
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Figure 2. Phylogenetic analysis
of Leishmania spp. clinical
patient isolates from Sri Lanka
and reference Leishmania

spp. strains using sequences

of the ribosomal RNA internal
transcribed spacer (ITS). Sri
Lanka isolates (H and HS) form
2 groups, 1 co-cluster with L.
donovani (blue circles) and 1
with L. tropica (orange squares).
Maximum-likelihood method

and Tamura-nei models were
performed for phylogenetic
analysis using MEGA X (15). For
each gene, the phylogenetic tree
with the highest log likelihood
(—429.25p for ITS) is presented
from 1,000 bootstrap replicates.
Bootstrap percentages >55% are
shown for each branch. Scale
bar represents the number of
mutations per site.

LaelL147 Leishmania aethiopica (Ethiopia)

LmjFn Leishmania major (Israel)
g7'LmiSd Leishmania major (Senegal)

Results

We recovered Leishmania clinical isolates from 27 pa-
tients in 3 administrative districts in Sri Lanka: Hamban-
tota (n =25), Matara (n = 1), and Puttalam (n = 1) (Figure
1). The CL patients were from the southern region and
the MCL patient was from the north-western region of
the country. Clinical manifestations of the CL lesions
consisted of 8 papules, 3 plaques, and 15 ulcers. Eight of
the ulcers were ulcerated nodules (Appendix 2 Table 4).

Species Variability among Clinical Isolates
NGS and MLST revealed that 19 genomes sequenced
in this study belonged to the L. donovani complex and
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8 to L. tropica. This finding was observed in every sin-
gle locus investigated by MLST (Figure 2; Appendix
1 Figures 2, 3). Of note, the ICD gene sequence of the
single MCL isolate, HS1, is more similar to L. tropi-
ca strains from the Middle East (including LtKubba
from Syria, and LtLT1 and LtLT2 from Lebanon) than
to isolates from Sri Lanka (Figure 2) (8,18).

Chromosome Copy Profiles

Genome-wide read depth analysis revealed highly
conserved chromosome copy profiles among the 7 Sri
Lanka L. tropica CL isolates (H9, H15, H19, H21, H24,
H27, and H34), and a divergent pattern in the single
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MCL isolate, HS1 (Figure 3, panels A, B). Polysomy of
chromosome 31 (>3 copies) was seen in all samples.
This polysomy was commonly observed in previous
studies on Leishmania spp (19,20).

Trisomy (2.4-3.5 copies) of chromosomes 2, 21,
and 31 and near-trisomy (2.2-2.4 copies) of chromo-
somes 5, 8, 10, and 13 were detected in L. tropica iso-
lates from Sri Lanka except for HS1, which displayed
trisomic chromosomes 6, 9, 11, 14, 19, 20, 30, 32, and
33 (Figure 3, panel B). In comparison, L. donovani
clinical isolates from Sri Lanka displayed a more het-
erogenous distribution of chromosome copy values
with varied karyotypes (Figure 3, panels A, B). Of the
3 previously reported L. donovani-L. tropica hybrids,
SRR67 and SRR66 showed multiple near-trisomy
matches with the L. tropica isolates from Sri Lanka on
chromosomes 5, 8, 10, and 13. Of note, near-monoso-
my of chromosome 2 (1.2-1.4 copies) was detected in
SRR64, SRR65, and SRR69 (Figure 3, panel B).

Genome-Wide Zygosity Profiles and

Phylogenetic Network Analysis

The total number of SNPs per sample ranged from
117,729 (in LtMA37 WGS) to 2,059,343 (in SRR65 WGS)
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within the sample cohort after mapping reads to the
L. tropica L590 reference genome (Figure 4 panel A).
The 3 previously reported L. donovani-L. tropica hy-
brids showed low homozygosity (<0.12; SRR66-69). In
contrast, most of the SNPs in the L. donovani isolates
from Sri Lanka (H105-165) and in the intraspecies L.
donovani hybrid LAHPCL66, identified in the Himachal
Pradesh province of India, were homozygous (>0.98)
(Figure 4, panel A) (10). Highly skewed heterozygosity
was detected in most of the L. tropica genomes because
they are genetically more similar to the L. tropica L590
reference genome than to L. donovani. For comparison,
we also mapped reads to the L. donovani CL-Sri Lanka
reference genome (Figure 4, panel B). As we expected
for L. donovani-L. tropica progeny, both the genome-
wide SNP frequencies and absolute numbers in the
previously reported hybrids SRR66-69 were largely
unaffected by the reference genome used for mapping
(Figure 4). All L. donovani laboratory strains showed
high ratios of homozygous SNPs.

We generated a network splits tree by using
whole-genome SNPs for all the 59 Leishmania ge-
nomes, highlighting the separation between the
L. donovani and L.tropica isolates from Sri Lanka, with

LoHPCL6 0l sri Lanka Leishmania
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Figure 3. Highly conserved aneuploidy profiles within the cutaneous Leishmania tropica clade from Sri Lanka. A) Heat map visualization
of Leishmania abnormal chromosome numbers in 27 patient isolates from Sri Lanka and 32 previously described strains or hybrids. L.
tropica isolates from Sri Lanka are labeled with orange lines and L. donovani isolates from Sri Lanka are labeled with blue lines. B) Subset
of the data shown in panel A highlighting only chromosomes that are polysomic in >1 isolate. Chromosome copy values were inferred
from whole-genome analysis normalized read depth after mapping to the L. tropica L590 reference genome available on TriTrypDB
(https://lwww.tritrypdb.org), with the assumption that all samples have a 2n DNA content. Somy, abnormal chromosome numbers.
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Figure 4. Frequency of genomewide heterozygous and homozygous SNPs in all genomes analyzed and presented as percent stacked bars
after mapping sequencing reads from Leishmania spp. isolates from Sri Lanka. A) Mapped to L. fropica L590. B) Mapped to L. donovani
cutaneous leishmaniasis reference genome. The total number of SNPs detected using the PAINT software suite (76) is shown to the

right of the main plot. Vertical bars at left: blue, L. donovani; orange, L. tropica; red, interspecies hybrids. Asterisks (*) indicate the biased
heterozygosity profiles of L. donovani genomes that are highly similar to the reference genome (LdCL-SL), resulting in a low number of SNPs
SNP, single-nucleotide polymorphism. Asterisks (*) indicate the biased heterozygosity profiles of L. donovani genomes that are highly similar

to the reference genome (LdCL-SL), resulting in a low number of SNPs.

the hybrids found in the middle point of the tree (Fig-
ure 5, panel A). A more detailed analysis by using
only the data from the L. tropica genomes revealed
2 different subclusters of L. tropica in Sri Lanka. Al-
though HS1 co-clusters with strains found in Syria
(LtKubba) (8) and Lebanon (LtLT1 and LtLT2) (18)
(Appendix 1 Figure 4, panels A, B), the other L. tropica
from Sri Lanka form a discrete subgroup more geneti-
cally similar to the LtK26 strain from India (Figure 5,
panel B). This finding corroborated the phylogenetic
profile observed by the MLST analysis by using the
ICD gene sequence (Appendix 1 Figure 3, panel C).
Identification of L. tropica phylogenetic groups con-
firms worldwide L. tropica populations described

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 30, No. 9, September 2024

by a previous comparative genomics study (18). We
further expand on those findings by suggesting an ad-
ditional population, consisting of LtK26 strain from
India (8) and the H9-34 L. tropica from Sri Lanka.

Genomewide Genetic Variations and

Shared Ancestries

From the list of SNPs identified by using the PAINT
software suite (16), we selected the 1,354,425 homo-
zygous alleles that were different between L. tropica
K26 and L. donovani SL2706 as representatives of
the 2 clades found in Sri Lanka. We tracked their in-
heritance in hybrids SRR66, SRR67, and SRR69 and
in the 27 Sri Lanka isolates. L. donovani-L. tropica
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Figure 5. Phylogenetic network of all Leishmania isolates from Sri Lanka and Old World strains analyzed and visualized as a splits

tree built using genomewide single-nucleotide polymorphisms in SplitsTree 6 (77). A) The cluster of the L. donovani complex is found
at the top of the tree (blue) and the L. tropica are found at the bottom (orange). B) Phylogenetic network analysis of only the L. tropica
genomes in our dataset. Orange squares, L. tropica isolates from Sri Lanka (HS1, H9-34); black font, Middle Eastern L. tropica; gray

font, Azerbaijan (SAFK27) (8), Morocco (Ltr16) (21), and Afghanistan (Rupert) (8); red font, Indian L. tropica (K26 and K112) (8). Scale
bar represents nucleotide substitutions per position.

markers were remarkably heterozygous across the biparental contribution from L. donovani and L. tropica
whole genome of the SRR66-69 hybrids, suggest- in all 36 chromosomes (Figure 6, panel A). The num-
ing they have undergone recent hybridization with ber of SNPs shared with the L. tropica lineage from Sri
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Figure 6. Leishmania tropica and L. donovani strains from the Indian subcontinent that share genetic markers with interspecies hybrids
found in Sri Lanka. A) Circos plot (22) representation of the inheritance pattern of all genome-wide homozygous single-nucleotide
polymorphism differences between strains L. tropica K26, found in India, and L. donovani SL2706, found in Sri Lanka. Each concentric
circular track depicts parental allele contribution in the different genomes. Chromosomes are separated by white radial lines with
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(13,23). Window size of 10 kb was used in the whole-genome sequencing analysis with the PAINT software suite (77) and reference
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Lanka was lower in the L. donovani-L. major hybrids
(SRR64-65) (Appendix 1 Figure 5); only 31.5% of the
heterozygous SNPs were explained by the tested
L. donovani-L. tropica admixture compared with 70% in
the L. donovani-L. tropica hybrids (SRR66-69). Visual in-
spection at the single-nucleotide level confirmed the ex-
tensive heterozygosity of L. donovani-L. tropica markers
in the SRR66-69 hybrids for most of the sites analyzed,
which was not as evident in the SRR64-65 hybrids
(Figure 7; Appendix 1 Figure 6). The L. donovani (H105-
H165) isolates from Sri Lanka showed low heterozy-
gosity of selected parental markers and high similarity,
and the L. tropica (HS1, H9-H34) isolates from Sri Lanka
showed low heterozygosity of selected parental mark-
ers and high similarity to L. tropica from India lineages,
evidence that these isolates have not experienced recent
admixture of species (Figure 6, panels B, C).

A2 Gene Variations
L. donovani and the hybrids from Sri Lanka contain
the full A2 gene sequences of all 4 annotated copies

Chr 1: 187,055-187,150

L. donovani SL2706
(Sri Lanka)

L. tropica K26
(India)

Hybrid SRR66 I

Hybrid SRR64 |

coanc

H105

(Sri Lanka L. donovani)

H9
(Sri Lanka L. tropica)

ATAAGGCCCAGCAGECGCGTGAC,

CGTCGTCGGACG TCAAGETETT CGTACGTGCCCTTCTATATCA
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in the L. donovani CL-Sri Lanka reference genome on
chromosome 22. Read depths in L. tropica isolates
from Sri Lanka were virtually zero in those positions
(Figure 8, panel A), except for HS1, which contained
very low partial coverage of the A2 gene, indicating
a truncated gene sequence. Of note, isolates H106,
H109, and H119 causing plaque lesions in patients
were the only isolates from Sri Lanka to carry A2
sequences that are highly similar to the L. donovani
CL-Sri Lanka reference, which also induced a plaque
lesion phenotype (Figure 8, panel B).

Discussion

This study identified an endemic L. tropica causing
leishmaniasis in Sri Lanka. The 7 patients with CL
caused by L. tropica had never traveled overseas, and
1 had not traveled outside their district of residence
for 5 years. The CL patients had been living in their
area of residence either since birth or for 20-60 years.
Thus, it is likely that these are autochthonous cases of
CL caused by L. tropica.

Figure 7. Representative nucleotide-

level visualization of the inheritance

of parental allelic markers on

chromosomes 1 (upper panel) and

I | I 1 36 (lower panel) in L. donovani-L.

tropica hybrid SRR66, L. donovani—L.

IC major hybrid SRR64, and isolates

I | |G from Sri Lanka (H105 and H9).

Coverage plots highlighting single

I nucleotide polymorphisms were

Allele:

IA

generated by using the integrative
genomics viewer (https://igv.org), a
match with the reference genome is
represented as gray bars (24).

LACL-Sri Lanka reference

R _Q
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Chr 36: 2,027,360-2,027,690

LdSL2706
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H105

(Sri Lanka L. donovani)
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This study identified MCL caused by the L. tropica
isolate HS1 in Sri Lanka. The patient’s upper lip, nose,
and the perinasal regions were affected similar to pre-
viously reported cases of MCL caused by L. tropica
(25,26). This MCL patient had traveled to Dubai and
Iraq 8 years before the diagnosis and had no history
of cutaneous leishmaniasis. The time elapsed since
the first appearance of symptoms to diagnosis was
~8 months (Appendix 2 Table 4). Those facts suggest
that either the patient began experiencing symptoms
7 years after a possible exposure during overseas
travel or they acquired the infection in Sri Lanka.

The 7 cutaneous L. tropica isolates from Sri Lanka
(H9-H34) were collected in southern Sri Lanka and
belong to a genetically conserved subgroup that only
co-clustered with L. tropica LtK26 from India. In con-
trast, the MCL-associated HS1 strain was isolated
from a different geographic area and displayed a
divergent chromosome copy profile more similar to
L. tropica strains from Syria (LtKubba) and Lebanon
(LtLT1 and LtLT2) than to the other L. tropica isolates
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from Sri Lanka (Figure 3; Figure 5, panel B), and a di-
vergent genomewide SNP profile. Thus, it is possible
that the infection was acquired in the Gulf region, and
the mucosal manifestations might have become ap-
parent years after the primary exposure.
Chromosome aneuploidy was evident among the
study samples and the pattern differed between the L.
tropica and L. donovani isolates. Noninteger chromo-
some copy values observed in this study are common-
ly found in Leishmania because of mosaic aneuploidy
occurring in cultured parasite populations (19). Recent
studies have shown that clonal growth in both sand
flies and in vitro culture can by itself lead to major
changes in chromosome copy values and karyotype
diversity even after just 1 passage through the insect
vector (20,27). In fact, concerning chromosome copy
values, the L. donovani-L. tropica hybrids were among
the most homogeneous genomes in our analysis.
From the data on patients’ residence and travel
within Sri Lanka (Appendix 2 Table 4), it is evi-
dent that both L. tropica and L. donovani may not be
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restricted to a single administrative area at the micro
level. Considering that L. tropica is predominantly
causing anthroponotic leishmaniasis and that the pa-
tients with CL have traveled to other districts, further
studies in additional locations and with other poten-
tial vectors would benefit the current understanding
of leishmaniasis spread and genetic variability in Sri
Lanka. In addition, zoonotic transmission of L. tropica
through reservoirs such as rock hyraxes has been re-
ported in other countries, and studies are needed to
assess potential animal reservoirs of these parasites in
Sri Lanka (28). Currently, there are no data available
to dismiss either scenario, and both may represent
valid and relevant routes of infection in the country.
In addition to L. tropica causing cutaneous disease, its
potential to visceralize in humans is known (29-31).
Even though CL is the current predominant pheno-
type of leishmaniasis in Sri Lanka, the presence of L.
tropica and L. donovani, both with potential visceral-
izing properties, raises concerns.

Studies on A2 gene expression in old world Leish-
mania spp. suggest its useful in determining species-
specific organ tropism (32). Even though the patho-
genicity of leishmaniasis is not fully understood, the
understanding of CL lesions is they progress from an
initial papule to a nodule or a plaque which can ulti-
mately ulcerate. Several virulence factors were studied
in the sequenced samples to understand the variability
in Leishmania pathogenesis leading to different pheno-
types. Because primarily cutaneous parasite species
have a truncated A2 pseudogene, A2 is a gene family
that occurs in L. donovani but not in L. tropica (6), a result
seen in our study samples as well. A2 is necessary in the
pathology of leishmaniasis and is known to aid in vis-
ceralization of the infection and survival within the host
(33-35). Our analysis of the A2 gene in different pheno-
types of L. donovani revealed marked differences in the
plaque phenotype when compared with papules, nod-
ules, and ulcers. A study conducted in Pakistan found
that the clinical appearance of CL is not solely depen-
dent on L. tropica genetic variations (36). This possibility
could not be investigated in our study because most of
the L. tropica-induced CL cases were ulcerated.

We have found there are >5 different popula-
tions of Leishmania in Sri Lanka: SL1, SL2A, SL2B, SL3
(13), and L. tropica from Sri Lanka (SL4). Our study
has shown L. tropica has caused both CL and MCL
in Sri Lanka. Those findings suggest further studies
on differences in clinical phenotypes, potential vec-
tor species, and reservoirs of Leishmania species in Sri
Lanka would be beneficial. Revisiting diagnostic and
research approaches might be necessary in consider-
ation of this species variability. Analysis by PCR and
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restriction fragment length polymorphism represent
the inexpensive and easy laboratory methods avail-
able for distinguishing between the 2 species (37).

In conclusion, although this large Leishmania WGS
dataset provides valuable insights, further whole-ge-
nome studies might lead to better understanding of the
Leishmania species infecting people in Sri Lanka and
might shed light on the extent of genetic heterogeneity
of infective clades circulating in the country. This dis-
covery is a turning point in understanding the pathol-
ogy of leishmaniasis in Sri Lanka and may contribute
to the development of more efficient diagnostics and
treatments for CL and MCL caused by L. tropica.
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Lower Microscopy Sensitivity
with Decreasing Malaria
Prevalence in the Urban Amazon
Region, Brazil, 2018-2021

Priscila T. Rodrigues, Igor C. Johansen, Winni A. Ladeia, Fabiana D. Esquivel, Rodrigo M. Corder, Juliana Tonini,
Priscila R. Calil, Anderson R.J. Fernandes, Pablo S. Fontoura, Carlos E. Cavasini, Joseph M. Vinetz,
Marcia C. Castro, Marcelo U. Ferreira, on behalf of the Mancio Lima Cohort Study Working Group*

Malaria is increasingly diagnosed in urban centers across
the Amazon Basin. In this study, we combined repeated
prevalence surveys over a 4-year period of a household-
based random sample of 2,774 persons with parasite
genotyping to investigate the epidemiology of malaria
in Mancio Lima, the main urban transmission hotspot in
Amazonian Brazil. We found that most malarial infections
were asymptomatic and undetected by point-of-care mi-
croscopy. Our findings indicate that as malaria transmis-
sion decreases, the detection threshold of microscopy

Despite recent progress toward elimination, per-
sisting malaria transmission in the Americas
continues to pose a risk for infection to 120 million
persons (1). The Amazon Basin, spanning 9 countries
of South America, accounts for *90% of the 600,000
laboratory-confirmed cases recorded annually on
the continent (2). The actual malaria burden may be
significantly underestimated because point-of-care
microscopy is not sensitive enough to detect the para-
sites in all low-density infections, most of which are
asymptomatic, in the Amazon Basin (3-5).
Traditionally considered a rural disease, malaria
is now emerging in rapidly growing urban centers
across the Amazon Basin (6-8). After decades of mas-
sive rural-to-urban migration, 75% of the population

rises, resulting in more missed infections despite similar
parasite densities estimated by molecular methods. We
identified genetically highly diverse populations of Plas-
modium vivax and P. falciparum in the region; occasional
shared lineages between urban and rural residents sug-
gest cross-boundary propagation. The prevalence of low-
density and asymptomatic infections poses a significant
challenge for routine surveillance and the effectiveness of
malaria control and elimination strategies in urbanized ar-
eas with readily accessible laboratory facilities.

in the Brazilian Amazon now resides in settle-
ments classified as urban according to municipal-
ity law (https://cens02022.ibge.gov.br/panorama).
This classification is adopted by the Brazilian In-
stitute of Geography and Statistics, the country’s
census bureau. Urban health facilities, generally
more accessible and better equipped than their ru-
ral counterparts, can provide prompt malaria di-
agnosis and treatment and prevent new infections
(9). However, chronic asymptomatic and submicro-
scopic infections can escape detection and sustain
transmission. The rapid, unplanned urbanization
of this region may transform malaria into an urban
disease in the Amazon Basin, with broad public
health implications.
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In this study, we combined population-based
prevalence data and parasite genotyping to exam-
ine the epidemiology of residual malaria in the main
urban transmission hotspot of Brazil. We tested the
hypothesis that, once introduced into receptive ur-
banized spaces, malaria parasites spread unnoticed
among asymptomatic carriers, potentially causing
outbreaks more frequently than parasite lineages re-
stricted to remote rural villages.

The Institutional Review Board of the Insti-
tute of Biomedical Sciences, University of Sao
Paulo, and the National Committee on Ethics in Re-
search of the Ministry of Health of Brazil approved
this study protocol (CAAE no. 6467416.6.0000.5467).
We obtained written informed consent and as-
sent from all study participants or their parents
or guardians.

Methods

Study Site

The municipality or county of Mancio Lima (Fig-
ure 1) (7) had an annual parasite incidence (num-
ber of laboratory-confirmed malaria cases per 1,000
persons per year) estimated at 422.8, the highest in
Brazil, at the study onset in 2018. Half of the mu-
nicipality’s population lived in the town of Man-
cio Lima (Appendix Figure 1, https:/ /wwwnc.cdc.
gov/EID/article/30/9/24-0378-Appl.pdf), which
accounted for 48% of the municipality’s malaria
cases in 2018. Anopheles (Nyssorhynchus) darlingi,
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the primary malaria vector, thrives in fish farming
tanks and ponds that were opened across the town
starting in the early 2000s (10).

Household Panel Survey

We analyzed biological specimens and data from a
household-based random sample comprising 20% of
the residents in the town of Mancio Lima (11). Our
analysis included repeated measurements on a cohort
of residents in the same households to characterize
temporal changes in the outcomes of interest (12).
Study waves took place in April-May 2018 (wave 1),
September-October 2018 (wave 2), May-June 2019
(wave 3), September-October 2019 (wave 4), Octo-
ber-November 2020 (wave 5), April-May 2021 (wave
6), and October-November 2021 (wave 7). Over the
4-year study period, the incidence of microscopy-
confirmed malaria decreased markedly among urban
residents (Figure 2).

We recorded sociodemographic and illness in-
formation and used a household-based wealth index
as a proxy of socioeconomic status (Appendix). We
collected finger-prick capillary blood samples from
participants >3 months of age, regardless of any
symptoms, for malaria diagnosis and parasite ge-
notyping. We asked participants whether they had
experienced any signs or symptoms that might have
been caused by a malarial infection <7 days before
the interview. We specifically asked those report-
ing any signs or symptoms whether they had fever,
chills, or headache.

Figure 1. Location of the
municipality of Mancio Lima,
Brazil, the study site for study

of microscopy sensitivity and
decreased malaria prevalence
in the urban Amazon Region,
Brazil, 2018-2021. Mancio Lima
(dark gray shading), population
19,294 in 2022, is situated in the
upper Jurua Valley region (light
gray shading) of the western
Brazilian Amazon, adjacent to
the border with Peru, covering
an area of 5,453 km?. Inset map
shows location of study area in
South America.
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Laboratory Diagnosis of Malaria

We stained thick blood smears with Giemsa (Merck
KGaA, https:/ /www.emdgroup.com) and examined
for malaria parasites under 1,000 magnification; a
research microscopist who had >15 years of experi-
ence reviewed >200 fields. The protocols for slide
staining and reading remained consistent throughout
the study period. We also tested blood samples for
malarial antigens, during waves 3 and 4, using the
QuickProfile Pf/Pv (Lumiquick, https://lumiquick.
com) rapid diagnostic test, and used them for DNA
extraction followed by molecular diagnosis, during
all study waves (Appendix).

We initially screened samples with a genus-spe-
cific PCR that targets a conserved sequence of the cytb
gene of human-infecting malaria parasites (13) us-
ing a detection threshold of 0.2 amplicon copies/uL,
equivalent to as few as 4 parasites/mL, assuming an
average of 50 mitochondrial genome copies per blood-
stage parasite. We further tested positive samples
with separate species-specific quantitative TaqgMan

Figure 2. Monthly counts of microscopy-confirmed cases and
percentages of infections diagnosed by PCR for Plasmodium
vivax and P. falciparum in study of microscopy sensitivity and
decreased malaria prevalence in the urban Amazon Region,
Brazil, January 2018-December 2021. Circles indicate
Plasmodium vivax and triangles P. falciparum. Red circles

and triangles represent study waves 1 (April-May 2018) and

2 (September—October 2018); green, waves 3 (May—June
2019) and 4 (September—October 2019); blue, waves 5
(October—November 2020), 6 (April-May 2021), and 7 (October—
November 2021). Error bars indicate 95% Cls for prevalence
rates. Anonymized malaria case notifications were downloaded
from the electronic database of the Ministry of Health of Brazil
(http://200.214.130.44/sivep_malaria).

1886

assays (ThermoFisher Scientific, https:/ /www.thermo
fisher. com) that targeted mitochondrial genome se-
quences of P. vivax (84-bp domain of the cox1 gene) or
P. falciparum (90-bp domain spanning the 3' end of the
cox1 gene and the nearby intergenic region) (14). Those
techniques amplify circulating DNA from peripheral-
blood parasites in addition to DNA released from dead
parasites (15) sequestered in capillaries or accumulat-
ing in extravascular spaces of the bone marrow and
spleen, providing an indirect estimate of the total para-
site burden harbored by the host.

Parasite Sampling and Genotyping
To map the spread of parasite lineages across the re-
gion, we genotyped isolates collected during the pan-
el study waves (Méncio Lima sample set) along with
3 additional sample sets (Table 1; Appendix Figure 2).
The Azul River/Nova Cintra set comprised samples
obtained in April 2016 during cross-sectional surveys
in riverine villages along Azul River, 6-8 hours by
motorboat from the municipality of Méncio Lima,
and Nova Cintra on the Jurud River, municipality of
Rodrigues Alves, in addition to samples collected in
July 2018 and July 2019 along Azul River (14). The
Vila Assis Brasil set included samples collected dur-
ing cross-sectional surveys in August-September
2018, March 2019, and September-October 2019 in a
periurban village 15 km away from Mancio Lima by
paved road (16). The health facility sample set con-
sisted of isolates from symptomatic patients with mi-
croscopy-confirmed malaria who attended clinics in
the municipalities of Méancio Lima, Cruzeiro do Sul,
and Rodrigues Alves during April 2018-April 2020;
most of those samples were collected in 2019 (11). We
inferred the likely sites of infection by considering pa-
tients” places of residence and history of recent travel.
We typed 6 microsatellite loci for each species:
MS2, MS5, MS6, MS7, MS9, and MS15 for P. vivax
(17) and polya, TAAS81, TAA42, TA87, TA109, and
TAG60 for P. falciparum (18) (Appendix Table 1). We
defined haplotypes as unique combinations of alleles
at each locus, considering only the most abundant al-
lele when >2 alleles were detected in the same sample
(Appendix). We calculated the expected heterozygos-
ity as an estimate of genetic diversity and the stan-
dardized index of association as a measure of multi-
locus linkage disequilibrium with LIAN 3.7 software
as previously described (19) (Appendix). We used the
goeBURST algorithm implemented in PHYLOViZ
(https:/ /www.phyloviz.net) to identify clusters of
genetically related haplotypes (20) that might be in-
formative about parasite migration patterns (Appen-
dix, Appendix Figure 3).
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Table 1. Plasmodium spp. samples used for molecular genotyping in study of microscopy sensitivity and decreased malaria

prevalence in the urban Amazon Region, Brazil, 2018-2021

Place of infection,

Microscopy,

Species and year Sample collection site urban/periurban or rural  Symptoms, Y/N  positive/negative Total
P. vivax
2016 Azul River and Nova Cintra 0/2 0/2 0/2 2
2018 Mancio Lima 42/0 5/37 7135 42
Vila Assis Brasil 0/42 9/33 11/31 42
Health facilities 2/1 3/0 3/0 3
All sites, 2018 44/43 17/70 21/66 87
2019 Mancio Lima 28/0 2/26 1/27 28
Vila Assis Brasil 0/61 6/55 4/57 61
Azul River 0/3 1/2 1/2 3
Health facilities 14/33 4710 4710 47
All sites, 2019 62/77 56/83 53/86 139
2020 Mancio Lima 13/0 0/13 1/12 13
2021 Mancio Lima 23/0 4/19 1/22 23
Total, all sites, 2016—2021 122/142 77/187 76/188 264
P. falciparum
2018 Azul River 0/2 0/2 2/0 2
Mancio Lima 39/0 15/24 17/22 39
Vila Assis Brasil 0/10 2/8 4/6 10
Health facilities 3/0 3/0 3/0 3
All sites, 2018 42/12 20/34 26/28 54
2019 Azul River 0/3 0/3 0/3 3
Mancio Lima 710 2/5 1/6 7
Vila Assis Brasil 0/19 3/16 1/18 19
Health facilities 13/36 49/0 49/0 49
All sites, 2019 20/58 54/24 51/27 78
2020 Mancio Lima 9/0 1/8 0/9 9
Health facilities 2/0 2/0 2/0 2
All sites, 2020 9/2 3/8 2/9 11
2021 Mancio Lima 19/0 4/15 0/19 19
Total, all sites, 2018-21 92/70 81/81 79/83 162
Statistical Analysis Results

We entered data using the REDCap system (https://
projectredcap.org/software) and analyzed using Stata
15.1 software (StataCorp LLC, https:/ /www.stata.com).
We defined statistical significance at the 5% level for
2-tailed tests. We calculated sensitivity, specificity, posi-
tive predictive value (PPV), negative predictive value
(NPV), and accuracy, along with their 95% Cls, for mi-
croscopy and clinical signs and symptoms as predictors
of infection detected by molecular methods (Appendix).

We used multivariable mixed-effects logistic re-
gression models to identify correlates of malarial
infection and disease while adjusting for potential
confounders. We performed separate analyses for the
following outcomes: TagMan-confirmed P. vivax, re-
gardless of any symptoms; TagMan-confirmed P. fal-
ciparum infection, regardless of any symptoms; and
clinical malaria (TagMan-confirmed P. vivax or P. fal-
ciparum infection and reported fever, chills, or head-
ache within the previous 7 days) (Appendix). We esti-
mated odds ratios (ORs) with 95% ClIs to quantify the
influence of each predictor on the outcome. We also
used logistic regression models (21) to describe the
detectability of infection by microscopy as a continu-
ous function of the number of species-specific ampli-
con copies per microliter measured by TagMan.
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Prevalence of Submicroscopic and

Asymptomatic Infection

We analyzed data from 2,774 residents in Mancio
Lima, ranging in age from 4 months to 103 years and
distributed into 879 households, who underwent ma-
laria parasite screening during >1 study wave. The
number of participants varied from 1,093 in wave 1
to 2,043 in wave 7 (Appendix Table 2); 529 (19.1%)
persons were screened at all time points, whereas 402
(14.5%) participated in a single study wave. Out of
11,730 specimens screened by PCR, 11,717 (99.9%)
were also tested by microscopy.

PCR followed by TagMan detected =10 times
more infections than microscopy: out of 11,730 sam-
ples screened, 467 (4.0%) were positive for Plasmodi-
um vivax, 104 (0.9%) for P. falciparum, and 54 (0.5%)
for both species. Microscopy revealed 42 (0.4%) sam-
ples positive for P. vivax, 18 (0.2%) for P. falciparum,
and 1 (0.01%) for both species, among 11,717 micro-
scopically examined samples; we identified no other
Plasmodium species (Table 2). None of the 54 mixed-
species infections detected by TagMan had been cor-
rectly identified by microscopy. Conversely, the only
mixed-species infection diagnosed by microscopy
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yielded a positive TagMan result for P. vivax only
(Appendix Table 3).

Compared with molecular methods, micros-
copy demonstrated a diagnostic sensitivity of 8.5%
(95% CI 6.5%-11.1%), specificity of 99.9% (95% CI
99.9%-100.0%), PPV of 86.9% (95% CI175.9%-93.3%),
NPV of 95.1% (95% CI 95.0%-95.2%), and accuracy
of 951% (95% CI 94.7%-95.5%) (Appendix, Ap-
pendix Tables 3, 4). The proportion of molecularly
diagnosed malarial infections that were asymp-
tomatic varied from 73.8% in wave 2 to 96.8% in
wave 6, with a higher proportion of asymptomatic
infections during the latest study waves (Table 2).

When compared with PCR followed by Taqman,
the overall diagnostic sensitivity of reported fever,
chills, or headache was only 16.0% (95% CI 13.2%-
19.1%); specificity was 90.8% (95% CI190.3%-91.4%),
PPV 8.9% (95% CI 7.53%-10.6%), NPV 95.1% (95%
CI 94.9%-95.2%), and accuracy 86.8% (95% CI
86.2%-87.5%). Overall, we observed a higher prev-
alence of infection with P. vivax and P. falciparum
and of clinical malaria among adolescent and adults
from the poorest households in the town (Ap-
pendix Tables 2,5), as indicated by adjusted mul-
tiple logistic regression analysis incorporating
>11,000 observations.

Table 2. Factors associated with Plasmodium spp. infection and clinical malaria, as revealed by mixed-effects multiple logistic
regression analysis, in the urban population of Mancio Lima, Brazil, 2018—2021*

Outcome

P. vivax infection

P. falciparum infection Clinical malaria

Factor OR (95% CI) p value OR (95% ClI) p value OR (95% CI) p value
Individual-level variables
Age
<10 Referent Referent Ref 1 Ref
10-19 3.35(1.99-5.67) <0.0001 2.48 (0.97-6.33) 0.057 3.49 (1.01-12.11) 0.048
20-29 4.00 (2.22-7.19) <0.0001 3.57 (1.38-9.25) 0.009 6.24 (1.82-21.46) 0.004
30-39 3.39 (1.99-5.80) <0.0001 2.29 (0.90-5.83) 0.082 4.34 (1.31-14.41) 0.017
40-49 3.40 (1.83-6.33)  <0.0001 3.35(1.21-9.26) 0.020 6.97 (2.16-22.53) 0.001
50-59 2.71 (1.38-5.31) 0.004 3.11 (1.10-8.81) 0.032 4.98 (1.27-19.53) 0.021
>60 3.94 (2.07-7.49) <0.0001 3.74 (1.41-9.91) 0.008 8.56 (2.52-28.98) 0.001
Trend 0.003 0.011 <0.0001
Sex
F Referent Referent Referent
M 1.04 (0.79-1.38) 0.767 1.72 (1.20-2.47) 0.003 0.72 (0.48-1.06) 0.095
Any past malaria
No Referent Referent Referent
Yes 2.39 (1.70-3.34)  <0.0001 3.27 (1.93-5.52)  <0.0001 4.29 (2.58-7.12) <0.0001
Bed net use past night
No Referent Referent Referent
Yes, not treated 0.70 (0.48-1.02) 0.063 0.74 (0.40-1.34) 0.318 0.42 (0.23-0.76) 0.004
Yes, insecticide-treated 0.91 (0.67-1.23) 0.530 0.84 (0.52-1.37) 0.494 0.59 (0.35-1.00) 0.051
Household-level variables
Wealth index quartile
1, poorest Referent Referent Referent
2 0.60 (0.44-0.82) 0.001 0.53 (0.31-0.90) 0.019 0.52 (0.28-0.93) 0.028
3 0.46 (0.30-0.71)  <0.0001 0.63 (0.36-1.07) 0.092 0.52 (0.29-0.94) 0.029
4, wealthiest 0.39 (0.22-0.71) 0.002 0.51 (0.23-1.12) 0.094 0.39 (0.12-1.27) 0.118
Trend <0.0001 0.064 0.018
Presence of eave gaps
Yes Referent Referent Referent
No 0.71 (0.42-1.19) 0.194 0.47 (0.24-0.95) 0.034 0.11 (0.03-0.46) 0.002
Study wave number and dates
1, Apr—-May 2018 Referent Referent Referent
2, Sep—Oct 2018 1.61 (1.05-2.49) 0.030 2.26 (1.17-4.34) 0.014 3.78 (1.91-4.50) <0.0001
3, May-Jun 2019 1.50 (0.96-2.33) 0.073 2.29 (1.27-4.13) 0.006 2.15 (0.97-4.75) 0.058
4, Sep—Oct 2019 0.77 (0.48-1.25) 0.294 1.18 (0.56-2.49) 0.664 0.56 (0.20-1.60) 0.283
5, Oct—Nov 2020 0.54 (0.32-0.92) 0.025 0.68 (0.29-1.59) 0.378 0.48 (0.16-1.41) 0.183
6, Apr—May 2021 0.24 (0.13-0.42) <0.0001 0.43 (0.17-1.05) 0.063 0.10 (0.01-0.83) 0.032
7, Oct—Nov 2021 0.26 (0.15-0.47)  <0.0001 0.34 (0.11-1.02) 0.053 0.56 (0.18-1.71) 0.308

No. observationst 11,676

11,615 11,569

*Infection is defined as a positive genus-specific PCR result confirmed by species-specific TagMan assay positive for Plasmodium vivax or P. falciparum,
regardless of any symptoms. Clinical malaria is defined as a positive genus-specific PCR result confirmed by species-specific TagMan assay positive for
P. vivax or P. falciparum. in a study participant who reported symptoms (fever, chills, or headache) within the previous 7 days. Note that clinical malaria
may be due to P. vivax, P. falciparum, or both species (mixed infections). OR, odds ratio.

tThe numbers of observations differ among outcomes because some exposure categories were dropped from the analysis in order to allow logistic

models for P. falciparum infection and clinical malaria to converge.
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Figure 3. Proportion of TagMan-detected single-species Plasmodia vivax (A) and P. falciparum (B) infections that were detected by
microscopy according to parasite density (amplicon copies per microliter measured by species-specific TagMan assays) in study of
microscopy sensitivity and decreased malaria prevalence in the urban Amazon Region, Brazil, January 2018-December 2021. Lines
represents the fitted logistic model trends; the shaded area indicates 95% ClI for waves 1 and 2 (2018; red), waves 3 and 4 (2019;
green) and waves 5—7 (2020-2021; blue). For this analysis, data from waves 1 and 2 (2018), 3 and 4 (2019), and 5-7 (2020-2021)
were combined to achieve balanced sample sizes for fitting logistic models. Cl could not be properly estimated for P. falciparum
infections in waves 5—7 because of the small sample size (Appendix Table 2). The dashed horizontal line indicates 50% microscopic
detectability at a given parasite density threshold, which for P. vivax infections in 2018 corresponds to 2,088 (95% Cl 734-14,572)

amplicon copies/pL.

Parasite Detectability over Time

The prevalence of malarial infection diagnosed by
microscopy and molecular methods, either symp-
tomatic or asymptomatic, significantly declined dur-
ing the study period (Figure 2; Appendix Table 2).
The later study waves exhibited an increased pro-
portion of submicroscopic infections, which might be
attributed to lower average parasite densities during
periods of decreased transmission (21). However,
TaqMan-quantified P. vivax densities remained con-
sistent during 2018-2021 at an overall geometric
mean of 19.0 amplicon copies/pL (Appendix Table
2). In contrast, P. falciparum densities (geometric
mean 10.5 amplicon copies/pL) fluctuated more
prominently, from 3.2 amplicon copies/pL in wave
6 to 86.3 amplicon copies/pL in wave 5, although
the limited sample size prevented robust identifica-
tion of temporal trends (Appendix Table 2).

The likelihood of detecting parasite by microsco-
py as a function of TagMan-measured parasite den-
sity diminished with time. In 2018, we anticipated to
identify 50% of P. vivax infections by microscopy at
a density of 2,088 (95% CI 734-14,572) amplicon cop-
ies/pL or ~42 parasites/pL (Figure 3, panel A). Nev-
ertheless, most P. vivax infections above this threshold

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024

were undetected by microscopy in subsequent years,
consistent with a decline in microscopy sensitivity.
At a given TagMan-measured average parasite den-
sity, the diagnostic sensitivity of peripheral-blood mi-
croscopy decreased during periods of lowest malaria
prevalence. Despite the considerably smaller sample
size, we noted a similar temporal trend in the micro-
scopic diagnosis of P. falciparum infections (Figure 3,
panel B). Those findings suggest that a higher propor-
tion of infections are overlooked by peripheral-blood
microscopy as malaria prevalence declines.

Parasite Lineages over Space and Time

During 2018-2021, we genotyped 122 P. vivax and 92
P. falciparum isolates collected in the town of Mancio
Lima, along with 142 P. vivax and 70 P. falciparum
isolates from surrounding rural areas (Table 1; Ap-
pendix Figure 2). The parasites exhibited a high ge-
netic diversity (average heterozygosity >0.8 for both
species) that varied little over time in Mancio Lima
(Appendix Table 2). Both P. vivax and P. falciparum
populations displayed substantial linkage disequilib-
rium (Appendix), consistent with the circulation of
near-clonal parasite lineages across the region (22).
Of interest, minimal spanning trees showed no clear
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clustering based on infection sites in the Jurua Val-
ley for P. vivax (Figure 4) and P. falciparum (Figure 5).
Instead, parasite haplotypes from the town of Mancio
Lima and the rural surroundings were evenly distrib-
uted in the trees. We observed 1 instance for P. vivax
and 6 instances for P. falciparum of haplotype sharing
among parasites from the town and rural areas, in-
dicating substantial connectivity between urban and
rural populations.

We observed some evidence of temporal clus-
tering of parasite lineages (Appendix). Parasites
from both species circulating in the town of Mancio
Lima during 2019 formed clusters (Appendix Fig-
ure 4) that were enriched in lineages from symp-
tomatic and patent infections (Appendix Figure
5). Similarly, clusters of patent and symptomatic
P. vivax and P. falciparum infections were also ob-
served in the analysis of the complete Jurua Valley
dataset, combining data from urban and rural sites
(Appendix Figure 6).

Discussion

In this extensive population-based study spanning
4 years, we found increasing proportions of asymp-
tomatic and submicroscopic infections as the overall
number of urban malaria cases decreased in the main
transmission hotspot of Brazil. Of notable practical
importance, the utility of microscopic diagnosis for
detecting parasitemia diminished as malaria trans-
mission decreased, which carries medical and public

Figure 4. Minimal spanning trees representing the connectivity
of Plasmodium vivax haplotypes from the Jurua Valley region

of Brazil (264 isolates collected 2016-2021). Circles represent
haplotypes with size linearly proportional to the number of isolates
sharing them. Lines connect pairs of haplotypes with <5 allele
mismatches and the overall network represents the most likely
haplotype genealogy, ensuring that the summed distance of

all links of the tree is the minimum possible. Haplotype colors
indicate the likely site of infection (Appendix Figure 2). The circle
with blue and red slices indicates a haplotype that was shared by
2 parasites from different (urban and rural) origins.
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health implications. This challenge is not unique to
our study site; microscopy has been demonstrated
to overlook a higher proportion of P. falciparum in-
fections in the areas of lowest malaria prevalence
across sub-Saharan Africa (23). Molecular diagnosis
may be necessary for identifying low-density ma-
larial infections in low transmission settings, where
microscopy-based parasite prevalence is <10% (24).
However, new field-deployable tests for parasite
DNA detection should undergo validation before
widespread implementation in peripheral laborato-
ries in the Amazon Basin (5). Furthermore, positive
PCR results should be interpreted as indicative of
either current or recent infection (15).

Few studies have identified changes in micros-
copy sensitivity with decreasing malaria transmis-
sion by repeatedly sampling the same population
(16,25). Here, we provide evidence of rising micros-
copy detection thresholds, showing that a higher
proportion of P. vivax and P. falciparum infections
were missed at comparable parasite densities as ma-
laria incidence diminished over time. Of note, mo-
lecular methods can detect circulating DNA released
by dead trophozoites and schizonts that may have
been concealed in capillaries and venules or extra-
vascular territories (15). We speculate that, at lower
transmission, fewer parasites accumulating in deep-
organ blood vessels and extravascular spaces tend
to circulate in the peripheral blood, where they can
be identified by microscopy, perhaps indicative of
parasites” adaptation to seasonal variation in vector
abundance (26) or enhanced control measures (27).
Temporal changes in P. falciparum sequestration pat-
terns, particularly in regions with seasonal malaria
transmission (26), can theoretically influence para-
site detectability in the peripheral blood. However,
additional longitudinal studies are required to vali-
date this hypothesis.

Our findings demonstrate that parasite lineages
spread across rural-urban boundaries, suggesting
that rural areas with limited diagnosis and surveil-
lance may serve as important sources for malaria
reintroduction. Rural-urban mobility introduces
malaria parasites into receptive, more densely
populated urbanized spaces (28). The most mobile
residents of Mancio Lima are men 16-60 years of
age who lack formal employment in the town and
are often engaged in subsistence or commercial
farming in periurban settlements (29). We found
that closely related lineages of P. vivax and P. falci-
parum are shared among urban and rural residents,
indicating the free circulation of malaria parasites
across the rural-urban boundaries in the Jurua
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Valley. Efficient parasite spreaders, such as for-
estgoers in Southeast Asia villages (30), can be se-
lectively targeted for more intensive and effective
malaria control interventions that cannot be readily
delivered to the entire community, in this and simi-
lar endemic settings across the Amazon.

Brazil has an ambitious plan to achieve zero ma-
laria by reducing cases from 150,000 in 2022 to <68,000
by 2025, eliminating P. falciparum malaria and associ-
ated deaths by 2030, eliminating cases and deaths by
any species by 2035, and preventing malaria reintro-
duction from 2035 onward (31). However, elimination
plans can be undermined by the establishment of
malaria transmission in highly connected urbanized
spaces that serve as both sinks and sources of para-
site lineages. The large urban and periurban malaria
outbreaks recorded in the Jurué Valley since the mid-
2000s, when the region became the main transmission
hotspot of Brazil, have been linked to the opening of
fishponds for commercial aquaculture (6,7,32). By
2015, the Jurua Valley contributed 18% of the coun-
try’s malaria burden (33). Although most infections
diagnosed during our study were asymptomatic,
parasite carriers are exposed to recurrent episodes of
parasitemia, which lead to chronic anemia and other
possible clinical and immunologic consequences (34).
Of importance, the hidden parasite reservoir missed
by routine surveillance substantially contributes to
human-to-mosquito parasite transmission in similar
low-endemicity settings (4,21,35,36).

The country’s strategy for malaria surveillance
and control comprises several actions: to provide
prompt microscopy-based diagnosis and treatment
after detection of isolated cases or clusters of cases; to
detect additional cases, once an index case has been
diagnosed; and to implement vector control measures
in the vicinity of passively detected cases (37). Active
surveillance around cases has gradually been imple-
mented in Brazil since reactive case detection was
demonstrated to be feasible and effective for malaria
control in the Amazon (38), although molecular diag-
nosis is rarely used with this purpose.

The role of long-lasting insecticide-treated bed
nets (LLINs) and indoor residual spraying in malar-
ia control in Mancio Lima is uncertain. Only 46% of
the study participants reported using LLINs the pre-
vious night; <15% had their houses sprayed within
the previous 12 months (Appendix Table 5). Larval
source management is currently limited to periodi-
cally removing vegetation from the margins of fish
farming tanks and emptying those no longer used
for aquaculture. Alternatively, the periodic applica-
tion of environmentally safe biolarvicides can drasti-
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Figure 5. Minimal spanning trees representing the connectivity of
Plasmodium falciparum haplotypes from the Jurua Valley region

of Brazil (162 isolates collected 2018 —2021). Similar to Figure

4, circles represent haplotypes with size linearly proportional to
the number of isolates sharing them and lines connect pairs of
haplotypes with <5 allele mismatches. Haplotype colors indicate
the likely site of infection (Appendix Figure 2, https://wwwnc.cdc.
gov/ElID/article/30/9/24-0378-App1.pdf). In 7 circles (haplotypes),
slices of different colors indicate that the corresponding haplotypes
were shared by parasites from different geographic origins.

cally reduce anopheline larval density in fish tanks
(39), but its feasibility for large-scale use remains to
be determined.

The primary strength of this study lies in its
household panel design (12), which enabled us
to examine temporal trends of malarial infection
and disease at the community level and to identify
changes in the sensitivity of diagnostic microscopy
over 4 years. The first limitation of this study is that
only 61 microscopy-positive infections and 100 clini-
cal malaria episodes were diagnosed during 7 study
waves, despite screening a large population, as ex-
pected under low transmission. Second, we defined
clinical malaria on the basis of perceived signs and
symptoms, rather than fever measured at the time
of interviews. We argue that perceived symptoms,
although not highly specific and prone to recall bias,
are the key drivers of healthcare seeking and define
which infections will be identified by passive sur-
veillance and eventually treated. Third, microsatel-
lite genotyping provides a relatively limited view of
genetic variation and connectivity among local para-
sites, compared with targeted amplicon sequencing
(40) or whole-genome analysis (41). However, our
results are broadly consistent with genome-wide
analyses that showed recent ancestry sharing be-
tween urban and rural near-clonal lineages of P.
vivax across Jurua Valley (22).

In conclusion, our research illustrates how parasite
lineages can spread across rural-urban boundaries and
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cause predominantly asymptomatic infections that are
increasingly missed by microscopy as the overall ma-
laria incidence drops. The presence of an undetected
urban malaria reservoir may require more effort to-
ward regional control and elimination strategies.
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Effects of Rotavirus Vaccination
Coverage among Infants on
Hospital Admission for
Gastroenteritis across All Age
Groups, Japan, 2011-2019

Keniji Kishimoto, Susumu Kunisawa, Kiyohide Fushimi, Yuichi Imanaka

We assessed the effect of rotavirus vaccination cover-
age on the number of inpatients with gastroenteritis of
all ages in Japan. We identified patients admitted with
all-cause gastroenteritis during 2011-2019 using data
from the Diagnosis Procedure Combination system
in Japan. We used generalized estimating equations
with a Poisson distribution, using hospital codes as
a cluster variable to estimate the impact of rotavirus
vaccination coverage by prefecture on monthly num-
bers of inpatients with all-cause gastroenteritis. We
analyzed 294,108 hospitalizations across 569 hospi-
tals. Higher rotavirus vaccination coverage was as-
sociated with reduced gastroenteritis hospitalizations
compared with the reference category of vaccination
coverage <40% (e.g., for coverage >80%, adjusted in-
cidence rate ratio was 0.87 [95% CI 0.83-0.90]). Our
results show that achieving higher rotavirus vaccina-
tion coverage among infants could benefit the entire
population by reducing overall hospitalizations for
gastroenteritis for all age groups.

Gastroenteritis is one of the most common infec-
tious diseases, characterized by rapid onset of
diarrhea with or without nausea, vomiting, fever,
and abdominal pain (1,2). Enteric viruses and bac-
teria are major causes of gastroenteritis (3,4), al-
though causes of hospitalizations related to gastro-
enteritis are often unidentified (5). Gastroenteritis
affects persons of all ages and is a leading cause of
death worldwide (6,7); younger children, the elder-
ly, and immunocompromised patients in particular
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are at risk of severe gastroenteritis (8-11). Gastro-
enteritis-related hospitalizations and outpatient
visits continue to be significant burdens on health
systems (3,12,13).

Rotavirus is a leading cause of gastroenteri-
tis and diarrhea, including fatal illnesses, in both
young children and persons of all ages (6). A recent
systematic review and meta-analysis reported that
the pooled rotavirus prevalence was 7.6% (95% CI
6.2%-9.2%) among persons >5 years of age with di-
arrhea (14). Rotavirus infection is estimated to cause
>200,000 deaths annually in children <5 years of age
(15). Oral live-attenuated rotavirus vaccines for in-
fants have been implemented worldwide since 2006.
The World Health Organization in 2009 recommend-
ed routine immunization for all infants to prevent
rotavirus disease (16).

In Japan, the rotavirus vaccine was introduced
in 2011 to be administered to infants 2-8 months
of age. Rotavirus vaccination coverage in Japan
gradually increased from 30% in 2012 to 78% in
2019; however, disparity among prefectures in cov-
erage rates remains relatively high (=30% in 2019)
(17). Implementation of rotavirus vaccines has sub-
stantially reduced hospitalizations from rotavirus
and all-cause acute gastroenteritis in infants and
younger children both in Japan and in other coun-
tries (18-20). Of note, population-based surveil-
lance for rotavirus gastroenteritis hospitalizations
after introduction of rotavirus vaccination identi-
fied a reduction in age-specific hospitalization rates
among children ineligible for rotavirus vaccination
because they were above the upper age limit (21).
Furthermore, a large study analyzing saved bac-
terial cultures from fecal samples reported an al-
most 50% decline in rotavirus prevalence among
adults during the peak rotavirus season after the

1895


http://www.cdc.gov/eid
https://doi.org/10.3201/eid3009.240259

RESEARCH

vaccine was introduced (22). Those studies suggest
that rotavirus vaccination for infants might indirect-
ly protect older children and adults from rotavirus.

The long-term impacts of rotavirus vaccination
on the entire population have not been fully clari-
fied. Given that gastroenteritis constitutes a signifi-
cant health concern for person in all age groups,
analyzing the effects of rotavirus vaccination on
older age groups is warranted. Several recent stud-
ies investigating long-term trends after rotavirus
vaccine introduction have shown the potential in-
direct protection of rotavirus vaccination against
gastroenteritis (23,24). However, those findings of
indirect protection in adults lack consistency, and
to date, associations between increases in vaccina-
tion coverage and indirect impact from vaccination
on gastroenteritis remain unclear. We aimed to as-
sess the effect of rotavirus vaccination coverage
on the number of all-age hospital inpatients with
gastroenteritis in Japan. We also aimed to describe
trends in the numbers of inpatients at high risk of
severe gastroenteritis as a foundation for better un-
derstanding the public health impacts of infant ro-
tavirus vaccination.

This study was approved by the Ethics Commit-
tee, Graduate School of Medicine, Kyoto University
(approval no. R0135). Research was conducted in
accordance with the Ethical Guidelines for Medical
and Health Research Involving Human Subjects of
the Ministry of Health, Labour, and Welfare, Japan.

Methods

Data Source

We used the Diagnosis Procedure Combination
(DPC) administrative claims database, which is a
case-mix classification system used in Japan for re-
imbursing acute care hospitals under the public
medical insurance scheme (25). DPC administrative
claims data include information on hospital codes,
patient demographics, admission and discharge
dates, admission routes, outcomes, primary and
secondary diagnoses (based on codes from the In-
ternational Classification of Diseases 10th Revision
[ICD-10]), comorbidities, complications, and claims
for medical services (25). We extracted DPC admin-
istrative claims data from the database of the DPC
Study Group, comprising voluntarily participating
hospitals, which account for >50% of all acute inpa-
tients in Japan (26). We obtained data on rotavirus
vaccination coverage by prefecture and year as ac-
tual measured values from a previous review of ro-
tavirus vaccination in Japan (17).

1896

Study Population and Definitions

We used data from hospitals that had continuously
provided DPC data to the DPC Study Group during
2011-2019 to select the study population. We includ-
ed in the study all hospitalization data that stated a
primary diagnosis, diagnosis causing admission, or
the most medically resource-intensive diagnosis of
all-cause gastroenteritis during January 2011-Decem-
ber 2019. We used date of discharge, rather than date
of admission, to determine the number of monthly in-
patients because DPC data were generated after dis-
charge. Gastroenteritis was defined by ICD-10 codes
A08.x-A09.x. We categorized included patients into
4 age groups: <5, 5-19, 20-59, and 260 years. We de-
fined patients as age-ineligible for rotavirus vaccina-
tion if they were age 21 year in 2011, 22 years in 2012,
23 years in 2013, 24 years in 2014, =5 years in 2015,
26 years in 2016, 27 years in 2017, 28 years in 2018,
and 29 years in 2019. We obtained information on un-
derlying conditions and medications of patients from
the database. We defined underlying conditions at
admission by ICD-10 codes C00.0-C97 for cancer and
B20.x-B24 for HIV and defined immunocompromised
patients as those with cancer or HIV or who had re-
ceived steroids or immunosuppressants. We defined
the rotavirus epidemic season as February-April, on
the basis of data from previous studies (27,28).

Statistical Analysis
Our primary outcome of interest was the monthly
number of inpatients with all-cause gastroenteritis.
We presented the results of time-series of monthly
gastroenteritis hospitalizations in total, by age group,
and among immunocompromised patients. We also
presented annual gastroenteritis hospitalizations
during the rotavirus epidemic season in total, by age
group, and among immunocompromised patients.
We estimated the impact of RV vaccination cover-
age on the basis of monthly number of gastroenteri-
tis hospitalizations generalized estimating equations
(GEE) (29-31) using a log-link function and Poisson
distribution. We performed primary analyses using
the GEE model for overall patients, the age-ineligible
population, and immunocompromised patients. We
further performed prespecified secondary analyses
on data only from rotavirus-epidemic seasons. In our
analyses, we did not account for repeated admission
of the same patient, because we assumed that disease
duration is short and recurrence rare among patients
with gastroenteritis.

Because the numbers of gastroenteritis hospital-
izations had a serial correlation within each hospital
because of local characteristics and were therefore not
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independent, we designated hospital codes as cluster
variables in the GEE models. We used an exchange-
able correlation structure in the GEE model. We con-
sidered monthly gastroenteritis inpatients by hospi-
tal as a dependent variable and rotavirus vaccination
coverage by prefecture as an independent variable.
We included age groups, years, and months as co-
variates in the adjusted model. We treated rotavirus
vaccination coverage by prefecture and year as cate-
gorical variables (based on incremental 10% increases
in coverage), because we assumed that the relation-
ship between coverage and the primary outcome was
nonlinear. We considered coverage <40% to be the
reference category because annual mean coverage
reached as high as 30% in 2012, the second year of the
study period. We also treated the 4 age groups and 12
month-defined groups as categorical variables. We
calculated incidence rate ratios (IRRs) and 95% Cls
from the GEE model. We considered p values <0.05
statistically significant; all tests were 2-tailed. We
conducted statistical analyses using Stata/SE version
16.1 (StataCorp LLC, https:/ /www.stata.com).

Results

We analyzed 294,108 hospitalizations for gastroen-
teritis from 569 hospitals in all 47 prefectures in Japan
during 2011-2019. Among patient characteristics, me-
dian age was 41 years (interquartile range [IQR] 9-73
years), and the highest number (38.3%) of patients
was in the 260-year age group. The proportion of im-
munocompromised patients was 12.94% (Table 1).

Time-Series of Gastroenteritis Hospitalizations
Annual mean rotavirus vaccination coverage in Japan
increased from 30% in 2012 to 78% in 2019 (Figure

Rotavirus Vaccination Coverage among Infants

Table 1. Characteristics of gastroenteritis patients in study of
effects of rotavirus vaccination coverage among infants on
hospital admission for gastroenteritis across all age groups,
Japan, 2011-2019*

Characteristic Value
Overall no. patients 294,108
Median age, y (IQR) 41 (9-73)
Age group, y
<5 51,501 (17.5)
5-19 47,570 (16.2)
20-59 82,392 (28.0)
260 112,645 (38.3)

Immunocompromised patients
Underlying conditions

38,058 (12.9)

Cancer 23,948 (8.1)

HIV infection 120 (0.04)
Medication

Steroids 17,276 (5.9)

Immunosuppressants 3,459 (1.2)
Median stay, d (IQR) 5(3-9)

*Values are no. (%) patients except as indicated. IQR, interquartile range

1, panel A) (17). Monthly numbers of gastroenteri-
tis inpatients showed seasonality, peaking in winter
(November-January). We observed epidemic peaks
in December 2012 and December 2016. We found no
obvious secular trends in overall gastroenteritis hos-
pitalizations (Figure 1, panel A). We observed a trend
of decreasing gastroenteritis hospitalizations among
children <5 years of age in the first half of the study
period (Figure 1, panel B), but numbers remained rel-
atively stable among older children and adolescents
(Figure 1, panel C) and young adults (Figure 1, panel
D). We observed a secular trend of increased hospital-
izations among adults 260 years of age (Figure 1, pan-
el E) and among immunocompromised patients (Fig-
ure 1, panel F). Secular trends in the annual numbers
of gastroenteritis hospitalizations during rotavirus
epidemic seasons varied (Figure 2). We observed a

Figure 1. Time trends in gastroenteritis hospitalizations among different study populations in study of effects of rotavirus vaccination
coverage among infants on hospital admission for gastroenteritis across all age groups, Japan, 2011-2019. A) Monthly numbers

of gastroenteritis inpatients in the overall population, compared with annual mean rotavirus vaccination coverage. B—F) Monthly
numbers of gastroenteritis hospitalizations among different study populations: B) young children <5 years of age; C) older children and
adolescents 5-19 years of age; D) adults 20-59 years of age; E) older adults 260 years of age; F) immunocompromised persons.
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Figure 2. Annual numbers of gastroenteritis hospitalizations during the rotavirus vaccination epidemic season among different study
populations in study of effects of rotavirus vaccination coverage among infants on hospital admission for gastroenteritis across all age
groups, Japan, 2011-2019. A) Overall population; B) young children <5 years of age; C) older children and adolescents 5-19 years of
age; D) adults 20-59 years of age; E) older adults 260 years of age; F) immunocompromised persons.

decreasing trend in hospitalizations during rotavirus
-epidemic seasons in young children (Figure 2, panel
B) and an increasing trend in older adults (Figure 2,
panel E) and immunocompromised patients (Figure
2, panel F).

Association of Vaccination Coverage with Monthly
Numbers of Gastroenteritis Inpatients

Among the overall patient population (N = 294,108),
higher rotavirus vaccination coverage was associated
with reduced monthly gastroenteritis hospitalizations
compared with the reference category of <40% cover-
age. The IRR for gastroenteritis hospitalization was
0.87 (95% CI 0.83-0.90) for vaccination coverage of
>80% after adjusting for age group, year, and month
(Table 2; Figure 3, panel A). In the age-ineligible pop-
ulation for rotavirus vaccination (n = 247,156), the IRR
for gastroenteritis hospitalization was also lower for
vaccination coverage of >80% (adjusted IRR 0.90, 95%
CL, 0.87-0.94), and the association between coverage
and decreased monthly gastroenteritis hospitaliza-
tions was not consistently observed when coverage

was <80%. (Figure 3, panel B). However, rotavirus
vaccination coverage was not associated with chang-
es in monthly gastroenteritis hospitalizations among
immunocompromised patients (Figure 3, panel C).
Secondary analyses restricted to rotavirus epidemic
seasons also revealed associations between vaccina-
tion coverage and monthly gastroenteritis hospital-
izations (Table 3). IRRs for gastroenteritis hospitaliza-
tion gradually decreased with increasing vaccination
coverage in the overall population (Figure 3, panel D).
We found no vaccination coverage-related reduction
in IRRs among the population age-ineligible for vac-
cination (Figure 3, panel E) or immunocompromised
patients (Figure 3, panel F).

Discussion

Our study demonstrated the effect of rotavirus vacci-
nation coverage on all-age gastroenteritis hospitaliza-
tions in Japan. Overall, we found that higher rotavirus
vaccination coverage among infants was associated
with lower monthly gastroenteritis hospitalizations
for all age groups. We found a decreasing trend in

Table 2. Generalized estimating equations analyses to estimate the impact of rotavirus vaccination coverage on monthly number of
gastroenteritis hospitalizations across all age groups, Japan, 2011-2019*

IRR (95% Cl)

Age-ineligible for vaccination,

Vaccination Overall, N = 294,108 n =247,156 Immunocompromised, n = 38,058
coverage, % Crude Adjustedt Crude Adjustedt Crude Adjustedt
<40 Referent Referent Referent

40-49 0.96 (0.95-0.97) 0.94 (0.93-0.95)  0.97 (0.96-0.98) 0.95 (0.94-0.97) 1.01 (0.97-1.04) 0.99 (0.95-1.03)
50-59 0.97 (0.96-0.98) 0.94 (0.93-0.96)  1.01 (0.99-1.02) 0.98 (0.96-1.00) 1.04 (1.01-1.08) 1.03 (0.98-1.07)
60—-69 0.98 (0.97-0.99) 0.94 (0.92-0.96)  1.02 (1.00-1.03) 0.99 (0.96-1.01) 1.03 (1.00-1.07) 1.01 (0.95-1.07)
70-79 0.97 (0.96-0.98) 0.91(0.89-0.94)  1.00 (0.99-1.01) 0.96 (0.93-0.99) 1.05 (1.02-1.09) 1.02 (0.95-1.09)
>80 0.94 (0.92—0.95) 0.87 (0.83-0.90)  0.95 (0.93-0.96) 0.90 (0.87-0.94) 1.06 (1.02-1.11) 1.02 (0.93-1.12)

*IRR, incidence rate ratio.

tAdjusted for age group, year, and month.
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Figure 3. Association between vaccination coverage percentages and gastroenteritis hospitalization from generalized estimating
equations analyses in study of effects of rotavirus vaccination coverage among infants on hospital admission for gastroenteritis across
all age groups, Japan, 2011-2019. A—C) Annual associations for the overall population (A), the vaccination age-ineligible population (B),
and immunocompromised persons (C). D-F) Associations during rotavirus epidemic seasons, February—April, for the overall population
(D), vaccination age-ineligible population (E), and immunocompromised persons (F). Dashed lines indicate 95% Cls; gray horizontal

lines indicate an incidence rate ratio of 1.0.

IRRs for gastroenteritis hospitalizations as vaccination
coverage increased in the overall population. Those
results highlight the impact of coverage levels in un-
derstanding the effect of rotavirus vaccination on the
entire population. The magnitude of this effect seems
to be relatively small, however, with a point estimate
of ~0.9 for IRRs. We also showed trends in gastroen-
teritis hospitalizations among immunocompromised
patients, who are at risk of severe gastroenteritis, after
rotavirus vaccination introduction. Of note, rotavirus
vaccination coverage was not associated with changes
in monthly gastroenteritis hospitalizations among im-
munocompromised patients. Our results suggest that
higher rotavirus vaccination coverage among infants
has little effect on reducing gastroenteritis hospitaliza-
tion in immunocompromised patients.

The findings of this study provide meaningful in-
sights into the indirect protective benefits of rotavirus
vaccination. Previous studies have suggested that in-
fant rotavirus vaccination affords indirect protection
against rotavirus in unvaccinated persons (21-24).
Moreover, a multihospital discharge database study
showed a lower gastroenteritis hospitalization rate
among members of households in which a child had
received the rotavirus vaccine (32). Infant rotavirus
vaccination may contribute to reducing rotavirus
transmission among unvaccinated persons by de-
creasing the probability of vaccine recipients becom-
ing infected and likelihood of secondary transmis-
sion (21,22,32). In addition, the cumulative increase
in rotavirus vaccine recipients might potentially lead
to a reduction in rotavirus transmission in the entire

Table 3. Generalized estimating equations analyses, restricted to data from rotavirus epidemic seasons (February—April), to estimate
the impact of rotavirus vaccination coverage on the monthly number of gastroenteritis hospitalizations across all age groups, Japan,

2011-2019*
IRR (95% ClI)

Age-ineligible for vaccination, Immunocompromised,
Vaccination Overall, n = 69,025 n = 56,605 n=8,878
coverage, % Crude Adjustedt Crude Adjustedt Crude Adjustedt
<40 Referent Referent Referent
40-49 0.93 (0.91-0.95) 0.93 (0.90-0.95)  0.96 (0.93-0.98) 0.97 (0.94—1.00) 1.03 (0.95-1.11) 1.01 (0.94-1.10)
50-59 0.92 (0.90-0.94) 0.91(0.88-0.95) 0.98 (0.95-1.00) 1.00 (0.96—1.04) 1.05 (0.98-1.12) 1.03 (0.94-1.12)
60-69 0.91 (0.89-0.93) 0.90 (0.86-0.94)  0.96 (0.93-0.98) 1.00 (0.95-1.05) 1.01 (0.95-1.07) 0.98 (0.88-1.09)
70-79 0.90 (0.88-0.92) 0.89(0.84-0.94) 0.94 (0.92-0.97) 1.00 (0.94-1.07) 1.03 (0.97-1.10) 0.99 (0.87-1.13)
>80 0.89 (0.86-0.92) 0.87 (0.81-0.94)  0.90 (0.86—0.93) 0.97 (0.90-1.05) 1.04 (0.95-1.14) 1.00 (0.85-1.17)

*IRR, incidence rate ratio.

‘tAdjusted for age group, year, and month.
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population. The burden of rotavirus infection in
adults compared with children is not well understood
(33). Recent reports have highlighted the substantial
magnitude of rotavirus in adults with gastroenteritis
(6). Furthermore, several large studies have shown
reductions in adult hospitalization after vaccination
introduction (23,24), although the most affected age
group varied among different cohorts, and findings
in relation to indirect protection are inconsistent for
adults. Taken together, those findings might provide
supporting evidence for routine rotavirus immuniza-
tion of infants and additional clues for understanding
disease transmission.

Among major strengths of this study were use of
9-year longitudinal data from >500 hospitals and use
of rotavirus vaccination coverage data at the regional
level. Several studies of pneumococcal conjugate vac-
cine have investigated the association between vacci-
nation coverage and indirect protection in the unvac-
cinated population (34,35). A recent study in Spain
found an association between reductions in rotavirus
gastroenteritis hospitalizations and regional rotavi-
rus vaccination coverage in children <5 years of age
(36). Those studies suggested that use of vaccination
coverage data can provide valuable insights into un-
derstanding regional variations in vaccination cover-
age and associations between vaccination coverage
and indirect protection. An additional strength of
this study was its description of the postvaccination
trends in hospitalizations for gastroenteritis among
immunocompromised patients.

Among our study’s limitations was an inherent
problem with the diagnostic coding of gastroenteri-
tis. Previous studies have shown the relatively low
sensitivity in diagnosing gastroenteritis using ICD
codes, both in children and adults (37,38). Possible
misclassification of the diagnosis might have result-
ed in underestimation of the incidence rate of gas-
troenteritis. The effect of this limitation appears to
be mitigated, however, because it is likely that any
misclassification occurred equally across different
levels of vaccination coverage. Another limitation
was that we did not investigate the effect of vacci-
nation coverage on rotavirus gastroenteritis hospi-
talization. We presumed that an analysis restricted
only to patients with the diagnosis of rotavirus gas-
troenteritis would result in further underestimation
of incidence because patients with gastroenteritis are
typically not routinely tested for rotavirus in clinical
settings (39,40). Instead, we performed secondary
analyses with a restriction to the rotavirus epidemic
season, which demonstrated results consistent with
those of the primary analysis.

1900

Another notable limitation of this study was that
rotavirus vaccination coverage was obtained at an
aggregate level. Heterogeneity in the distribution of
vaccination coverage within the prefecture may lead
to confounding for the observed association. Thus,
to avoid the ecologic fallacy (41), our results should
be interpreted with caution. In addition, we lacked
information on socioeconomic status, which could
affect both childhood vaccination coverage (42,43)
and hospitalization rates. Although we used hospital
codes as a cluster variable in the GEE models, results
do not account for unmeasured confounding factors.
The study population selected from hospitals in the
DPC Study Group might have introduced selection
bias, another potential limitation. The effect of this
bias seems to be limited, however, given the broad
coverage of the DPC Study Group database in acute
inpatient care in Japan (25).

In conclusion, our study assessed the effects of
infant rotavirus vaccination coverage on the number
of all-age gastroenteritis hospitalizations in Japan
and found higher rotavirus vaccination coverage was
associated with a decline in gastroenteritis hospital-
ization in the overall population. However, the ef-
fect size was relatively small. Our study also found
gastroenteritis hospitalizations among immunocom-
promised patients were not affected after rotavirus
vaccination introduction. Our findings shed light on
the importance of rotavirus vaccination coverage and
suggest that, by reducing gastroenteritis hospitaliza-
tions, rotavirus vaccination among infants might ben-
efit the entire population.
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Emergence of Extensively
Drug-Resistant Neisseria

gonorrhoeae,

France, 2023

Frangois Caméléna, Manel Mériméche, Julie Brousseau, Mary Mainardis,
Pascale Verger, Caroll Le Risbé, Elise Brottet, Alexandra Thabuis, Cécile Bébéar,
Jean-Michel Molina, Florence Lot, Emilie Chazelle," Béatrice Bergot'

Since 2022, Europe has had 4 cases of extensively drug-
resistant Neisseria gonorrhoeae, sequence type 16406,
that is resistant to ceftriaxone and highly resistant to
azithromycin. We report 2 new cases from France in
2023 involving strains genetically related to the 4 cases
from Europe as well as isolates from Cambodia.

Neisseria gonorrhoeae, the causative agent of gonor-
rhea, remains a persistent global public health
concern. N. gonorrhoeae is classified by the World
Health Organization as a priority pathogen because
of the emergence of multidrug-resistant isolates and
rapid increases in antimicrobial drug resistance rates.
Because of the frequency of resistance to cefixime,
azithromycin, and fluoroquinolones, ceftriaxone is the
recommended first-line treatment of N. gonorrhoeae (1).
Four cases of extensively drug-resistant (XDR) N. gon-
orrhoeae, containing the penA-60 allele and the A2059G
mutation of 235 rRNA, belonging to sequence type
16406 have been reported in Austria, the United King-
dom, and France since 2022 (2-4). The enhanced gono-
coccal surveillance program in Cambodia identified 3
similar isolates during 2021-2022 (5). We report 2 new
cases of XDR N. gonorrhoeae in France from 2023. Both
patients gave consent for the publication of this report.

The Cases
The patient in case 1 is a 40-year-old man living in
the Rhone-Alpes region. He sought care in July 2023

for reported urethritis that occurred 15 days after
unprotected sexual contact with a person living in
Cambodia. The patient did not receive treatment in
Cambodia before returning to France, and he had no
sexual relations after his return. Laboratory testing of
urethral samples was positive for gonococcal DNA
and negative for Chlamydia trachomatis. N. gonorrhoeae
was identified by using culture and designated as
F95. The patient was treated with an intramuscular
dose of ceftriaxone (1 g) during the visit. He attended
a follow-up consultation with his general practitioner
in September, during which control samples from
his urethra, anus, and throat were collected. No N.
gonorrhoeae DNA was detected from those samples;
however, the patient still reported urethritis. Repeat
laboratory testing was positive for C. trachomatis, and
the patient was treated.

The patient in case 2 is a 60-year-old man living
with a partner in the Rhone-Alpes region. The pa-
tient sought care for reports of urethritis in August
2023. Symptom onset occurred 1 week after the pa-
tient had sexual contact with a sex worker in France.
The patient had no documented travel to Asia. Labo-
ratory testing of urine samples by using culture and
PCR were positive for N. gonorrhoeae, designated
F96, and C. trachomatis. In September, the patient
was treated with ceftriaxone (1 g) for the N. gonor-
rhoeae infection and azithromycin (1 g) for the C.
trachomatis infection. At a follow-up consultation a
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few weeks later, the patient reported no symptoms.
Control samples from his urethra, anus, and throat
were tested by using PCR and were negative for N.
gonorrhoeae and C. trachomatis.

The 2 N. gonorrhoeae isolates, F95 and F96, were
sent to the national reference center for sexually
transmitted infections in Paris for confirmation and
genomic analysis. We conducted phenotypic anti-
microbial drug susceptibility testing and found that
both isolates were XDR (6). The isolates demonstrated
resistance to penicillin G, cefixime, ceftriaxone, cipro-
floxacin, azithromycin, tetracycline, and doxycycline;
both isolates were susceptible to ertapenem and ami-
noglycosides (Table). We conducted whole-genome
sequencing by using an Illumina MiSeq (Illumina,
https:/ /www illumina.com) system (300 cycles, 2
x 150 bp). We performed bioinformatic analysis as
previously described (4). The sequences obtained are
available from the European Nucleotide Archive and
GenBank (accession no. PRINA1082518).

We aligned the genomes of F95 and F96 with
ceftriaxone-resistant strains previously isolated
in France (WHOY [F89], F90, F91, and F92), Japan
(WHOX), and the United States (LRRBGS-1327). We
also aligned the F95 and F96 genomes with strains
highly resistant to azithromycin and resistant to
ceftriaxone recently found in the United Kingdom
(WHOQ and H22-494), Austria (AT158), France (F93
and F94), Cambodia (22R655558T, 22R655567T, and
22R655494S), and Australia (A2735 and A2543) (2-
5,7-12). We used ParSNP v.1.2 (https:/ / github.com/
marbl/parsnp) to correct the alignments for recombi-
nation. We then constructed a maximume-likelihood
phylogeny for core-genome comparisons. We visu-
alized the comparisons by using iTol (https://itol.
embl.de), as previously described (4, 7). The whole-
genome sequencing analysis revealed that isolates
F95 and F96 belonged to sequence type 16406. The
F95 and F96 strains were assigned to sequence type

22862 by using N. gonorrhoeae multiantigen sequence
typing (porB 822, tbpB 294) and 5793 by using N.
gonorrhoeae sequence typing for antimicrobial resis-
tance (profile no. 60.001_89_13_1_7_3_1).

Our molecular analysis of isolates F95 and F96
revealed several mutations associated with antimi-
crobial resistance (Table). Both isolates contained the
mosaic allele penA-60.001, which encodes a penicil-
lin binding protein 2 with amino-acid substitutions
(A311V, T4835) that impair the binding of extended-
spectrum cephalosporins (ESCs). This impairment
renders the isolates resistant to ESCs. F95 and F96
contain the A39T mutation in the MtrR repressor
gene, without promoter deletions, which causes an
overexpression of the MtrCDE efflux pump and an
increase in the MIC of ESCs. The isolates produced
TEM-135 penicillinase with a M182T substitution
known to increase the stability of the enzyme, which
typically proceeds additional mutations that extend
the range of resistance to ESCs. In addition, F95 and
F96 carried the A2059G mutation in the 4 alleles of
the 23S rRNA-encoding gene, conferring high lev-
els of resistance to azithromycin (6). The quinolone
resistance-determining regions of F95 and F96 con-
tained S91F and D95A substitutions in GyrA (a sub-
component of DNA gyrase), and an S87R substitution
in ParC (a component of topo-isomerase IV). Those
substitutions are responsible for high level resistance
to ciprofloxacin. Finally, both strains contained the
tet(M) gene and a V57M amino-acid substitution in
the rps] gene (encoding the S10 ribosomal protein),
conferring a high level of tetracycline resistance.

The F95 isolate had no single-nucleotide poly-
morphism relative to the F96 isolate. Both isolates
clustered with other XDR N. gonorrhoeae isolates that
contained the penA-60.001 allele and the A2059G
mutation in 23S rRNA, indicating a common evo-
lutionary origin (Figure). F95 and F96 were close-
ly related to the recently reported azithromycin-

Table. MICs and molecular resistance mechanisms of extremely drug-resistant Neisseria gonorrhoeae strains F95 and F96, recovered

from 2 patients in France, 2023*

Antimicrobial F95 MIC, mg/L  F96 MIC, mg/L  EUCAST interpretation Molecular mechanism(s) of resistance
Penicillin >32 >32 R blaTgm.135

Cefixime 1 1 R penA 60.001 (mosaic; A311V; T483S); mtrR,
Ceftriaxone 0.25 0.25 R A39T; ponA, L421P; porB structure, porB1a
Cefotaxime 0.5 0.5 R

Ertapenem 0.032 0.016 NA NA

Azithromycin >256 >256 R (high-level) 23S rRNA, A2059G; mtrR, A39T
Tetracycline 32 32 R (high-level) tetM; rpsJ, V57M; mtrR, A39T
Doxycycline 16 16 R

Ciprofloxacin 2 4 R gyrA, S91F and D95A; parC, S87R
Spectinomycin 16 16 S NA

Gentamicin 8 8 NA NA

Rifampin 0.125 0.064 NA NA

*MIC testing done using ETEST (bioMérieux, https://www.biomerieux.com). EUCAST, European Committee on Antimicrobial Susceptibility testing; NA,
not applicable because of a lack of breakpoints for interpretation; R, resistant; S, susceptible.
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Figure. Phylogenetic tree of 19 Neisseria gonorrhoeae isolates, including 2 from patients in France, compared on the basis of their main
resistance determinants. The phylogenetic tree was built from 10,907 total core single-nucleotide polymorphism positions. The F95 and
F96 isolates from 2 patients in France were compared with ceftriaxone-resistant and extensively drug-resistant N. gonorrhoeae isolates
from Europe, Australia, Cambodia, Japan, and the United States. The tree is rooted on N. gonorrheae FA1090, a laboratory reference
strain. Scale bar indicates the branch length corresponding to genetic change.

resistant and ceftriaxone-resistant 22R655567T
XDR isolates from Cambodia, only differing by 113
single-nucleotide polymorphisms. On the phyloge-
netic tree, the F95 and F96 isolates belonged to the
same lineage as the XDR isolates from Cambodia.
This lineage is further divided into multiple sub-
lineages: the A2543 XDR clone, which has been re-
ported to be spreading internationally (4,11); the
sublineage including AT159, H22-494, and F93; the
sublineage F94; the sublineage 22R655558T; and
the sublineage including F95, F96, 22R655567T, and
22R655494S (Figure) (2-5,10).

The patients in both cases were successfully treat-
ed with 1 g ceftriaxone, which suggests that EUCAST
breakpoints (https://www.eucast.org) for ceftriax-
one resistance (MIC >0.125 mg/L) might be too low
for genital infections (13). In case 2, the patient likely
contracted XDR N. gonorrhoese infection through
sexual contact with a sex worker. However, no addi-
tional information was obtained about the sex work-
er, and our investigation did not establish a link to
case 1. The XDR N. gonorrhoeae isolates also contained
the fetM gene, which confers resistance to tetracycline
and doxycycline. Several public health departments
in California, USA, recommend the use of doxycy-
cline postexposure prophylaxis in men who have sex
with men, and the indirect selection of N. gonorrhoeae
containing tet(M) because of the use of doxycycline
postexposure prophylaxis is possible (14,15).

Conclusions

We report 2 cases of XDR N. gonorrhoeae strains from
France. These strains are highly resistant to azithro-
mycin, resistant to ceftriaxone, and genetically

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 9, September 2024

related to isolates from Cambodia. Our findings raise
concerns about the spread of XDR N. gonorrhoeae in
Southeast Asia. The emergence and spread of XDR
N. gonorrhoeae isolates suggest the need to reconsider
current recommendations for the first-line treatment
of gonococcal infections. Novel and effective thera-
pies against these XDR isolates are required, as is the
need for international collaboration to monitor anti-
microbial resistance.
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Avian and Human Influenza A
Virus Receptors in
Bovine Mammary Gland

Charlotte Kristensen, Henrik E. Jensen, Ramona Trebbien, Richard J. Webby, Lars E. Larsen

An outbreak of influenza A (H5N1) virus was detected in
dairy cows in the United States. We detected influenza
A virus sialic acid -02,3/a2,6-galactose host receptors in
bovine mammary glands by lectin histochemistry. Our re-
sults provide a rationale for the high levels of H5N1 virus
in milk from infected cows.

nfluenza A virus (IAV) is a negative, single-strand-
ed RNA virus. Viral evolution has enabled some
IAVs to cross species barriers and to be established in
humans and various mammals (1). Cattle are suscep-
tible to infection with influenza C and D viruses but
have been regarded as almost resistant to infection
with IAV (2). An unexpected highly pathogenic avian
influenza (HPAI) virus H5N1 (clade 2.3.4.4b) was de-
tected in dairy cattle in Texas, USA, and has spread
to 131 herds in 12 different states in the United States
(3,4). Although extremely high levels of virus in milk
from infected cows (5) were unexpected, previous
studies and a report from Friedrich-Loeffler Institute
(FLL Insel Riems, Germany) (6) have shown that the
inoculation of IAVs into the mammary glands of cows
and goats results in productive viral infection (2).
Hemagglutinin (HA) binds to sialic acids (SA) ter-
minally attached to glycans, enabling viral endocyto-
sis and membrane fusion. Hemagglutinins of human-
and swine-adapted IAVs frequently prefer SAs linked
to galactose (Gal) in an a2,6 linkage (SA-a2,6, human
receptor), whereas avian IAVs prefer an a2,3 link-
age (SA-a2,3, avian receptor) (7). Furthermore, IAVs
adapted to chickens generally prefer SA-a2,3-Gal
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with a 1,4 linkage to N-acetylgalactosamine (Gal-
Nac; SA-a2,3-Gal-p1,4-GalNac, referred to as chicken
receptor), whereas IAVs isolated from ducks favor
SA-a2,3-Gal with a 1,3 linkage to N-acetylglucos-
amine (GlcNac; SA-a2,3-Gal-p1,3-GlcNac, referred to
as duck receptor) (7).

To investigate IAV receptor expression on the
surface of epithelial cells, in situ techniques, such as
lectin histochemistry, are useful (8). A limitation of
using lectins is that they provide information only
about the terminal end of the host receptors; a com-
plete quantification of the receptors is not possible.
Three studies have reported the IAV receptors in
the bovine respiratory tract by using lectins (9-11),
but studies describing the IAV receptor distribu-
tion in other bovine tissues are sparse. The aim of
this study was to investigate the in situ expression
of IAV receptors in the bovine mammary glands by
lectin histochemistry.

The Study

We included 2 archived bovine mammary glands ob-
tained from the same lactating dairy cow (4 years of
age) of a Danish Holstein breed and included mam-
mary glands from 8 cows of different breeds and ages
obtained from a slaughterhouse in Denmark (Table).
The tissues were formalin-fixed, paraffin-embedded,
and cut into 4-5 pum sections.

We detected the human receptor SA-a2,6 using
biotinylated Sambucus nigra lectin (SNA) (B-1305-2;
Vector Laboratories, https://vectorlabs.com). We
detected the chicken receptor SA-a2,3-Gal-p1,4 us-
ing biotinylated Maackia amurensis lectin I (MAA-I)
(B-1315-2; Vector Laboratories) and the duck recep-
tor (SA-a2,3-Gal-p1,3) biotinylated MAA-II (B-1265-1;
Vector Laboratories) as previously described (13). We
semiquantified the staining on the surface of the epi-
thelial cells as the percentage of positive surface area
in 2 images from each slide (Figure 1, panels D, E;
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Table. The average percentage of epithelial staining of the human and duck influenza A virus receptors in the alveoli and ducts in 9

cows with different breeds, ages, and parity status*®

% SNA
Breed Age, y Parity Lactationt Alveoli Ducts % MAA-II, alveolit
Jersey 6 4 Late 53 18 37
Danish Holstein 4 2 Late 57 3 47
7 5 Late 40 21 46
6 4 Early/mid 47 4 44
5 2 Late 58 24 61
6 4 Early/mid 51 10 49
5 3 Early/mid 55 1 51
4 3 Late 52 32 48
Unknown Unknown Unknown Early/mid 59 6 47
Average 5 3 NA 54 13 48

*MAA-II, duck receptor; NA, not applicable; SNA, human receptor.

TAIl images were obtained from active alveoli of the mammary glands and the staining is therefore not representative for the whole section of cows in late
lactation. The lactation period was determined by investigating the luminal size of the alveoli and the amount of connective tissue (12).
1The staining did not exceed the amount of staining observed with the neuraminidase treatment, suggesting a nonspecific staining in the ducts.

Figure 2, panels D, E) and reported the average (13).
We applied 2 negative controls. To investigate poten-
tial background staining (blind), we added no lectins;
to investigate the amount of nonspecific binding, we
applied a neuraminidase pretreatment before each
lectin, as previously reported (13). We included a con-
firmed IAV-negative pig lung as a positive control.
In the mammary gland, the human receptor (de-
tected by SNA) and the duck receptor (detected by
MAA-II) were widely distributed in the alveoli, but
less so in the ducts, whereas we detected no positive

staining of the chicken receptor by MAA-I (Table;
Figures 1, 2; Appendix Tables, https:/ /wwwnc.cdc.
gov/EID/article/30/9/24-0696-Appl.pdf), except
for 1 cow expressing the chicken receptor in a lac-
tiferous duct. Both human and duck receptors were
primarily expressed in the active alveoli and less ex-
pressed in less active alveoli (Figure 1,2). We found
a significant negative correlation between the per-
centage of SNA staining in the alveoli and the parity
status of the cows but not with the MAA-II lectin
staining (Figure 3).

Figure 1. Results of staining showing wide expression of the human receptor for influenza A virus (designated SNA) in the bovine
mammary gland. A) An example of the SNA staining of a mammary gland from a cow in late lactation. Arrowhead indicates expression
of the human receptor in the active alveoli. Asterisks indicate less staining in the less active alveoli. Original magnification x10. B, C)
SNA staining of a duct (B) and (C) an alveolus in a 7-year-old cow. Original magnification x60. D, E) Positive staining obtained from the
image analysis. Green line shows the region of interest. Original magnification x60. F) A neuraminidase pretreatment negative control
showed markedly reduced staining of the SNA lectin. Original magnification x60. The staining was visualized using Vector Blue (Vector

Laboratories, https://vectorlabs.com).

1908

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024


https://wwwnc.cdc.gov/EID/article/30/9/24-0696-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/9/24-0696-App1.pdf
http://www.cdc.gov/eid
https://vectorlabs.com

Influenza Virus Receptors in Bovine Mammary Gland

Figure 2. Results of staining showing wide expression of the duck receptor for influenza A virus (designated MAA-II) in the alveoli of the
bovine mammary gland. A) An example of the MAA-II staining of a mammary gland from a cow in late lactation. Arrowhead indicates
expression of the duck receptor in active alveoli. Asterisks indicate less staining in the less active alveoli. Original magnification x10.

B, C) MAA-II staining of a duct (B) and an alveolus (C) in a 3-year-old cow. Original magnification x60. D, E) Positive staining obtained
from the image analysis. Green line shows the region of interest. Original magnification x60. F) A neuraminidase pretreatment negative
control showed markedly reduced staining of the MAA-II lectin in the alveolus but some nonspecific staining in the duct epithelium. The
staining was visualized using Vector Blue (Vector Laboratories, https://vectorlabs.com). Original magnification x60.

We detected nonspecific staining (positive stain-
ing after neuraminidase pretreatment) in the endo-
thelial cells with the SNA and MAA-I lectins, in the
bovine erythrocytes with the MAA-I lectin, and in the
ducts of the MAA-II lectin, but observed no nonspe-
cific staining elsewhere (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/30/9/24-0696-App1l.
pdf). The positive controls of the pig lung corre-
sponded to previous findings (13) (Appendix Figure).

Our investigation evaluated the expression of
IAV receptors in situ in the mammary gland of cattle,
which typically has been considered less susceptible
to IAV infection (2). Of note was the finding that both
the human receptors (SA-a2,6) and the duck recep-

tors (SA-a2,3-Gal-p1,3) were highly expressed in
the active alveoli in mammary glands but lower ex-
pressed in the less active alveoli, which could indi-
cate that cows peaking in lactation are more suscep-
tible for infection. The findings of the 2 receptors are
in agreement with 2 novel studies investigating the
IAV receptors in the bovine mammary gland of 2-3
cows (11; M.R. Carrasco et al., unpub. data, https://
doi.org/10.1101/2024.05.24.595667). The transmis-
sion routes and the pathogenesis of H5N1 in cows
remain unclear, but the virus remains infectious af-
ter 1 hour on the milking equipment (V.L. Sage et
al., unpub. data, https://doi.org/10.1101/2024.05.
22.24307745); the US Department of Agriculture has
Figure 3. Pearson correlation
coefficient showing a
significant negative correlation
between the percentage

of SNA staining (bovine
receptor) in the alveoli and

the parity status of the cows
(A) but not for MAA-II staining
(duck receptor) (B). Original
magpnification x60. Statistics
and graphs made using
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10.2.3 (GraphPad Software,
www.graphpad.com).

Parity

1909


http://www.cdc.gov/eid
https://wwwnc.cdc.gov/EID/article/30/9/24-0696-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/9/24-0696-App1.pdf
https://wwwnc.cdc.gov/EID/article/30/9/24-0696-App1.pdf
https://doi.org/10.1101/2024.05.24.595667
https://doi.org/10.1101/2024.05.24.595667
https://doi.org/10.1101/2024.05.22.24307745
https://doi.org/10.1101/2024.05.22.24307745
https://vectorlabs.com
http://www.graphpad.com

DISPATCHES

reported that only some udder quarters may be in-
volved in infection, suggesting an ascending infec-
tion as a possible transmission route. Of interest,
the human and duck receptors were less expressed
in the ducts of the mammary gland, making an as-
cending mammary gland infection using those re-
ceptors more challenging. An investigation of the
receptor binding preference of A/Texas/37/2024
showed that an I199T mutation of the hemagglutinin
protein increased the receptor binding breadth to a
higher number of conformations of the avian recep-
tor, including hybrid N-glycans, compared with pre-
vious H5N1 viruses (M.R. Good et al., unpub. data,
https:/ /doi.org/10.1101/2024.06.22.600211);  those
hybrid N-glycans might not be detected by the lectins
used in our study (14). M.R. Carrasco, et al. (unpub.
data) showed limited binding of older AIV strains
and a mouse-adapted human influenza strain (PR8)
in the mammary gland of cows, whereas the prelimi-
nary report from FLI (6) showed that genotypes from
Europe of the clade 2.3.4.4b H5 HPAI viruses could
also replicate in the mammary glands of cows. Thus,
more studies are needed to investigate the suscepti-
bility of cows to different IAV strains and variants.

The SNA lectin detects both of the 2 most common
sialic acids, N-acetylneuraminic acid (Neu5Ac) and
N-glycolylneuraminic acid (NeubGc) (14). NeuSAc
is mainly the preferred SA for IAVs, except for equine
IAVs, which have a higher preference for Neu5Gc
(7). Cattle express both Neu5Ac and Neu5Gc in their
tissues, but the amount of Neu5Ac in bovine milk
is 30 times higher than for Neu5Gc (15), which in-
dicates that the SNA staining detected in our study
was caused by staining of NeubAc. However, further
studies such as mass spectrometry, which gives de-
tailed information about the IAV receptors (e.g., sialic
acid type, length, branching), are needed to confirm
the cause of SNA staining and also to accomplish a
comprehensive quantification of the distribution of
receptors in bovine tissues (8§).

Conclusions

The expression of the duck receptor in the mammary
gland of cows fits with the observed widespread in-
fections among cattle in the United States with HPAI
H5NT1. The co-expression of both human and avian
receptors in the mammary glands indicates suscep-
tibility to other IAVs than those from avian origin,
which is worrying from a zoonotic perspective. The
presence of the IAV receptors, however, does not pro-
vide evidence that cattle are susceptible to all IAVs;
other host factors (1) probably play a role for success-
ful replication.
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Cocirculation of Genetically
Distinct Highly Pathogenic Avian

Influenza H5N5 and H5N1 Viruses
In Crows, Hokkaido, Japan

Yik Lim Hew, Takahiro Hiono, Isabella Monne, Kei Nabeshima, Saki Sakuma, Asuka Kumagai,
Shunya Okamura, Kosuke Soda, Hiroshi Ito, Mana Esaki, Kosuke Okuya, Makoto Ozawa, Toshiyo Yabuta,
Hiroki Takakuwa, Linh Bao Nguyen, Norikazu Isoda, Kohtaro Miyazawa, Manabu Onuma, Yoshihiro Sakoda

We isolated highly pathogenic avian influenza (HPAI)
H5N5 and H5N1 viruses from crows in Hokkaido, Ja-
pan, during winter 2023-24. They shared genetic simi-
larity with HPAI H5N5 viruses from northern Europe but
differed from those in Asia. Continuous monitoring and
rapid information sharing between countries are needed
to prevent HPAI virus transmission.

5 highly pathogenic avian influenza viruses

(HPAIVs) of the A/goose/Guangdong/1/1996
lineage have diversified into multiple clades, threat-
ening wild birds and poultry worldwide. Clade
2.3.4.4b HPAIVs have been consistently isolated in
Asia and Europe since 2016 (1-3) and expanded fur-
ther to North America in late 2021 (4). The global cir-
culation of H5 HPAIVs over a relatively short time
highlights the pivotal role of migratory birds in virus
dissemination (5). H5 HPAIVs in clade 2.3.4.4 fre-
quently acquire the neuraminidase (NA) gene from
locally circulating low pathogenicity avian influenza
viruses (LPAIVs), which often infect waterfowl, lead-
ing to the generation of novel H5Nx reassortant vi-
ruses, such as HSN2, H5N6, and H5NS (6).
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During the winter seasons 2021-22 and 2022-23,
Hokkaido, located in the northernmost part of Japan,
experienced HPAIV outbreaks driven by bird migra-
tion that substantially affected poultry and other resi-
dent birds. Those viruses clustered in the group 2 (G2)
d subgroup within clade 2.3.4.4.b, which has multiple
subgroups, G2a-e, and shared a common ancestor
with HPAIVs detected in Europe in late 2020 (7).
HPAIV subgroup G2d might have undergone inter-
continental transmission from Europe to Japan (8,9).
During winter 2023-24, H5N5 HPAIVs were detected
in a crow flock in Hokkaido, and further monitoring
revealed cocirculation of 2 distinct viruses in the crow
population. We investigated the genetic origin and
antigenicity of HSN5 HPAIVs isolated in Hokkaido.

The Study

We conducted passive surveillance of HPAIV infec-
tions in wild birds in a public garden in Sapporo, the
prefectural capital of Hokkaido, Japan; 2,000 crows
flock together during winter and are observed by gar-
den staff. We isolated viruses from tracheal and cloa-
cal swab samples collected from dead crows in the
garden by inoculating 10-day-old embryonated eggs;
we confirmed results by using reverse transcription
PCR (Appendix, https://wwwnc.cdc.gov/EID/
article/30/9/24-0356-Appl.pdf). On November 23
and 24, 2023, we isolated H5N1 HPAIVs from 2 dead
large-billed crows (Corvus macrorhynchos), desig-
nated as A/large-billed crow/Hokkaido/B067/2023
(H5N1) and A/large-billed crow/Hokkaido/
B068/2023 (H5N1). The hemagglutinin (HA) gene se-
quences from those 2 H5N1 HPAIVs indicated they
clustered with the G2d subgroup of HPAIVs found
in Hokkaido during the winter seasons 2021-22 and
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2022-23. In contrast, HA genes of 3 H5 HPAIVs iso-
lated from dead crows on January 8-11, 2024, were
closely related to the G2a subgroup of HSN5 HPAIVs
found in northern Europe and North America. Sub-
sequent whole-genome sequencing analysis of the
3 G2a HPAIVs confirmed their subtype was H5N5;
we named them A/large-billed crow/Hokkaido/
B073/2024 (H5N5), A/large-billed crow/Hokkai-
do/B074/2024 (H5N5), and A/crow/Hokkaido/
B075/2024 (H5N5) (Table 1).

We phylogenetically analyzed virus isolates
along with reference sequences obtained from GI-
SAID (https://www.gisaid.org); the HA genes of
H5N5 HPAIVs isolated in Hokkaido diverged con-
siderably from HPAIVs isolated in Japan during win-
ter 2020-21 (10), forming a distinct branch within the
G2a subgroup (Figure). In addition, the other gene
segments of HSN5 HPAIVs from Hokkaido were ge-
netically distant from those in HPAIV strains isolated
in Japan during winter 2021-22 (Appendix Figures
1-6). BLAST (https:/ /blast.ncbi.nlm.nih.gov) analy-
sis of sequences from GISAID revealed that all 8 gene
segments of H5N5 HPAIVs from Hokkaido were
very close (genetic similarity >99%) to HSN5 HPAIVs
detected in northern Europe since 2022, in contrast to

Avian Influenza H5N5 and H5N1 Viruses, Japan

those from North America (Table 2), suggesting a low
possibility of virus transmission from North America.
H5N5 HPAIVs from Hokkaido shared a common an-
cestor with H5N5 HPAIV from Europe assigned the
genotype EA-2021-1 by the European Food Safety Au-
thority (11). Parent strains of HSN5 HPAIVs from Eu-
rope, represented by A/swan/Rostov/2299-2/2020
(H5N5), were proposed to originate in western Rus-
sia during autumn 2020. Those viruses underwent
genetic evolution via reassortment events involv-
ing H5N8 HPAIVs circulating in Europe since 2018
(12) and the N5 NA gene derived from concurrently
circulating LPAIVs (13). H5N5 HPAIVs reported in
northern Europe during 2022-2023 exhibited specific
genetic differences compared with HSN5 HPAIVs de-
tected in Europe during autumn 2020, particularly in
the N5 NA gene. Those differences included a 66-bp
nucleotide deletion within the N5 NA gene, which we
also observed in the H5N5 HPAIVs from Hokkaido.
Truncation of the NA stalk has been attributed to the
adaptation of those viruses from wild birds to Galli-
formes spp. birds (14). However, most H5N5 HPAIV
infections in Europe were detected in wild birds, and
no cases have been detected in Galliformes spp. birds
since 2022 (15). Further investigation is needed to

Table 1. H5 viruses isolated in Hokkaido and Kumamoto, Japan, in winter 2023—24 in study of cocirculation of genetically distinct

highly pathogenic avian influenza H5N5 and H5N1 viruses in crows*

Virus name Subgroup Datet City/town Latitude Longitude Accession no.
Allarge-billed crow/Hokkaido/B067/2023 G2d 2023 Nov 23  Sapporo  43°03'50’N  141°20'35"E  EPI_ISL_18591747
(H5N1)

Allarge-billed crow/Hokkaido/B068/2023 G2d 2023 Nov 24 Sapporo  43°03'50’N  141°20'35"E  EPI_ISL_18594618
(H5N1)

Allarge-billed G2a 2023 Dec 19 Erimo 42°00'59°’N  143°08'53"E  EPI_ISL_18837770
crow/Hokkaido/0112F066T1/2023 (H5N5)

Allarge-billed G2a 2023 Dec 19 Erimo 42°00'59’N  143°08'53"E  EPI_ISL_18838019
crow/Hokkaido/0112F066C/2023 (H5N5)

Allarge-billed crow/Hokkaido/B073/2024 G2a 2024 Jan8  Sapporo  43°03'50°'N  141°20'35"E EPI_ISL_18792212
(H5N5)

Allarge-billed crow/Hokkaido/B074/2024 G2a 2024 Jan9  Sapporo  43°03'50°'N  141°20'35"E EPI_ISL_18830859
(H5N5)

Alcrow/Hokkaido/B075/2024 (H5N5) G2a 2024 Jan 11 Sapporo  43°03'50"N  141°20'35"E EPI_ISL_18830860
Allarge-billed crow/Hokkaido/B076/2024 G2d 2024 Jan 12 Sapporo  43°03'50"N  141°20'35"E  EPI_ISL_18830861
(H5N1)

Allarge-billed crow/Hokkaido/B078/2024 G2d 2024 Jan 17  Sapporo  43°03'50°N  141°20'35"E EPI_ISL_18876661
(H5N1)

Alcarrion crow/Hokkaido/B079/2024 (H5N1) G2d 2024 Jan 18  Sapporo  43°03'50"N  141°20'35"E EPI_ISL_18876662
Allarge-billed crow/Hokkaido/B080/2024 G2d 2024 Jan 22  Sapporo  43°03'50"N  141°20'35"E  EPI_ISL_18932042
(H5N1)

Alcarrion crow/Hokkaido/B081/2024 (H5N1) G2d 2024 Jan 26 Sapporo  43°03'50"N  141°20'35"E EPI_ISL_18876663
Allarge-billed crow/Hokkaido/B104/2024 G2a 2024 Feb20 Sapporo  43°03'50°N  141°20'35’E  EPI_ISL_19033207
(H5N5)

Allarge-billed crow/Hokkaido/B120/2024 G2a 2024 Mar 16 Sapporo  43°03'50°'N  141°20'35"E  EPI_ISL_19055087
(H5N5)

Allarge-billed crow/Hokkaido/B157/2024 G2a 2024 Apr 30  Sapporo  43°03'50°N  141°20'35"E  EPI_ISL_19174744
(H5N5)

Alperegrine G2d 2024 Jan 16 Kumamoto 32°56'07”N  130°33'45"E EPI_ISL_18876660

falcon/Kumamoto/4301C001/2024 (H5N5)

*Accession numbers are from GISAID (https://www.gisaid.org).
tDate of sample collection.
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clarify whether NA stalk truncation affects pathogen-
esis of H5N5 HPAIVs.

During winter 2023-24, we confirmed H5N5
HPALIV infections in wild birds, especially in crows,

in Erimo (December 19, 2023, in south-central Hok-
kaido) and in Kushiro (January 18, 2024, in eastern
Hokkaido); we also confirmed infection in a pere-
grine falcon (Falco peregrinus) in Tamana, Kumamoto

Figure. Phylogenetic analysis of genetically distinct highly pathogenic avian influenza H5N5 and H5N1 viruses isolated in Japan in winter
2023-24. H5 hemagglutinin (A) and N5 neuraminidase (B) gene segments of H5N5 highly pathogenic avian influenza viruses (HPAIVs)
isolated in winter 2023—24 were compared with reference strains within clade 2.3.4.4b obtained from GISAID (https://www.gisaid.org).
Squares indicate H5N1 and circles indicate HSN5 HPAIVs isolated from crows in Hokkaido in winter 2023-24. Bold text indicates the HSN5
HPAIV isolated from a peregrine falcon in Kumamato in the southern part of Japan in winter 2023—-24. Trees were constructed by using the
maximum-likelihood method and MEGA 7 software (https://www.megasoftware.net). Bootstrap values (>50%) from 1,000 replicates are
indicated on nodes. Isolated viruses belonging to subgroups G1, G2a, and G2d and clade 2.3.4.4b are indicated. Dates after strain names
indicate sample collection dates for HPAIV-infected animals. Scale bar indicates number of nucleotide substitutions per site.
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Table 2. BLAST search results of HSN5 HPAIVs isolated in Japan in winter 2023-24 in study of cocirculation of genetically distinct
H5N5 and H5N1 HPAIVs in crows, Hokkaido, Japan*

Virus name Gene Most homologous strain Homology, %  Accession no.
Allarge-billed PB2 A/Common eider/Iceland/2023A108561/2023 (H5N5) 99.7 EPI12791002
crow/Hokkaido/B073/2024 PB1 A/Common eider/ Iceland/2023A108561/2023 (H5N5) 99.8 EPI2791003
(H5N5)T PA A/Common eider/ Iceland/2023A108561/2023 (H5N5) 99.7 EPI2791001
HA A/Common gull/England/129428/2023 (H5N5) 99.8 EPI12815885
NP A/Herring gull/England/404384/2023 (H5N5) 99.9 EPI12815894
NA A/Herring gull/England/404384/2023 (H5N5) 99.5 EPI12815900
M A/Herring gull/England/404384/2023 (H5N5) 99.9 EPI12815896
NS A/Herring gull/England/404384/2023 (H5N5) 99.9 EP12815895
Alperegrine PB2 Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 99.9 EPI12898966
falcon/Kumamoto/4301C001/ PB1 Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 99.9 EP12898967
2024 (H5N5)t PA Allarge-billed crow/Hokkaido/0111Q100/2023 (H5N1) 99.8 EPI2841124
HA Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 99.9 EP12898969
NP Allarge-billed crow/Hokkaido/0112Q104/2023 (H5N1) 99.7 EPI2815894
NA A/Duck/Hokkaido/W24/ 2020 (H6N5) 99.1 EP11896526
M Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 100 EPI2815896
NS Allarge-billed crow/Hokkaido/20231207001/2023 (H5N1) 99.9 EP12898973

*Gene segment sequences of 2 H5N5 HPAIVs were compared with those of other H5 virus sequences by using BLAST (https://blast.ncbi.nim.nih.gov).
Accession numbers are from GISAID (https://www.gisaid.org). HA, hemagglutinin; HPAIV, highly pathogenic avian influenza virus; M, matrix protein; NA,
neuraminidase; NP, nucleoprotein; NS, nonstructural protein; PA, polymerase acidic; PB1, polymerase basic 1; PB2, polymerase basic 2.

TH5N5 HPAIV isolated in Hokkaido in winter 2023-24.

FH5N5 HPAIV isolated in Kumamoto Prefecture in winter 2023—-24.

Table 3. Cross-hemagglutination inhibition assay titers of H5 HPAIVs in study of cocirculation of genetically distinct HSN5 and H5N1
HPAIVs in crows, Hokkaido, Japan*

Titers using antiserum against indicated H5 viruses

Dk/VN/ Mdk/
Tested Cr/Hok/  Ck/Hok/ Ew/Hok/ WTE/Hok/ HU16- DRC/  Ck/Kum/ Bs/Aki/1/
virus Subtype  Clade  Subgroup B003/22 E001/22 Q71/22 R22/22  DD3/23 KAF1/17  1-7/14 16
Cr/Hok/ H5NS  2.3.4.4b G2a 640 160 40 640 320 640 320 320
B073/24t
Cr/Hok/ H5N2  2.3.4.4b G2d 640 640 80 320 640 1,280 640 160
B003/22
Ck/Hok/ H5N1  2.3.4.4b Gzd 320 640 160 320 640 1,280 640 80
E001/22
Ew/Hok/ H5N1  2.3.4.4b G2b 320 640 320 160 640 1,280 320 160
Q71/22
WTE/Hok H5N1  2.3.4.4b G2d 640 640 160 320 640 2,560 640 80
/R22/22
Dk/VN/ H5N1  2.3.4.4b G2c 640 320 80 640 640 320 320 80
HU16-
DD3/23
Ck/Hok/ H5N1  2.3.4.4b G2c 640 320 80 320 1,280 160 160 40
B102/23
Mdk/ H5N8  2.3.4.4b NA 640 640 80 160 640 1,280 640 80
DRC/
KAF1/17
Fox/Hok/  H5N1  2.3.4.4b Gad 640 320 160 640 640 640 320 160
1/22
Cr/Hok/ H5N1  2.3.4.4b G2d 160 160 80 320 640 320 80 40
B067/23
Np/Hok/ H5N8  2.3.4.4b G1 640 640 20 160 640 2,560 640 40
M13/20
Ck/Kum/  HS5N8  2.3.4.4c NA 320 640 40 20 160 640 640 80
1-7/14
Bs/Akita/ H5N6  2.3.4.4e NA 160 320 20 80 160 320 160 640
1/16

*Antiserum against H5 virus isolates was used to test antigenicity of different HSNx HPAIVs. Bold values indicate homologous titers.

Each abbreviated name is defined as follows: Cr/Hok/B073/24 (H5N5), A/large-billed crow/Hokkaido/B073/2024 (H5N5); Cr/Hok/B003/22, A/large-billed
crow/Hokkaido/B003/2022 (H5N2); Ck/Hok/E001/22, A/chicken/Hokkaido/HU-E001/2022 (H5N1); Ew/Hok/Q71/22, A/Eurasian
wigeon/Hokkaido/Q71/2022 (H5N1); WTE/Hok/R22/22, Alwhite-tailed eagle/Hokkaido/22-RU-WTE-2/2022 (H5N1); Dk/VN/HU-16-DD3/23,
Alduck/Vietnam/HU16-DD3/2023 (H5N1); Ck/Hok/B102/23, A/chicken/Hokkaido/HU-B102/2023 (H5N1); Mdk/DRC/KAF1/17, A/Muscovy duck/DR
Congo/KAF1/2017 (H5N8); Fox/Hok/1/22, A/Ezo red fox/Hokkaido/1/2022 (H5N1); Cr/Hok/B067/23, A/large-billed crow/Hokkaido/B067/2023 (H5N1);
Np/Hok/M13/20, A/northern pintail/Hokkaido/M13/2020 (H5N1); Ck/Kum/1-7/14, A/chicken/Kumamoto/1-7/2014 (H5N8); Bs/Akita/1/16, A/black
swan/Akita/1/2016 (H5N6). HPAIV, highly pathogenic avian influenza virus; NA, not applicable.

TH5NS virus isolated in Hokkaido in winter 2023-24.
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Prefecture, Kyushu Island, on January 16, 2024. We
classified the isolate from Tamana, A/peregrine fal-
con/Kumamoto/4301C001/2024 (H5N5), into the
G2d subgroup according to its HA gene sequence,
whereas its NA gene sequence was similar to that of
LPAIVs isolated in East Asia (Table 2). Although this
combination had not been observed in Japan, reassort-
ment events between the HPAIV H5N1 G2d subgroup
and LPAIVs have been documented (9). We detected
H5N5 HPAIVs in Hokkaido in January 2024; a total of
85 crows were found dead in the Sapporo garden, 80
of which we diagnosed as HPAIV positive by the end
of April. No HPAIVs were detected in birds within
the garden after April 2024. The continuous detec-
tion of HSN5 HPAIVs in the Sapporo garden during
January-April without unusual deaths of birds other
than crows and multiple isolations of H5N5 HPAIVs
in other areas of Hokkaido suggest the potential for
widespread dissemination of HSN5 HPAIVs within
the Hokkaido region.

H5N1 G2d HPAIVs persisted in crows residing
in the Sapporo garden even after the introduction of
H5N5 G2a viruses, indicating concurrent circulation
of genetically distinct viruses within a single crow
population. Indeed, the average nanopore sequenc-
ing coverage for A/large-billed crow/Hokkaido/
B080/2024 (H5N1) was 5497.4 reads for the N1 NA
gene (G2d subgroup) and 1943.7 reads for the N5 NA
gene (G2a subgroup) (Appendix Table 1). This obser-
vation suggests single hosts were co-infected with 2
viruses and reassortment occurred between viruses
originating from geographically distant areas. Anti-
genic characterization of H5N5 HPAIVs suggested
that the antigenicity of A/large-billed crow/Hok-
kaido/B073/2024 (H5N5) was close (2-4-fold differ-
ences in hemagglutination inhibition titers) to that
of other H5 HPAIVs in the G2d subgroup (Table 3)
despite their genetic diversity (Appendix Table 2).

Conclusions

We found that H5N5 HPAIVs consisting of unique
gene constellations were likely introduced into Ja-
pan through a step-by-step bird migration through
northern Eurasia. We confirmed the cocirculation of 2
genetically distinct viruses in a single flock of crows.
The presence of HSN5 HPAIV infections in waterfowl
in Japan is relatively unknown, and the lack of reports
from neighboring countries on the presence of H5SN5
HPAIVs from Europe has hampered the reconstruc-
tion of this genotype’s spread to eastern Asia. Con-
tinuous monitoring and rapid information sharing
between countries are needed to determine the global
dynamics of HPAIVs and prevent their spread.
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DISPATCHES

Mosquitoes as Vectors of
Mycobacterium ulcerans Based
on Analysis of Notifications of
Alphavirus Infection and Buruli

Ulcer, Victoria, Australia

Andrew H. Buultjens, Ee Laine Tay, Aidan Yuen, N. Deborah Friedman, Timothy P. Stinear, Paul D.R. Johnson

Alphavirus infections are transmitted by mosquitoes, but
the mode of transmission for Mycobacterium ulcerans,
which causes Buruli ulcer, is contested. Using notifica-
tion data for Victoria, Australia, during 2017-2022, ad-
justed for incubation period, we show close alignment
between alphavirus and Buruli ulcer seasons, supporting
the hypothesis of mosquito transmission of M. ulcerans.

ictoria, Australia, has been experiencing an in-

tensifying outbreak of Buruli ulcer (1). The mode
of transmission for Mycobacterium ulcerans, which
causes Buruli ulcer, has been contested. The first evi-
dence that mosquitoes might transmit the causative
organism, Mycobacterium ulcerans, to humans was
published in 2007 (2,3). Contemporaneous research
also reported that native possums were a key envi-
ronmental reservoir, shed M. ulcerans in their excreta,
and frequently suffer from Buruli ulcer themselves.
Combining those facts, we proposed that mosquitoes
transmit M. ulcerans from possums to humans and
likely between possums (4).

Further reports from Victoria published in April
2009 (5) and December 2021 (6) considered correla-
tions between patterns of annual notified cases of
Ross River and Barmah Forest viruses (alphavirus
infections) and Buruli ulcer. A positive correlation
would be expected if Buruli ulcer were mosquito
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transmitted, as has been established for alphavirus
infections. The 2009 report (5) identified a partial cor-
relation between annual notifications of alphavirus
infections and Buruli ulcer during 2002-2008, consis-
tent with the mosquitoborne transmission hypoth-
esis. However, the 2021 report (6) indicated no ongo-
ing statistical association in annual notifications since
2008 using linear statistical methods and concluded
that factors other than mosquitoes were likely behind
the change in Buruli ulcer incidence in Victoria. We
hypothesized that a new analysis of notification data
during a period of higher Buruli ulcer incidence using
a nonlinear statistical approach applied this time to
monthly instead of annual notifications would help
to resolve the question of transmission vectors so that
we could focus and intensify our Buruli ulcer preven-
tion efforts at a public health level.

Separate ethics approval was not required be-
cause notification data in this study were collected
and used under the legislative authority of the Pub-
lic and Wellbeing Act of 2008, and we used only ag-
gregated, deidentified data. Data were summated by
month and accessed with permission and assistance
from senior epidemiologists at the Victoria Depart-
ment of Health.

The Study
Victoria, the smallest of Australia’s mainland states,
has a temperate southern hemisphere climate with
distinct seasons. Officially, summer in Victoria is de-
fined as December-February, autumn as March-May,
winter as July-August, and spring as September-
November.

Buruli ulcer was initially made legally notifiable
to the Department of Health in Victoria in January
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2004, but notifications have markedly increased only
in more recent years. The surveillance definition for
Buruli ulcer in Victoria has been updated recently
(7). Cases of alphavirus infection, classified accord-
ing to national surveillance definitions, have been
nationally notifiable for many years. In collabora-
tion with colleagues at the Victoria Department of
Health, we analyzed all notification data from Vic-
toria for cases of both Buruli ulcer and alphavirus
infection (Ross River virus and Barmah Forest virus
infections combined) by month for the 6 calendar
years 2017-2022 (Appendix, https://wwwnc.cdc.
gov/EID/article/30/9/23-1073-Appl.pdf). We as-
sumed month of notification to be the same as month
of diagnosis.

During 2017-2022, Victoria had 3,839 noti-
fied alphavirus infection cases. Notifications were
strongly clustered by season (summer and autumn)
and month. For Buruli ulcer, there were 1,761 noti-
fications over the 6-year study period, also strongly
clustered by month and season but peaking during
winter and spring (Figure 1, panel A). The incuba-
tion period for Buruli ulcer has previously been
calculated using interview information from case-
patients who had only short exposures in Buruli
ulcer-endemic areas. Two published estimates indi-
cated medians of 4.5 and 5 months (8). To estimate
and graphically illustrate the time offset between
months of inferred transmission and notification, we
assumed incubation period plus time to diagnosis/
notification of 5 months for Buruli ulcer and 1 month
for alphavirus infections (Figure 1, panel B).

In addition, to test for confirmation bias, we re-
examined the data using an observer-independent
signal processing technique, cross-correlation, to
analyze the relationship between the notification
distributions. In the alphavirus time-series, the first
3 months of 2017 were identified as outliers using
z-scores; therefore, we excluded those 3 timepoints
from both datasets. The censored data series then un-
derwent logarithmic transformation and smoothing
to amplify the cyclic signal within the data. We dis-
played and analyzed data using Prism 10.0 (Graph-
Pad, https://www.graphpad.com) or R (The R Proj-
ect for Statistical Computing, https:/ /www.r-project.
org). The overlaid transformed series revealed an
almost antiphase relationship between the Buruli ul-
cer and alphavirus signals, indicating the presence of
similar but temporally offset cyclic patterns (Figure
2, panel A).

We used the correlate function in the NumPy
Python library (9) to identify the time-shift factor in
months that optimized the correlation between the
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2 signals. The algorithm identified -5 months as the
optimal time shift. To test for statistical robustness,
we performed the same cross-correlation analysis on
1,000 randomly reshuffled instances of the Buruli ul-
cer notification series. The resulting distribution from
these iterations centered around 0, well separated
from the optimal shift of -5 months (Figure 2, panel
B). When we adjusted the Buruli ulcer notifications
by that assumption-independent —5 months, we ob-
served a close sinusoidal alignment with alphavirus
notifications (Figure 2, panel C).

Our results showed that inferred transmission
of alphavirus infections and Buruli ulcer simultane-
ously reach their maximums during December-May
(summer and autumn) and minimums during June-
November (winter and spring) every year during
the 6-year study period. The accepted explanation in
temperate Victoria for variation by season in alpha-
virus infection notifications is that warmer weather

Figure 1. Alphavirus infection and Buruli ulcer notifications in
Victoria, Australia, 2017—2022. A) Unadjusted month and year of
notification. B) Month and year of notification manually adjusted
for the known median Buruli ulcer incubation period of 5 months.
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Figure 2. Analysis of temporally adjusted Buruli ulcer and
alphavirus notifications in Victoria, Australia, 2017-2022.

A) Notifications over time (no delay). Plot of the 2 datasets
(outliers censored) was log transformed and smoothed by
month and year. B) Optimal shift and cross-correlation analysis.
Algorithmically determined cross correlation (blue line) and
optimal curve shift of -5 months (vertical red dashed line) that
best aligned the 2 log transformed curves shown in panel A.

In green is a density curve that depicts the outcomes of 1,000
random data shuffles, serving as a visual indicator of how the
observed -5 months curve shift diverges from random chance
expectations. C) Notifications over time shifted to incorporate
the Buruli ulcer incubation period of 5 months. Cross-correlation
aligned smoothed log-transformed notification curves show
synchronous inferred transmission peaks and troughs for both
alphavirus infection and Buruli ulcer.

provides necessary climatic conditions for increased
prevalence of mosquito vectors. Even though animal
reservoirs of alphaviruses are present throughout
the year, transmission to humans falls to almost 0
during colder months. A recently published detailed
quantitative observational study showed that M. ul-
cerans in possum excreta, and, by inference, in pos-
sums as wildlife reservoirs, is similarly present in
the environment throughout the year (10). Hence,
the previous paradigm of Buruli ulcer transmission
by direct exposure to a stably contaminated environ-
ment does not fit well with the periodic notification
patterns we observed.

Our study addressed and offers evidence to re-
solve the question of correlation between alphavirus
infection and Buruli ulcer notifications, but a wealth
of other published research much more directly es-
tablishes a central role for mosquitoes in the trans-
mission of Buruli ulcer in Victoria. That research
includes evidence that human Buruli ulcer risk
closely correlates with the proportion of mosquitoes
PCR positive for M. ulcerans trapped in 7 towns on
the Bellarine peninsula in Victoria during the mid-
2000s (11). A survey of mosquitoes performed 15
years later on the Mornington peninsula in Victo-
ria, on the opposite side of Port Phillip Bay from
the original studies, demonstrated that 5.1/1,000
mosquitoes trapped there during 2016-2021 carried
M. ulcerans. The more recent study also presented
genomic evidence that M. ulcerans strains in mos-
quitoes were indistinguishable from the human and
possum Buruli ulcer outbreak strains. In addition,
the mosquito species most closely linked to Buruli
ulcer transmission, Aedes notoscriptus, feeds on both
humans and possums; some individual trapped
mosquitoes simultaneously contained both human
and possum blood (12).

We have attempted to investigate alternative
models of transmission that would explain the ana-
tomic distribution of Buruli ulcer lesions we observed
in Victoria (13), including variation in human skin
temperature (14), and the hypothesis that outdoor
exposure in Buruli ulcer-endemic areas leads to skin
contamination with M. ulcerans (15). There was no
support from those studies for an alternative model.

Conclusions

We conducted an analysis of statewide notifications
of alphavirus infections and Buruli ulcer in Victoria,
Australia, adjusted for incubation period. Our find-
ings support other published evidence that Buruli
ulcer is transmitted during the mosquito season by
mosquitoes in this temperate region.
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DISPATCHES

Fatal Case of Naegleria
fowleri Primary Amebic
Meningoencephalitis from Indoor
Surfing Center, Taiwan, 2023

Hsin-Yi Wei, Yi-Wen Lai, Shu-Ying Li, Yen-I Lee, Meng-Kai Hu, Da-Der Ji, Chia-ping Su

We investigated a fatal case of primary amoebic menin-
goencephalitis from an indoor surfing center in Taiwan.
The case was detected through encephalitis syndromic
surveillance. Of 56 environmental specimens, 1 was
positive for Naegleria fowleri ameba. This report empha-
sizes the risk for N. fowleri infection from inadequately
disinfected recreational waters, even indoors.

Primary amoebic meningoencephalitis (PAM) is
a rare but fatal disease caused by Naegleria fowl-
eri, a single-cell, free-living ameba. N. fowleri amebae
usually live in natural waters, but occasionally can be
found in swimming pools, surf parks, and other rec-
reational waters that have not been adequately disin-
fected (1). We report a case of PAM in Taiwan from an
indoor recreational water facility.

The Study
A 30-year-old woman visited an indoor surfing center
in northern Taiwan in July 2023. Five days after her
visit, she started experiencing neurologic symptoms,
including headache and stiffness in her shoulders and
neck. Fever and generalized tonic-clonic seizures then
occurred, and she was admitted to the hospital. Her
condition deteriorated rapidly, and she died 3 days
later. The hospital reported the case to the Taiwan
Centers for Disease Control (TCDC) as encephalitis
with an unknown cause.

In 2010, TCDC implemented encephalitis syn-
dromic surveillance to identify the causative agents
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responsible for cases of unexplained encephalitis (2).
Surveillance involves screening for 41 pathogens by
using multiplex quantitative reverse transcription
PCR (qRT-PCR) (2). In this case, N. fowleri was the
only pathogen detected from the patient. After next-
generation sequencing analyses, the TCDC reference
laboratory assembled the complete 49,558-bp N. fowl-
eri mitochondrial sequence from the patient (3) and
submitted the sequence to GenBank (accession no.
OR459835).

The investigation team and the local public health
authority (LPHA) went to the surfing center to con-
duct an environmental investigation and took vari-
ous water and biofilm samples to test for N. fowleri
(Table; Appendix, https://wwwnc/cdc.gov/EID/
article/30/9/23-1604-Appl.pdf). TCDC classified
this work as a public health investigation; thus, it was
not subject to institutional review board approval.

The surfing facility includes a swimming pool,
spa pool, wave pool, dining area, and shower rooms
on the first floor (Figure 1). A waterslide, gym, and
billiards are on the second floor, and a basketball
court is on the third floor. The basement is equipped
with a water filtration system that has a chlorination
function and can only be accessed by ladder (Figure
2, panel A). The water supply is municipal tap wa-
ter. The water for the wave pool is extracted from the
swimming pool, not directly from the municipal wa-
ter source. The facility drains water from the pools
every 2-3 months for thorough pool cleaning. Staff
members add chlorine powder after the facility closes
each day to maintain the chlorine level in the pool,
but they do not add chlorine to the wave pool. Staff
conduct water quality tests every day but do not keep
records of results.

Before this fatal case occurred, the pool had not
been completely drained and refilled for >2 months.
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However, before the investigation team took samples,
most of the water had been drained from the pools
and the pools had been cleaned.

After the onsite investigation, water quality test-
ing of collected specimens revealed the following:
chlorine content was 0.87 parts per million (ppm) in
the swimming pool and 0.06 ppm in the spa pool; pH
value was 7.4 in the swimming pool and unavailable
in the spa pool (Figure 1). The normal residual chlo-
rine standard for swimming pools is 1-3 ppm; thus,
the test results for the collected specimens revealed
the chlorine content was insufficient.

We collected a total of 30 water samples and 26
biofilm swab samples, which we submitted for qRT-
PCR testing (Table). Among those specimens, 55
from the pool were negative, but 1 specimen from
stagnant water beneath the basement ladder was
positive for N. fowleri (Figure 2). That water might
have been seepage from pipes associated with the
pump motor, but further investigation showed that
the positive specimen was not associated with pool
water. Because employees access the basement daily
to operate the filtration system, we could not rule
out the possibility of pool contamination from staff
shoes or feet.

The surf center had several design deficiencies,
such as overlapping pathways connecting each facil-
ity. The staircase leading from the swimming pool to
the second-floor water slide is used by visitors to gen-
eral activity areas, such as the gym or basketball court.
The facility did not provide a footbath for swimmers
to use before entering the pool, and the pool had no

Fatal N. fowleri PAM from Indoor Surfing Center

Table. Environmental samples collected and gRT-PCR results in
an investigation of a fatal case of Naegleria fowleri primary
amebic meningoencephalitis from indoor surfing center,

Taiwan, 2023*

No.
Sample collection site samples  Results
Water samples
Swimming pool 5 Negative
Spa pool 5 Negative
Reservoir of surf pool 13 Negative
Two inflatable outdoor swimming pools 6 Negative
Stagnant water under basement ladder 1 Positive,
Ct 33.55
Biofilm samples
Water inlet of swimming pool 1 Negative
Main drains of swimming pool 2 Negative
Connection outlet of swimming and spa 1 Negative
pools
Water outlets of spa pool 2 Negative
Water inlet of spa pool 1 Negative
Main drain of spa pool 1 Negative
Showerheads of spa pool 1 Negative
Surf ramp 5 Negative
Reservoir of surf pool 12 Negative

*Ct, cycle threshold; gRT-PCR, quantitative reverse transcription PCR.

drainage ditch along its edges. Such design deficien-
cies might increase the risk for external contamina-
tion to be introduced to the swimming pool.

The LPHA traced 12 employees and 630 custom-
ers by telephone, but none reported symptoms dur-
ing the surveillance period. The surfing center sus-
pended operations for comprehensive cleanup and
disinfection. The facility addressed deficiencies and
completed renovations before it reopened. The staff
members were instructed to maintain free chlorine
levels at 1-3 ppm and a pH of 7.2-7.8.

Figure 1. lllustration of 3 pools and basement mechanical area in an investigation of a fatal case of Naegleria fowleri primary amebic
meningoencephalitis from indoor surfing center, Taiwan, 2023. Chlorine levels for pools are shown. Water for the wave pool was
extracted from the swimming pool, and no additional chlorine was added to the wave pool. ppm, parts per million.
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Figure 2. Basement mechanical area in an investigation of a fatal case of Naegleria fowleri primary amebic meningoencephalitis from
indoor surfing center, Taiwan, 2023. A) The opening to the basement with ladder visible to right of opening; B) stagnant water beneath
the basement ladder; C) depression under basement ladder after water was drained.

Conclusions
PAM cases are rare. In the United States, 0-5 cases
were diagnosed annually during 2013-2022 (1). In
some instances, N. fowleri has been found in under-
chlorinated recreational waters. However, the event
we describe occurred in an indoor water body that was
entirely supplied by municipal tapwater. Although
we found 1 positive environmental sample, the nucleic
acid within the specimen was insufficient for sequenc-
ing and could not be used to prove a connection be-
tween the case and the N. fowleri in the environment.
The negative results from other samples might
be related to the fact that most of the pool water had
been drained and the pool had been cleaned before
we conducted environmental sampling. The stagnant
water that yielded N. fowleri-positive qRT-PCR re-
sults was collected from the damp, unpainted base-
ment (Figure 2). That water might have been seep-
age from pipes, but the ameba could have originated
from cracks in the floor or walls or from dirt on the
shoes of staff members going into the basement. Un-
fortunately, we did not gather other environmental
specimens from the basement, nor did we sample the
shoe soles of staff members working in the basement.
Consequently, the origin of N. fowleri and its trans-
mission pathways in this case remained unknown.
Activities known to pose a higher risk for N. fowl-
eri infection include diving and jumping into water.
For beginner surfers, maintaining balance on the
water can be difficult, and falling into the waves fre-
quently enables water to flow into the nose. In 2018,
a man in New Jersey, USA, also died from PAM after
visiting a surf resort (4). We recommend that persons
playing in recreational waters avoid letting water en-
ter the nasal cavity.

1924

Chlorine decay might be more challenging to
address in wave pools for surfing because such lev-
els can be higher in turbulent water surging at high
speeds (5,6). However, current guidance on chlorine
maintenance specific to wave pools is relatively lack-
ing. In the surfing center we investigated, the water in
the wave pool is extracted from the swimming pool.
The staff adds chlorine powder to the swimming pool
but not to the wave pool. Therefore, chlorine concen-
tration could be even lower in the wave pool than in
the swimming pool, which already had insufficient
chlorine levels. Because we did not isolate the free-
living ameba from the positive sample, we could not
conduct a chlorination sensitivity test.

In conclusion, insufficient levels of residual chlo-
rine can pose a risk for PAM, even in indoor water
facilities. Indoor facilities should emphasize water
quality and sanitation. Facility owners should main-
tain daily disinfection practices and LPHA should
conduct inspections to ensure water quality in recre-
ational facilities.
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Epidemiology of Lyme Disease
Diagnoses among Older Adults,
United States, 2016-20191

Amy M. Schwartz, Christina A. Nelson, Alison F. Hinckley

We used Medicare data to identify >88,000 adults >65
years of age diagnosed and treated for Lyme disease
during 2016—-2019 in the United States. Most diagnoses
occurred among residents of high-incidence states, in
summer, and among men. Incidence of diagnoses was
substantially higher than that reported through public
health surveillance.

yme disease (LD) is the most reported vector-

borne disease in the United States (1). In separate
efforts designed to better measure the burden of dis-
ease in the United States, we used employer-spon-
sored insurance claims data to quantify LD diagnoses
(2,3). However, those data lacked information on per-
sons 265 years of age, a group commonly affected by
LD (2,3). In this complementary effort we used simi-
lar methods to analyze Medicare fee-for-service (FFS)
data to describe LD diagnoses among beneficiaries
265 years of age.

The Study

We examined Medicare FFS claims data and Part D
drug event data (Appendix, https://wwwnc.cdc.
gov/EID/article/30/9/24-0454-Appl.pdf) to iden-
tify LD diagnoses. We restricted the analyzed popu-
lation to Medicare FFS beneficiaries 265 years of age
who participated in Parts A, B, and D for at least 12
months of a calendar year or until their month of
death during 2016-2019.

Aligning with previously described methods (2),
we defined LD diagnosis as an International Classi-
fication of Diseases, 10th Revision, Clinical Modifi-
cation code for LD combined with a drug claim for
an antibiotic indicated for LD (Appendix) within 30

Author affiliations: Centers for Disease Control and Prevention,
Fort Collins, Colorado, USA (A.M. Schwartz, C.A. Nelson, A.F.
Hinckley); University of lowa, lowa City, lowa, USA

(A.M. Schwartz)

DOI: http://doi.org/10.3201/eid3009.240454
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days of the LD code and prescribed for >7 days. We
defined an inpatient LD diagnosis as hospitaliza-
tion with a primary code for LD or a primary code
for a known manifestation or plausible co-infec-
tion of LD plus a secondary code (A69.2x) for LD
(Appendix) (2,3).

We compared the restricted Medicare FFS study
population with 2019 US Census estimation data for
persons >65 years of age to ensure the 2 groups were
similar with respect to sex, age, race, ethnicity, and
region (4). We grouped states into incidence regions
based on previous definitions (3).

We compared LD diagnoses identified in the
Medicare FFS data to confirmed and probable cases
among persons >65 years of age reported through
national LD surveillance (5). State and local health
departments investigate and tabulate LD surveillance
cases and classify them according to the Council of
State and Territorial Epidemiologists (https://www.
cste.org) case definition in effect during the reporting
year (5). We used SAS 9.4 and SAS Enterprise Guide
7.1 (SAS Institute Inc, https:/ /www.sas.com/en_us)
for analyses. The Centers for Disease Control and Pre-
vention deemed this activity not research.

Census Population and Medicare FFS

Restricted Population

After restricting by enrollment criteria, we found
that the Medicare FFS population had a median
17,872,466 person-years and the Census popu-
lation had a median 51,561,372 persons during
the study period (Appendix Figure 1). Com-
pared with the Census population, the Medi-
care FFS population was slightly older (median
age 74 years vs. 73 years), included more women
(median 59.3% vs. 55.6%) (Appendix Figure 2),

"Preliminary results from this study were presented at the
International Conference on Emerging Infectious Diseases;
August 7-10, 2022, Atlanta, Georgia, USA.
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Figure 1. Analysis of Lyme disease among older adults, United States, 2016—2019. A) Percentage of Lyme disease diagnoses by month
according to Medicare fee-for-service data. B) Percentage of Lyme disease cases by month of onset from US surveillance data.

and featured a larger percentage of White/
non-Hispanic persons (83.8% vs. 76.8%). The
Medicare FFS population had a larger percent-
age of beneficiaries from states neighboring high-
incidence states (median 28.0%) compared with
the Census population (26.5%) and a lower per-
centage of beneficiaries from low-incidence states
(47.5% vs. 51.4%). The characteristics of the Medi-
care FFS population remained stable during the
study period.

Characteristics of LD Diagnoses

We identified 88,485 LD diagnoses among Medicare
FFS beneficiaries during 2016-2019, noting an aver-
age incidence of 123.5 diagnoses/100,000 person-
years. We calculated a total of 34,183 LD cases re-
ported through surveillance during 2016-2019, and
an average incidence of 16.6 cases/100,000 persons
(Appendix Figure 3).

Geographic Distribution

Approximately 82% of LD diagnoses were among
residents of high-incidence states (Table). The me-
dian incidence of LD diagnoses was 346.9/100,000
person-years among residents of high-incidence
states, 35.3/100,000 person-years among residents
of states or jurisdictions neighboring high-incidence
states, and 29.4/100,000 person-years among resi-
dents of low-incidence states. In comparison, 93% of
LD surveillance cases were among residents of high-
incidence states. The median incidence of those cases
was 57.1/100,000 persons among residents of high-
incidence states, 3.6/100,000 persons among residents
of states or jurisdictions neighboring high-incidence
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states, and 0.6/100,000 persons among residents of
low-incidence states.

Seasonality

Most (57.8%) LD diagnoses occurred during May-
August, but most (72.6%) LD surveillance cases had
onset during the summer months (Table; Appendix
Figure 4). Compared with Medicare data, the peak
in surveillance cases was more prominent for all re-
gions. In addition, a larger proportion of LD diag-
noses occurred in winter months among residents of
low-incidence areas (Figure 1).

Sex Distribution

Most (56.1%) LD diagnoses occurred among men;
slightly more (60.4%) men were represented in surveil-
lance cases. The median annual incidence of LD diag-
noses among male Medicare beneficiaries was 134.3
diagnoses/100,000 person-years (range 131.6-160.5
diagnoses/100,000 person-years); median annual in-
cidence of LD diagnoses among female beneficiaries
was 109.5 diagnoses/100,000 person-years (range
103.3-125.7 diagnoses/100,000 person-years). In com-
parison, according to surveillance data, median annual
incidence among men was 19.6 cases/100,000 persons
(range 17.8-22.5/100,000 persons), and median annual
incidence among women was 13.2 cases/100,000 per-
sons (range 12.3-14.9/100,000 persons).

Age and Sex by Region

In high-incidence states, men had the highest inci-
dence of LD for all age groups in both Medicare and
surveillance data (Figure 2). In neighboring states,
according to Medicare data, women had a slightly
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Figure 2. Lyme disease incidence for older adults, United States, 2016—2019. Results according to age group, sex, and geographic category
of Lyme disease endemicity based on Medicare fee-for-service beneficiary data (A, C, F) and from US surveillance data (B, D, F). A, B)
Disease incidence for men and women in high-incidence states. C, D) Disease incidence for men and women in neighboring states. E, F)
Disease incidence for men and women in low-incidence states. Incidence calculated as diagnoses/100,000 beneficiaries in Medicare fee-
for-service plans or cases/100,000 population among each subcategory. Scales for each y-axis differ substantially to underscore overall age-
related incidence patterns but do not permit direct comparison of the magnitude of Lyme disease between systems or geographic categories.

higher incidence than men in only 1 age group (65-69 In low-incidence states, according to Medicare data,
years), whereas according to surveillance data men women had a slightly higher incidence than men
had a higher incidence of LD across all age groups. in 1 age group (65-69 years); in surveillance data,

Table. Characteristics of Lyme disease diagnoses according to Medicare fee-for-service claims data versus cases identified by
national surveillance in a population of persons >65 years of age, United States, 2016-2019*

High-incidence states Neighboring states Low-incidence states
Characteristic Medicare Surveillance Medicare  Surveillance Medicare Surveillance
Person-years 72,298 NA 5,958 NA 10,009 NA
Diagnoses or cases, no. 72,455 31,879 5,978 1,714 10,052 590
Diagnoses or cases, % 81.9 93.3 6.7 5.0 11.3 1.7
Incidence among men 422.9 71.0 38.3 4.6 30.1 0.6
Incidence among women 321.3 46.6 33.4 3.0 29.2 0.5
Occurring in May—August, % 59.5 72.2 58.2 79.9 45.8 66.2
Median incidence, 2016-2019 346.9 57.1 35.3 3.6 294 0.6
(range) (337.2417.8) (52.9-65.6) (27.9-36.6) (2.4-5.3) (27.7-31.6) (0.5-0.6)

*Incidence calculated as diagnoses/100,000 person-years in Medicare fee-for-service or cases/100,000 population among each surveillance subcategory.
NA, not applicable.
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women had a higher incidence than men in a single
age group (75-79 years).

Conclusions

Among persons >65 years of age, epidemiologic
trends for sex, age, and region are similar for Medi-
care diagnoses and cases identified through public
health surveillance. Nevertheless, overall diagnoses
per person-year are ~7-fold higher than for LD inci-
dence in surveillance data. Those findings align with
findings reported in our previous claims analysis (3).
Seasonality of LD differed somewhat by region when
comparing Medicare FFS and surveillance data: high-
incidence states and neighboring states exhibited
similar patterns for diagnoses and surveillance cases,
but low-incidence states demonstrated a more muted
peak for LD diagnoses in summer. Those findings
also aligned with past claims analyses (2,3).

Some differences exist between this study and
previous claims analyses (2,3). Within the Medicare
population, men had a higher incidence of LD com-
pared with women in all age groups in the high-inci-
dence and neighboring states. In past claims analyses,
male incidence was higher in children (both regions)
and older adults (high-incidence states). Overdiagno-
sis of LD has been previously reported (6-9) and may
contribute to some of those differences.

We used methods similar to past claims analyses
to identify LD diagnoses (2,3); those stated limitations
also apply here. However, the source from which our
present data are derived is different from past analy-
ses, and its representativeness is a strength. Nearly
all adults >65 years of age enroll in either the Medi-
care FFS program or the Medicare Advantage pro-
gram, making Medicare FFS a reliable and consistent,
though still incomplete, source of data for most US
citizens in this age group. We noted some differences
between the Medicare FFS population and the Cen-
sus population regarding race, ethnicity, and sex, but
differences were small and did not fluctuate over the
study period.

In conclusion, we found that LD diagnoses
identified from the Medicare FFS databases exhibit
similar patterns to those of surveillance data, and
that most diagnoses occur among residents of high-
incidence states, in summer months, and among
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male beneficiaries. These findings, combined with
data gathered in similar analyses, add insight into
LD patterns that are unique to this older population
in the United States.
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Zoonotic Mansonella ozzardi in
Raccoons, Costa Rica, 2019-2022

Joban Quesada, Paula Alfaro-Segura, Alberto Solano-Barquero,
Karen Vega, Ernesto Rojas-Sanchez, Mauricio Jiménez, Alicia Rojas

Mansonella ozzardi, a filarioid parasite, causes human
mansonellosis in the Americas. We identified raccoons
(Procyon lotor) as wildlife reservoirs of M. ozzardiin Cos-
ta Rica. Noting the sympatry of free-ranging raccoons
and humans, we conclude that mansonellosis is a con-
siderable public health risk in the region.

Mansonella ozzardi is a nematode belonging to
the family Onchocercidae and the etiologic
agent of human mansonellosis in the Caribbean
and Central and South America (1). M. ozzardi adult
worms infect subcutaneous tissues of humans and
release their microfilariae into the blood, which can
be ingested by biting midges or ceratopogonids that,
once infected, can then transmit the parasite (2). Hu-
man mansonellosis is usually asymptomatic, but re-
searchers have reported fever, joint pain, headache,
lower-limb chills, cutaneous rashes, and keratitis (2).
Although humans are known to be the only natural,
definitive hosts of the parasite, a study submitting
patas monkeys (Erythrocebus patas) to experimental
infection with M. ozzardi (3) suggested the possible
presence of wild reservoirs.

Raccoons act as reservoirs for an assortment
of zoonotic pathogens, including Baylisascaris pro-
cyonis. Procyonids have expanded their geographic
range into urban areas because of forest fragmenta-
tion and loss of their sylvatic habitat (4), leading to
increased contact with humans. The only Mansonella
spp. reported in raccoons were Mansonella llewelly-
ni parasites, detected in blood samples from the
United States (5).
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The Study

We analyzed the internal transcribed spacer 1 (ITS1)
and 12S loci of circulating microfilariae collected
from blood samples of raccoons in Manuel Antonio
National Park (Quepos, province of Puntarenas)
and surrounding areas in Costa Rica. Raccoons
were captured for routine health evaluation during
2019-2022. Wildlife specialists captured raccoons
by using Tomahawk traps in areas where local per-
sons and park rangers reported a high frequency
of raccoons. Researchers then sedated the raccoons
and collected blood samples. Sample collection,
procedures, and analyses were approved under
permits R-CM-UNA-005-2021-OT-CONAGEBIO
and SINAC-PNI-ACOPAC-021-2019. Laboratory
technicians stored the blood at 4°C prior to subse-
quent analysis. Raccoons were released once they
fully recovered from the anesthesia.

We performed microscopic assessment of all
blood samples by using the Knott modified tech-
nique (Appendix, https://wwwnc.cdc.gov/EID/
article/30/9/23-1415-Appl.pdf). We then extract-
ed DNA from blood samples by using the DNeasy
Blood and Tissue Kit (QIAGEN, https://www.qia-
gen.com), according to the manufacturer’s instruc-
tions. We then amplified mitochondrial 12S rRNA
by using 125.C345.F and 125.C345R primers (6) and
amplified the nuclear ITS1 loci with tDNA2 and
rDNA158S primers (7). All reactions included Toxo-
cara canis DNA as a positive control and a nontem-
plate control with PCR-grade water. We examined
obtained amplicons on 1.5% agarose gels, purified
positive reactions with Exo-SAP, and sequenced in
both directions according to the Sanger method us-
ing the ABI 3730x] System (Macrogen Inc., https://
dna.macrogen.com).

We used MEGA 7.0 software (https://www.
megasoftware.net) to inspect and trim ITS1 sequences
and aligned our sequences with other Mansonella spp.
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sequences available in GenBank by using the MUS-
CLE algorithm. We constructed a Bayesian inference
tree by using the BEAST package (https:/ /beast.com-
munity) and drew a Templeton Crandall-Sing hap-
lotype network. Finally, we calculated Nei’'s genetic
distance for the ITS1 sequences (Appendix).

We observed microfilariae in 23.5% (4/17) of the
raccoon blood samples in concentrations ranging
200-800 microfilariae/ mL (Table). We noted the mor-
phology of the observed microfilariae to be compat-
ible with M. ozzardi original descriptions: 180-190 pm
long and 3-4 pm wide; no sheath; tail elongated and
slender without nuclei (Appendix) (8).

DNA could be isolated from 17 blood samples.
In molecular analyses, 3 of 4 raccoons scoring posi-
tive at Knott’s test also demonstrated positive PCR
tests, and 4 of 7 raccoons that tested negative at
Knott’s test drew positive results by ITS-1 and 125
PCRs. Five of the 17 blood samples tested positive
in the ITS1 PCR, and 4 of the 17 samples tested posi-
tive in the 12S PCR (Table). ITS1 sequences obtained
from our analyses were 397-441-bp long and 97.0%-
99.1% similar, with 100% of coverage with M. ozzardi
isolated from humans in Brazil (GenBank accession
no. MN432519). The 12S sequences were 107-151-
bp long and 97.1%-99.1% similar to M. ozzardi from
Brazil (GenBank accession no. LT623914.1). We de-
posited our new sequences into GenBank (accession
nos. OR636492-6 for ITS1 and OR700019-22 for 12S).

Mansonella spp. clustered according to the nomi-
nal species in the ITS1 phylogenetic tree. Moreover,
the M. ozzardi sequences we generated clustered in a
separate clade in the BI tree, haplotype network and
Nei’s genetic distance principal component analysis.
The haplotype network revealed 6 M. ozzardi haplo-
types: 1 from Costa Rica, 2 from Japan, 2 from Brazil,
and 1 from Argentina (Figure).

M. ozzardi is a filarioid nematode affecting hu-
mans in the Americas. Human mansonellosis is not
completely harmless, and ocular impairment has
been reported in humans from Panama (9). The lack

Zoonotic Mansonella ozzardi in Raccoons

of specific symptoms associated with mansonellosis
usually leads to underdiagnosed infections and in-
adequate treatment (10). Accurate and prompt de-
tection of the disease is therefore critical to avoid
complications.

In our study, as in prior reports, PCR provided
higher sensitivity compared with microscopic meth-
ods because molecular tools target DNA sequences
rather than whole parasitic structures (11,12). Our
results were as expected except for 1 sample deter-
mined to be positive by Knott’s test and negative in
PCRs, possibly due to a prolonged period at room
temperature that might have affected DNA quality.
We attempted amplification of larger fragments of
other genes but failed due to the presence of frag-
mented DNA.

Our findings suggest that raccoons are potential
definitive hosts of M. ozzardi. Confirming the role of
these procyonids in the life cycle of this worm, how-
ever, requires investigation into the anatomic loca-
tion of adult worms inside the animals, the reservoir
capacity of raccoons, and the feeding preference of
intermediate hosts to raccoons. The Simulium san-
guineum black fly, found in Panama, is the only simu-
lid species reported thus far in Central America to act
as intermediate host of M. ozzardi, but this simulid
has not been reported in Costa Rica (13). Neverthe-
less, other Simulium spp. flies have been detected in
this country, suggesting a need for more research to
track infection status of such species and to determine
the potential intermediate hosts used by M. ozzardi in
Costa Rica.

Sympatry of raccoons and humans in densely
populated regions has become a public health problem
that can increase pathogen spillover to humans (14).
Costa Rica is not the only country facing the expan-
sion of raccoon populations into urban areas, largely
due to human invasion of wildlife habitats resulting in
ecosystem fragmentation. Several countries in Europe
have reported a rise in the number and geographic
range of racoons into human-inhabited environments.

Table. Molecular and microscopic findings of Mansonella ozzardi in raccoons (Procyon lotor) from Manuel Antonio National Park and

surroundings, Costa Rica, 2019—2022*

Sample identification Sex of host ITS1 loci results 12S rRNA gene results  Knott's test results, microfilariae/mL
1P F Negative Negative 200

2CP F LQS 97% 1D, 95% QCt 600

MP11 M 99.02% ID, 100% QCt 99.02% ID, 100% QCt Negative

MP12 M 99.1% ID, 100% QCt LQS Negative

MP14 M 97.02% ID, 100% QC* LQS 800

MP16 M Negative 98.68% ID, 100% QCt 400

MP17 M 97.37% 1D, 100% QCt 97.52% ID, 100% QCt Negative

MP18 M 98.27% 1D, 100% QCt LQS Negative

*ID, percentage of identity; ITS, internal transcribed tracer; LQS, low-quality sequence; QC, query coverage.
TWhen compared with 12S sequence from Brazil (GenBank accession no. LT623914).
FWhen compared with ITS1 sequence from Brazil (GenBank accession no. MN432519).
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This expansion may increase pathogen spillover and
the transmission of perilous diseases or parasites, such
as M. ozzardi, to both domestic animals and humans
(15). In Costa Rica, raccoons are reservoirs and carriers
of such pathogens as Salmonella (14) and B. procyonis,
one of the causing agents of visceral larva migrans (4).

A

The encroachment of raccoons into urban areas thus
represents a patent zoonotic risk (4,14).

Conclusions
Because our findings implicate raccoons as potential
reservoirs of the M. ozzardi parasite, and given the
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Figure. Phylogenetic and haplotypic analysis of Mansonella ozzardi 1TS1 sequences obtained from racoons (Procyon lotor) in Costa
Rica, 2019-2022 (black diamonds). A) Bayesian inference phylogenetic tree of Mansonella spp. based on the Hasegawa-Kishino-Yano
with gamma distribution model. Line thickness and node size are proportional to posterior probability values. B) Principal component
analysis of Nei’'s genetic distance of M. ozzardi sequences from different geographic locations. C) Templeton Crandall Sing haplotype
network of Mansonella spp. sequences. Black circles indicate hypothetical haplotypes; hatchmarks indicate mutational steps between
haplotypes. GenBank accession numbers are shown for all sequences.
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scarcity of information on intermediate hosts, we rec-
ommend active surveillance of M. ozzardi infections
in humans. Our findings also support the need for
histopathological studies to determine the location of
adult M. ozzardi parasites in infected procyonids and
further investigation into possible intermediate hosts
and their feeding preferences to P. lofor. Such investi-
gations will be crucial to providing a full understand-
ing of the lifecycle of M. ozzardi in Costa Rica.
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Autochthonous Human
Babesiosis Caused by Babesia
venatorum, the Netherlands

Niekie Spoorenberg,! Clara F. Kohler," Evelien Vermeulen,' Suzanne Jurriaans, Marion Cornelissen,
Kristina E.M. Persson, Iris van Doorn, Hein Sprong, Joppe W. Hovius, Rens Zonneveld

Severe babesiosis with 9.8% parasitemia was diagnosed
in a patient in the Netherlands who had previously un-
dergone splenectomy. We confirmed Babesia venatorum
using PCR and sequencing. B. venatorum was also the
most prevalent species in Ixodes ricinus ticks collected
around the patient's home. Our findings warrant aware-
ness for severe babesiosis in similar patients.

uman babesiosis is a tickborne disease caused

by protozoans that infect red blood cells. Im-
munocompromised persons and those who have
undergone splenectomies are at risk for severe ill-
ness (1). Most confirmed cases of babesiosis in Eu-
rope have been in such patients and have most fre-
quently been Babesia divergens infections (1). In the
Netherlands, DNA of Babesia species have previ-
ously been reported in Ixodes ricinus ticks, blood of
animals, and in several human samples (2-4). How-
ever, reports of autochthonous human babesiosis in
the Netherlands are lacking. We report a case of au-
tochthonous human babesiosis in the Netherlands,
as well as data on Babesian DNA in ticks collected
near the patient’s home. Handling of data and pa-
tient samples was performed according to the high-
est ethics standards. Informed consent was received
from the patient.
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The Study

In September 2023, a 69-year-old man was admitted
to the hospital with fever (38°C), malaise, macro-
scopic hematuria, and laboratory results indicative of
acute hemolysis. His medical history reported Hodg-
kin disease stage 3A in 1977, which went into remis-
sion after splenectomy and mantle field radiotherapy,
and a diffuse large B-cell lymphoma in 2015, also in
remission after being treated with 6 cycles of chemo-
therapy treatment. Several months before this hospi-
talization, chronic inflammatory demyelinating poly-
neuropathy had been diagnosed, and he was treated
with immunoglobulins, plasma exchange, and dexa-
methasone pulse therapy.

At the hospital, microscopy on peripheral blood
smears revealed red blood cell inclusion bodies. The
patient did not report recent travel to malaria-endem-
ic areas but recalled a tick bite that occurred 2 months
before near his home. Additional microscopy showed
parasites with morphologic features that resembled
Babesia spp.; 9.8% of red blood cells were infected
(Figure 1). Immediately after admission, a red blood
cell exchange transfusion and intravenous treatment
with clindamycin and quinine reduced parasitemia
to <1%. Treatment was switched to oral azithromy-
cin and atovaquone. After 14 days, parasites were no
longer detectable with microscopy. Babesia DNA re-
mained detectable despite treatment until 4 months
after admission. After proguanil was added to the
treatment regimen, Babesin DNA disappeared the
next week. Oral treatment was discontinued approxi-
mately 6 weeks later. No relapse of babesiosis has
occurred, despite reinitiation of immunosuppressive
drugs (Figure 2).

We visualized parasites using fluorescence mi-
croscopy on acridine-stained blood in quantitative
buffy coat capillaries and conventional microscopy

"These authors contributed equally to this article.
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on Giemsa-stained thick and thin smears (Figure
1). Results of histidine-rich protein 2 and aldolase
antigen testing (Biozek, https://www.biozek.com)
and malaria loop-mediated isothermal amplifica-
tion (Meridian Bioscience, https:/ /www.meridian-
bioscience.com) were negative. A Plasmodium 185
ribosomal DNA PCR with known cross-reactivity
with Babesia spp. was positive (5). Sanger sequenc-
ing of the =125 bp PCR amplicon revealed 100%
homology with both B. divergens and B. venatorum.
Babesia 18S ribosomal RNA (628 bp) amplification
and sequencing showed 100% homology with B.
venatorum (Figure 3, panel A) but not with B. diver-
gens. Mitochondrial cytochrome oxidase subunit I
(COI) amplification and sequencing showed 100%
homology with B. venatorum from animals and
ticks in the Netherlands (3). Species-specific PCRs
for 4 Babesia spp. further confirmed the presence
of B. venatorum DNA. A crude merozoite extract-
based B. divergens ELISA showed optical densities
slightly above the cutoff (6). Low titers might have
resulted from continued plasmapheresis or poor
cross-reactivity of antibodies against B. venatorum
with B. divergens antigens.

To assess current and local risk of acquiring ba-
besiosis, we collected questing ticks in 3 areas within
2-3.5 km of the patient’'s home using blanket drag-
ging (7). We selected the areas on the basis of the pres-
ence of (wild) ungulates, which are amplifying hosts
of Babesia sensu stricto (3). Roe deer were present in
all areas. In addition, areas 1 and 2 were grazed by
fallow deer (Dama dama), domestic cattle (Bos taurus),
and Konik horses (Equus caballus ferus). Of note, in
area 1, a small herd of European bison (Bison bonasus)
was introduced in 2007.

We collected a total of 2,786 I. ricinus ticks. Ticks
were tested in pools because prevalence of Babesia

Autochthonous Human Babesiosis, the Netherlands

Figure 1. Babesia venatorum parasites in blood of patient
with autochthonous human babesiosis, the Netherlands.
Giemsa-stained thin smear from blood of patient before start
of treatment and visualized with light microscopy (original
magnification x1,250) shows and pleomorphic
amoeboid and vacuolar asexual stages of Babesia spp.,
positioned within and outside red blood cells, which is typically
observed in human babesiosis. Of note, 1 dark blue—stained
Howell-Jolly body is observed.

DNA in ticks in the Netherlands is very low (3).
If a pool was positive, only 1 tick was considered
positive in that pool. Overall, 25 (0.9%) ticks were
infected with Babesia s.s. based on amplification of
mitochondrial COI (Table). From those Babesia-pos-
itive ticks, we amplified DNA with Babesia species-
specific PCRs, which were positive for B. venatorum
(n=20), B. capreoli (n = 4), and the European variant
of B. odocoilei (n = 1). Phylogenetic analysis dem-
onstrated that the B. venatorum COI sequence from
the patient clustered with B. venatorum sequences
from ticks collected near the patient’s home (Figure
3, panel B). We calculated that 0.7% of ticks were
infected with B. venatorum. The estimated incidence
of tick bites in humans is 1.1 million/year, so hu-
man exposure to B. venatorum is ~7,920 persons
per year (8).

Figure 2. Clinical evolution of illness and treatment in case-patient with autochthonous human babesiosis caused by Babesia

venatorum, the Netherlands. RBC, red blood cell.
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Conclusions

This case of autochthonous human babesiosis con-
cerned life-threatening disease in a highly suscepti-
ble patient who had a rare medical history of diffuse

large B-cell lymphoma years after Hodgkin disease.
He was presumably infected with B. venatorum af-
ter a tick bite. The clinical course was favorable af-
ter prompt therapy, and parasites were undetectable

Figure 3. Phylogenetic analysis

of Babesia sequences obtained

from patient samples in study of
autochthonous human babesiosis
caused by Babesia venatorum, the
Netherlands. A) Neighbor-joining tree
of the phylogenetic relationship of
Babesia species based on sequences
of a fragment of 18S ribosomal RNA.
B) Babesia sequences isolated from
Ixodes ricinus ticks collected near the
patient’s residence (Ixodes ricinus
specimen pool 620, 647, 661, 671,
693, 723, 746, 850, 861, 867, and
882), of a fragment of cytochrome
oxidase subunit 1. The distance
between sequences was calculated
using the Kimura 2-parameter model.
The bootstrap test was performed
with 500 replicates. Bootstrap

values >70 are displayed. GenBank
accession numbers are provided for
all sequences.
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Autochthonous Human Babesiosis, the Netherlands

Table. Babesia sensu stricto species found in nymphal and adult Ixodes ricinus ticks in study of autochthonous human babesiosis

caused by Babesia venatorum, the Netherlands*

No. positive results (% total collected)

Area No. ticks tested Babesia s.s. B. capreoli B. odocoilei B. venatorum
1 982 4 (0.5) None None 4(0.4)
2 1,126 10 (0.9) 4(0.4) 1(0.1) 5(0.4)
3 678 11 (1.6) None None 11 (1.6)
Total 2,786 25 (0.9) 4 (0.1) 1(0.04) 20 (0.7)

*Ticks were collected in 3 natural areas near the patient’s residence. Babesia s.s. were identified to the species level by species-specific PCRs.

after 2 weeks. Persistent Babesin DNA disappeared
after adding proguanil to the treatment regimen. Of
all Babesia DNA found in local ticks, B. venatorum was
most prevalent, indicating a higher chance of expo-
sure to this species. This finding is notable because, in
Europe, most described human babesiosis has been
caused by B. divergens, much less frequently by B. ve-
natorum or B. microti (1).

In the Netherlands, DNA of >8 Babesia spp. have
been found in animals and ticks but not in humans
(2-4). Positive serologic results in studies among
blood donors and persons with increased tick bite
exposure indicate that self-limiting and unnoticed
infections might occur in the general population
in Europe (9,10). However, further investigations
in such populations did not report Babesia DNA as
evidence for human babesiosis (11,12). Scarcity of
cases might also be explained by lack of awareness
and underdiagnosis or misdiagnosis. Indeed, in sev-
eral published cases, diagnosis was delayed or made
postmortem (13). The morphologic overlap between
Babesia and Plasmodium spp. in microscopy is high,
making sensitive and specific testing for malaria
imperative to prevent misdiagnosis and associated
treatment delays. Last, underdiagnosis might also
be the result of the high proportion of human ba-
besiosis that could occur after unnoticed bites from
nymphal ticks.

Different Babesia spp. are specific to different ani-
mal reservoirs. Therefore, determining infecting Ba-
besia spp. can help assign surveillance among ticks
and specific animals. A previous study conducted
in the Netherlands during 2000-2019 found a wide-
spread occurrence of B. venatorum DNA in 0.8% of
25,849 sampled I. ricinus ticks (3). B. venatorum was
present in 46% (n = 290) of sampled roe deer (Cap-
reolus capreolus) and to a much lesser extent in sheep
(Ovis aries). Roe deer are highly present in the ar-
eas investigated for this case report, and the patient
had observed many around his home. Tick densities
could have increased in recent decades and changes
in wildlife management could have contributed to
spread of Babesia-infected ticks (14). Those changes
might have driven wildlife infected with B. venatorum
into areas where the parasite was formerly absent.
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Unfortunately, we were not able to sample local un-
gulates to investigate Babesia spp. prevalence. Finally,
climate change might affect spatial and temporal tick
distribution and increase the risk for and prevalence
of human babesiosis, which warrants further surveil-
lance studies (15). Although it remains unclear which
factors have driven this occurrence of human babe-
siosis, awareness among clinicians is warranted, es-
pecially for susceptible patients.
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Participatory, Virologic, and
Wastewater Surveillance Data
to Assess Underestimation
of COVID-19 Incidence,
Germany, 2020-2024

Anna Loenenbach,' Ann-Sophie Lehfeld," Peter Puetz,! Barbara Biere,’
Susan Abunijela, Silke Buda, Michaela Diercke, Ralf Dirrwald, Timo Greiner, Walter Haas,
Maria Helmrich, Kerstin Prahm, Jakob Schumacher, Marianne Wedde, Udo Buchholz

Using participatory, virologic, and wastewater surveil-
lance systems, we estimated when and to what extent
reported data of adult COVID-19 cases underestimated
COVID-19 incidence in Germany. We also examined
how case underestimation evolved over time. Our find-
ings highlight how community-based surveillance sys-
tems can complement official notification systems for
respiratory disease dynamics.

o monitor COVID-19 epidemic spread, the World

Health Organization tracked worldwide inci-
dence by relying on notification data of laboratory-
confirmed cases (1). In Germany, public health and
social measures (PHSM), such as lockdowns and
testing policies, were linked to COVID-19 incidence
measured by the country’s routine notifiable disease
surveillance system, particularly in the first 1.5 years
of the pandemic.

We examined how sensitively the national noti-
fiable disease surveillance system reflected the true
COVID-19 incidence in Germany. Our intent was
to date and quantify changes in underestimation
of national notifiable disease surveillance-derived
COVID-19 incidence by relating it to participatory, vi-
rologic, and wastewater surveillance systems and to
identify PHSM that contributed to changes in surveil-
lance sensitivity.

The Study
Our indicator of interest was adult COVID-19 notifica-
tion incidence in Germany, hereafter GNS-I (German

Authors affiliation: Robert Koch Institute, Berlin, Germany
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notification system incidence), during 2020-2024. In
the notification system, SARS-CoV-2-positive test re-
sults were notified to local health authorities, includ-
ing samples taken from physician practices, citizen
testing sites, and systematic testing in workplaces
and schools. The system only reported PCR-positive
cases; thus, non-PCR-confirmed citizen self-tests
were not included in GNS-I data.

We used 2 comparison indicators to estimate
COVID-19 incidence: GrippeWeb virologic positiv-
ity rate incidence (GW-VPR-I) and GrippeWeb self-
reported positivity incidence (GW-SR-I) (Table). GW-
VPR-I is incidence among adults calculated through
combined data from the GrippeWeb participatory
surveillance system (1) and from virologic sentinel
surveillance in primary care settings (2), as described
previously (3). GW-SR-1 is self-reported laboratory or
self-testing results from GrippeWeb.

Each week, ~8,000 GrippeWeb participants in
Germany self-report symptoms related to any kind of
acute respiratory illness (ARI), which includes any ill-
ness with sore throat, cough, or fever. Participants also
report potential test results. ARI are dichotomized
into influenza-like illness (ILL i.e., fever with sore
throat or cough) and non-ILI. GrippeWeb provides
AR, ILI, and non-ILI incidence rates in the general
population (1). The National Influenza Centre con-
ducts virologic surveillance in cooperation with ~140
practices (general and pediatric practices) that submit
nasal or throat swab samples from ARI patients (4).
Samples are analyzed by real-time PCR for different
respiratory pathogens, including SARS-CoV-2.

"These first authors contributed equally to this article.
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Table. List of surveillance systems and indicators used for participatory, virologic, and wastewater surveillance data to assess

underestimation of COVID-19 incidence, Germany, 2020-2024*

Abbreviations Definition

Description and formulas

Surveillance systems

GNS German notification system  Mandatory notification system for infectious diseases according to German Infection
Protection Act

GW GrippeWeb Participatory ILI and non-ILI online surveillance system for the general population,
which began in 2011

VSS Virological surveillance system Established in primary care practices

WWS Wastewater surveillance Monitors aggregated SARS-CoV-2 viral load in wastewater and began during

system calendar week 22 2022
Indicator
GNS-I German notification system  COVID-19 incidence reference indicator using data from GNS
incidencet
GW-VPR-I GrippeWeb and virologic COVID-19 incidence comparison indicator using data from GrippeWeb and VSS
positivity rate incidencet

Formula: Weekly GW-VPR-I = GW ILI incidence x VSS SARS-CoV-2 positivity rate
among ILI patients + GW non-ILI incidence x VSS SARS-CoV-2 positivity rate
among non-ILI patients

GW-SR-I GrippeWeb self-reported COVID-19 incidence comparison indicator using GrippeWeb self-reported pathogen

testing resultst

detection results for self-tested or laboratory-confirmed positive tests; data

collection started in calendar week 27, 2022

Formula: COVID-19 incidence measured by GW-SR-| = weekly number of adult
GW participants with any acute respiratory infection and a positive COVID-19 test +
weekly number of all reports of adults (ill or not ill)

SC2-VL-WW  Aggregated SARS-CoV-2 viral
load in wastewater

UEF Underestimation factor

COVID-19 comparison indicator using WWS system and expressed as the number
of SARS-CoV-2 gene fragments per liter in wastewater
Two underestimation factors were calculated as an indicator to estimate the

sensitivity of GNS-derived COVID-19 incidence with the help of GW and VSS

surveillance data

Formulas:

UEFgw.vert = COVID-19 incidence measured by GW-VPR-I + COVID-19 incidence
measured by GNS-I

UEFgw-sr1 = COVID-19 incidence measured by GW-SR-I + COVID-19 incidence
measured by GNS-I

*ILI, influenza-like iliness.
TCOVID-19 incidence indicator.

To compare GNS-I with GW-VPR-I, we used in-
cidence from calendar week (CW) 40 of 2020 through
CW 4 of 2024 (CW40/2020-CW04/2024). To compare
GNS-I with GW-SR-I, we included CW27/2022 (be-
ginning of collection of self-reported SARS-CoV-2
detections in GrippeWeb) through CW04/2024. We
smoothed GW-VPR-I and GW-SR-I data by using
the locally estimated scatterplot smoothing (LOESS)
method (5).

Beginning in CW22/2022, SARS-CoV-2 was mon-
itored weekly by wastewater surveillance (WWS) in
<153 wastewater treatment plants (6). Data were ag-
gregated as SARS-CoV-2 viral load in wastewater
(SC2-VL-WW). We also used LOESS to smooth week-
ly mean SC2-VL-WW data.

We used an underestimation factor (UEF) to ex-
press sensitivity of GNS-1 by GW-VPR-I (UEF_, )
and GW-SR-I (UEF_, . ), which we calculated as the
weekly ratio of smoothed GW-VPR-1 and GW-SR-
I relative to nonsmoothed GNS-I (Table; Figure). In
addition, we gathered information on dates of pan-
demic related PHSM.

In general, measured COVID-19 incidence by
GNS-I, GW-VPR-]I, and GW-SR-], as well as SC2-VL-

1940

WW, all agreed in timing of COVID-19 waves (Fig-
ure, panel A). GW-VPR-I was similar to the GNS-I
until *xCW17/2022, after which the 2 curves diverged.
From CW27/2022, GW-SR-I aligned with GW-VPR-
I. SC2-VL-WW confirmed the course of GW-VPR-I
and GW-SR-I, which indicated that COVID-19 waves
that peaked during CW26/2022, CW38/2022, and
CW50/2022 were substantially stronger than sug-
gested by GNS-1.

We identified 4 major sensitivity phases of
GNS-I and estimated a segmented linear regres-
sion to specify 3 breakpoints (7,8). We calculated
a common piecewise trendline of the smoothed
UEF_,, \pr, and UEF_, .., data (Figure, panel B).
During phase 1, CW40/2020-CW10/2022, the lin-
ear trend of UEF_, .., varied ~1.1-1.5, indicating
close agreement between GNS-I and GW-VPR-IL.
Two COVID-19 waves, driven by Omicron BA.1,
peaking in CWO05/2022, and BA.2, peaking in
CW11/2022, were still well captured by GNS-I. Dur-
ing that time, many workplaces, hospitals, nursing
homes, kindergartens, and schools tested regularly
for SARS-CoV-2. However, during CW10/2022-
CW17/2022, regular testing at workplaces and
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schools was gradually discontinued. Until the end
of phase 2 (CW49/2022), smoothed GW-VPR-I and
GW-SR-I slowly increased to ~2.8 (UEF_, ., Was
2.7, UEF, oz, Was 2.9).

At the end of 2022, no-cost testing ceased for all
citizens, after which we noted a steep increase of
both smoothed UEFs during phase 3 (CW49/2022-
CW28/2023): UEF_, ,pp, increased from =~2.7 to
110.1 and UEF_,  , increased from 2.9 to 81.6 (Fig-
ure, panel B). SC2-VL-WW showed similar trends
during that period, but GNS-I data barely captured
the phase 3 waves.

Through a trend change in both UEFs, we iden-
tified a fourth phase starting around CW28/2023
that was not accompanied by PHSM changes.
Smoothed UEF_, .., peaked around CW32/2023,
then decreased to ~30.3; UEF_, .., peaked around
CW28/2023, after which it fluctuated between =50-
70. SC2-VL-WW followed the steady rise of the 2
GrippeWeb indicators and peaked in CW50/2023.
GNS-I remained low in phase 4.

Underestimation of COVID-19 Incidence, Germany

One limitation of our study is the incongruence
among the indicators; GNS-I includes data for illness-
es and asymptomatic infections, whereas GW-VPR-1
and GW-5SR-I only estimate illness incidence. Howev-
er, because the information on presence or absence of
symptoms is not always available in GNS-I data, de-
riving a pure COVID-19 incidence from GNS-I is not
possible. Another limitation is that WWS provides vi-
ral load per liter from all population age groups, and
neither incidence nor prevalence data are collected;
whether the shedding properties of variants differ
enough to substantially modify the viral load detect-
ed in wastewater is unknown. Last, the association of
sensitivity phases and PHSM is only descriptive and
ecologic in nature.

Conclusions

Assessing the timing and degree of COVID-19 un-
derestimation is crucial for interpretating notifica-
tion system data. Until the first half of 2022, sero-
surveys among blood donors in Germany estimated

Figure. Incidence and underestimation factors in a study of participatory, virologic, and wastewater surveillance data to assess
underestimation of COVID-19 incidence, Germany, 2020-2024. A) Smoothed and unsmoothed surveillance data on COVID-19 incidence
(cases/100,000 adult population) compared with wastewater viral load. SARS-CoV-2 variant phases in Germany are labeled. B) Two
different UEFs plus common piecewise trendline of smoothed UEF and timeframes for phases calendar week 40 of 2020 through
calendar week 4 of 2024. Vertical lines mark the breakpoints between COVID-19 phases with different degrees of underestimation.
GNS-l, incidence from German notification system; GW-SR-I, GrippeWeb self-reported incidence; GW-VPR-I, GrippeWeb and virologic
positivity rate incidence; SC2-VL-WW, aggregated SARS-CoV-2 viral load in wastewater; UEF, underestimation factor.
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the degree of underestimation at 1.5 of GNS-I,
comparing well with the common piecewise trend-
line of UEF_, , g, in the same timeframe (UEF_, .,
started from CW27/2022) (9). Other than cross-sec-
tional serosurveys (9-11), approaches to estimate
underestimation included analysis of fatality rates
and death tolls (12,13), and a multiplier model that
used reported laboratory-confirmed data as a start-
ing point (14). However, none of those approaches
compared weekly notification rates and, thus, can-
not pinpoint sensitivity breakpoints. We compared
weekly national notifiable COVID-19 incidence to
2 independent indicators estimating population-
level incidence, and our findings are supported by
WWS results.

We identified 2 major sensitivity breakpoints,
demonstrating that PHSM introductions or cessa-
tions might have directly affected the changing sen-
sitivity of notification data. Ending systematic test-
ing in workplaces and schools (first breakpoint) and
ending no-cost testing (second breakpoint) likely
contributed to the decrease of national notifiable
disease surveillance system sensitivity. The close
agreement between WWS and GrippeWeb-derived
incidence indicators suggests that SARS-CoV-2
wastewater data are useful for indicating trends in
infection waves.

Although population-level immunity could in-
fluence the probability of persons testing COVID-19-
positive to some degree, immunity mainly protects
against severe disease but does not necessarily pre-
vent infection or illness. For example, the high esti-
mated COVID-19 incidence at the end of 2023 had
weekly incidences of >2% (Figure).

As Germany transitioned from the pandemic to
endemic phase and implemented a stepwise reduc-
tion in testing, GNS-I became less capable of reflect-
ing actual COVID-19 incidence. Our study results
stress the value of additional community-based and
wastewater surveillance systems to complement of-
ficial notification systems (15). Community-based
surveillance can describe the epidemiologic situation,
particularly when PHSM, such as testing policies, are
lifted and testing access decreases. Thus, systems like
GrippeWeb (and wastewater surveillance) will be in-
creasingly crucial, especially for respiratory diseases
of epidemic and pandemic potential.
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etymologia revisited

Plague
[plag]

lague (from the Latin plaga, “stroke” or “wound”) infec-

tions are believed to have been common since at least
3000 Bce. Plague is caused by the ancestor of current Yersinia
(named for Swiss bacteriologist Alexandre Yersin, who first
isolated the bacterium) pestis strains. However, this ancestral
Y. pestis lacked the critical Yersinia murine toxin (ymt) gene that
enables vectorborne transmission. After acquiring this gene
(sometime during 1600-950 BcE), which encodes a phospholi-
pase D that protects the bacterium inside the flea gut, Y. pestis
evolved the ability to cause pandemics of bubonic plague. The
first recoded of these, the Justinian Plague, began in 541 AcE
and eventually killed more than 25 million persons.
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DISPATCHES

Retrospective Seroprevalence
of Orthopoxvirus Antibodies
among Key Populations, Kenya

Kristi Loeb,! Kieran A. Milner," Candice Lemaille, Brielle Martens, Derek Stein, Julie Lajoie,
Souradet Y. Shaw, Anne W. Rimoin, Placide Mbala-Kingebeni, Nicole A. Hoff,
Ryan S. Noyce, Keith R. Fowke, Joshua Kimani, Lyle McKinnon, Jason Kindrachuk

We identified a cluster of mpox exposures among key
populations in Kenya through retrospective serologic
screening. We identified strong seropositivity among sex
workers and gay, bisexual, and other men who have sex
with men. These findings demonstrate the need for in-
creased mpox surveillance among mpox-endemic and
mpox-endemic—adjacent regions in Africa.

pox (formerly monkeypox) is a zoonotic viral

disease caused by monkeypox virus (MPXV)
that saw rapid geographic expansion resulting in a
global epidemic in 2022 (1). MPXV consists of 2 dis-
tinct clades (clades I and clade 1II); clade I infections
are associated with greater disease severity (1,2).
Clade I MPXV is subdivided into 2 subclades (clades
Ila and IIb); clade IIb is linked to the global epidemic
(3,4). Although zoonosis has been the primary driver
of human infections and outbreaks have occurred
primarily in tropical forest regions within mpox-
endemic countries, during the 2022 epidemic, >90%
of infections were linked to secondary transmission,
mainly through close, intimate (often sexual) contact.
Historically, mpox has primarily affected younger
populations; however, most of those mpox cases were
associated with clade I (3). The average age of clade
IIb mpox case-patients during the 2022 epidemic was
>30 years; most were male (98.7%) and identified as
gay, bisexual, and other men who have sex with men

(GBMSM) (84%) (4). During the 2022 epidemic, com-
mon clinical characteristics for mpox included fever,
physical asthenia or lethargy, lymphadenopathy, and
rash; atypical lesion location also was noted.

MPXYV reemerged in Nigeria in 2017 and resulted
in ongoing endemic circulation. In contrast to his-
toric mpox, disease has been more prevalent in ur-
ban regions and among adults (5). Human-to-human
transmission and a high proportion of genital ulcers
also were noted. More recently, transmission of clade
I MPXV associated with intimate contact has been
reported in the Democratic Republic of the Congo
(DRC), including geographic expansion and cases in
multiple large urban areas (6).

MPXV genome sequencing demonstrated link-
ages between reemergence in Nigeria and global
expansion in 2022 (7,8). Given the reemergence of
mpox in Nigeria with sustained nonzoonotic trans-
mission, ongoing global circulation, rapid expan-
sion in DRC, and acquisition associated with inti-
mate contact, an urgent need exists for expanded
mpox surveillance in Africa, particularly among key
populations at increased risk for infection. Given the
paucity of mpox surveillance data and the role of
Nairobi (capital city of Kenya) as a major economic
and transit center in Africa, we undertook retrospec-
tive orthopoxvirus (OPXV) serologic screening that
focused on key populations.
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The Study
We used historic serum samples from male and fe-
male sex workers (n = 656) enrolled at the Sex Work-
ers Outreach Program (SWOP) in Nairobi, Kenya (9).
We assayed samples for IgG seropositivity by using a
modified ELISA assay with UV-inactivated vaccinia
virus (VACV). We screened samples by using a 1:50
dilution (10). We collected samples during 2013-2018;
age range of participants was 19-69 years at sample
acquisition (Table). Female sex workers accounted for
72.3% (474/656) of our sample population, followed
by other (non-sex workers or nonidentified; 18.4%
[122/656]) and GBMSM (9.3% [61/656]). We defined
seropositivity on the basis of absorbance values >3 SDs
above baseline. Most (76.7% [503/656]) samples were
provided by persons 20-55 years of age; we found the
highest percentage of seropositive samples among
participants 20-39 years of age (37.4% [37/99]) and
40-55 years of age (36.4% [36/99]) among all seropos-
itive samples tested. We detected 89% seropositivity
among persons living with HIV; however, HIV posi-
tivity was high (85.8% [563/676]) among the sample
population (Figure; Appendix Figure, https://ww-
wnc.cdc.gov/EID/article/30/9/24-0510-Appl.pdf).
We next selected 111 samples from the ELISA
screen for subsequent analysis by the OPXV IgG Pan-
el (Meso Scale Discovery, https://www.mesoscale.
com), which includes 5 MPXV antigens: A29, A35, B6,

Seroprevalence of Orthopoxvirus Antibodies, Kenya

E8, and M1 and their corresponding VACV orthologs.
We tested samples by using 1:500 dilutions. Cross-re-
activities for the assay range from 198% (MPXV A35R
and VACV A33R) to 43.4% (MPXV E8L and VACV
DIL), and lower limits of quantitation ranged from
0.021 to 0.058 AU/mL. We selected 86 samples that
met seropositive criteria from the ELISAs (>3 SDs
above baseline) and 25 seronegative or borderline
samples. We blinded samples during testing and re-
peated sampling on a subset of blinded samples for
validation. Average age for participants from whom
samples were taken was 49 years (range 29-74 years);
samples were from female sex workers, GBMSM, and
non-sex workers. We detected OPXV seropositiv-
ity across all age groups in our sample cohort, and
had strong signals (>10,000 AU/mL) within all age
groups, including persons born after cessation of the
global smallpox vaccination program (11). OPXV-
positive samples included 5 samples from persons
in the 20-39-year age group, with calculated concen-
trations of >1,000 AU/mL. Our data suggest MPXV
exposure among groups already at increased risk for
infection in Kenya.

Conclusions

The reemergence of clade Il MPXV in Nigeria in 2017,
followed in 2022 by the rapid global expansion of
clade II MPXV across non-mpox-endemic regions

Table. Demographic data for all participants in a retrospective study of seroprevalence of orthopoxvirus antibodies among key

populations, Nairobi, Kenya, 2013-2018*

Human orthopoxvirus seropositivity

Characteristic Positive Negative Total (%)
Age group, y
<19 0 1(0.2) 1(0.2)
20-39 37 (37.4) 188 (33.8) 225 (34.3)
40-55 36 (36.4) 242 (43.4) 278 (42.4)
56-65 8(8.1) 60 (10.8) 68 (10.4)
>65 2(2.0) 5(0.9) 7(1.1)
Unknown 16 (16.2) 61 (11.0) 77 (11.7)
Total 99 557 656
Sample collection year
2013 1(1.0) 7(1.3) 8(1.2)
2014 5(5.1) 55 (9.9) 60 (9.1)
2015 3(3.0) 15 (2.7) 18 (2.7)
2016 3(3.0) 13(2.3) 16 (2.4)
2017 61 (61.6) 277 (49.7) 338 (51.5)
2018 26 (26.3) 190 (34.1) 216 (32.9)
Total 99 557 656
HIV status
Negative 11 (11.1) 82 (14.7) 93 (14.2)
Positive 88 (88.9) 475 (85.3) 563 (85.8)
Total 99 557 656
Key population
Female sex worker 63 (63.6) 411 (73.8) 474 (72.3)
GBMSM 15 (15.2) 46 (8.3) 61(9.3)
Non-sex worker 21(21.2) 100 (17.9) 121 (18.4)
Total 99 557 656

*Participants were enrolled at the Sex Workers Outreach Program (SWOP) in Nairobi, Kenya. Values are no. (%). Seropositivity determined by ELISA
using UV-inactivated vaccinia virus. GBMSM, gay, bisexual, and other men who have sex with men.
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Figure. Retrospective
assessment of orthopoxvirus
antibody seropositivity among
key populations, Nairobi, Kenya,
2013—-2018. Orthopoxvirus
seropositivity was assessed

in banked samples acquired
from 792 sex workers. A)
Seropositivity was determined
by ELISA using UV-inactivated
vaccinia virus. Cutoff line
indicates baseline seropositivity.
Positives were determined

as 3 SDs above the cutoff.
Horizontal bar indicates median.
B) Age distribution across all
seropositive and seronegative
samples. Horizontal bars indicate
median with upper quartile
above, lower quartile below.

OD,,, optical density at 450 nm.
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and the continued expansion of the current clade
I outbreak in DRC, highlight the need for ongoing
mpox surveillance. Given the geographic proximity
and expansive shared borders of multiple countries
in East Africa with DRC, frequent movement of per-
sons across those regions, and the role of Nairobi as a
commercial and tourism center, expanded mpox sur-
veillance is needed urgently.

Although MPXV transmission between humans
has historically occurred through close contact with
infected persons (2,10-12), transmission during the
global mpox epidemic was strongly linked to close,
intimate (including sexual) contact. Transmission
through close and sexual contacts have been observed
during the ongoing mpox outbreak in DRC.

Given the risk for further expansion of MPXV
in Africa, we screened for indications of historic
mpox exposures in key populations at increased risk
for infection in Kenya. Our data suggest that unre-
ported MPXV exposures have occurred within key
populations. The smallpox vaccination campaign in
Kenya ended in 1972 (although vaccinations may
have occurred later), and only importation-related
cases were reported after 1970 (11). Thus, seroposi-
tivity against VACV and MPXV in persons <52 years
of age in our sample population is strongly indica-
tive of environmental exposure to an orthopoxvirus
independent of variola virus. Although camelpox vi-
rus has been reported among camels in northern Ke-
nya, few human orthopoxvirus infections have been
reported in the region and zoonosis is rare (12). Cam-
elpox cannot be discounted given antigenic similari-
ties to other human orthopoxviruses; however, the
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clustering of seropositivity among key populations
in our study suggests an alternative virus source. No
other orthopoxviruses are known to infect humans
in Kenya; thus, our serologic data suggest potential
MPXV exposure.

Our findings highlight the need for expanded
and sustained mpox surveillance that includes
non-mpox-endemic regions close to areas with ac-
tive mpox outbreaks. In addition, stigmatization
and fear of repercussions or persecution encoun-
tered by sex workers and GBMSM communities
may have also limited the historical identification
of mpox in non-mpox-endemic regions of sub-Sa-
haran Africa.

One limitation of our study stems from the an-
tigenic similarity among human orthopoxviruses.
The MPXV antigens we used in this study have
VACV orthologs, and the seropositivity we de-
tected cannot definitively identify prior mpox nor
differentiate MPXV clades. However, given the se-
ropositivity among persons within key populations
linked to sex work and dense sexual networks,
including persons born after the global smallpox
vaccination program ended, our data support ex-
panded mpox surveillance in regions proximal to
mpox-endemic areas.

In summary, our data suggest that mpox intro-
duction among sex workers in Kenya probably oc-
curred before identification of MPXV reemergence
in Nigeria, the 2022 epidemic, and the ongoing out-
break in DRC. The source of these exposures could
have included undiagnosed mpox circulation and
introduction from either Central or West Africa,
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considering the lack of clade-specific determination
through serologic screening. Thus, a definitive need
exists to establish enhanced surveillance for groups
at elevated risk for MPXV infection in Kenya and
surrounding regions.
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Non-HIV and Immunocompetent
Patient with COVID-19 and
Severe Pneumocystis jirovecii
Pneumonia Co-Infection

Songsong Yu, Tiecheng Yang

Pneumocystis jirovecii pneumonia is an opportunistic
infection that affects HIV-infected and immunocompro-
mised persons and rarely affects immunocompetent
patients. However, after the advent of the COVID-19
pandemic, some COVID-19 patients without immuno-
compromise or HIV were infected with P. jirovecii. Clini-
cal manifestations were atypical, easily misdiagnosed,
and rapidly progressive, and the prognosis was poor.

Pneumocystis jirovecii pneumonia (PJP) is an op-
portunistic infection that usually affects immu-
nocompromised patients, most commonly those with
HIV infection (1). PJP in immunocompetent persons
is extremely rare (2), particularly among middle-aged
persons. Currently, the number of non-HIV patients
with PJP is rapidly increasing because of organ trans-
plantation, improvements in diagnosis and treatment
of autoimmune diseases, and use of immunosup-
pressive drugs (including corticosteroids or immu-
nomodulatory monoclonal antibodies). The mortality
rate for patients with PJP but not HIV is significantly
higher than for those with HIV (up to 30%) (3).

Since 2019, COVID-19 infection has become a
threat to human health, damaging the epithelial barrier
of the airway and inducing abnormal immune respons-
es, which in turn leads to deregulation of the immune
system. Therefore, #19% of patients with COVID-19
experience pulmonary coinfections (4). We report the
case of an immunocompetent woman in China who
was co-infected with COVID-19 and P. jirovecii.

The Case
On June 25, 2023, a 52-year-old woman visited the
emergency department of Beijing Shijitan Hospital,

Author affiliation: Beijing Shijitan Hospital, Capital Medical
University, Beijing, China

DOI: https://doi.org/10.3201/eid3009.240615
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Capital Medical University (Beijing, China), with
an 8-day history of fever (maximum 39.5°C) ac-
companied by weakness and anorexia and a 5-day
history of cough with expectoration. Until 5 days
before admission, she had not experienced cough-
ing, expectoration, chills, vomiting, sore throat, or
shortness of breath. Results of influenza A/B virus
antigen and COVID-19 testing were negative. Labo-
ratory findings were peripheral leukocyte count 5.25
x 10° cells/L (85.5% neutrophils, 8.9% lymphocytes)
and C-reactive protein level 118.03 mg/L. Chest
computed tomography (CT) scan indicated blurred
bronchial vascular bundles in bilateral lungs with
multiple tree-in-bud signs, multiple ground-glass
shadows, and subpleural consolidation (Figure 1).
After receiving intravenous moxifloxacin (0.4 g/d
for 3 days), the patient still had high fever, and chest
CT scan showed substantially increased bilateral
tree-in-bud signs, ground-glass shadows, and sub-
pleural consolidation in lungs (Figure 2). She had no
relevant medical history.

At admission, physical examination revealed
rough breathing sounds. Peripheral leukocyte count
was 4.35 x 10° cells/L (89.1% neutrophils, 8.9% lym-
phocytes, 1.6% monocytes), and C-reactive protein
level was 199.96 mg/L. Serum alanine aminotransfer-
ase was 61 U/L, aspartate aminotransferase 65 U/L,
lactate dehydrogenase 283 U/L, albumin 33.6 g/L,
and plasma D-dimer 2,902 ng/mL. Arterial blood gas
indicated a pH of 7.46, partial pressure of CO, (pCo,)
35 mm Hg, and partial pressure of O, (pO,) 78 mm
Hg (fraction of inspired O, [FiO,] 29%). Results were
negative for serum mycobacterium tuberculosis anti-
body, Epstein-Barr virus capsid IgM, cytomegalovi-
rus IgM, galactomannan and 1,3-pB-d-glucan, serum
IgE, antinuclear antibody, antineutrophilic cytoplas-
mic antibody, and tumor markers. Blood and sputum
culture results were unremarkable.
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After admission, the patient received moxi-
floxacin and piperacillin/tazobactam, but her fever
remained (maximum 40.7°C), accompanied by loss
of appetite, aggravated weakness, and shortness of
breath after activity. On hospitalization day 7, arterial
blood gas indicated pH 7.45, pCO, 46 mm Hg, and
pO, 59 mm Hg (FiO, 41%). Chest CT scan showed bi-
lateral blurred bronchovascular bundles, interlobular
thickening, and subpleural small-band ground-glass
changes in the lungs with increased bilateral pleural
effusion (Figure 3).

Culture of bronchalveolar lavage fluid (BALF)
from the basal segment of the lower left lung revealed
no bacteria and fungi. However, metagenomic next-
generation sequencing (mNGS) of BALF detected P.
jirovecii (222 sequences), Candida albicans (2,393 se-
quences), and SARS-CoV-2 (37 sequences). Periph-
eral T-lymphocyte subsets included 80/pL CD4+ and
196/pL CD8+ T cells. The diagnosis was COVID-19
with severe P. jirovecii co-infection.

On hospital day 8, antimicrobial treatment com-
prised oral sulfamethoxazole/ trimethoprim (0.8 g/160
mg every 8 h), intravenous caspofungin (70 mg on the
first day, then 50 mg/d), and prednisone acetate (40
mg every 12 h for 5 days, 40 mg/d for 5 days, then
20 mg/d for 11 days). Concomitant treatments were
intravenous human immunoglobulin, nutritional
support, and noninvasive ventilator transnasal high-
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flow oxygen therapy. On day 2 after treatment, the
patient’s fever abated; on day 3, shortness of breath
resolved. On day 17, arterial blood gas indicated pH
of 7.46, pCO, 40 mm Hg, and pO, 127 mm Hg (FiO,
29%). Chest CT scan indicated that all lung lesions
were absorbed bilaterally (Figure 4), and peripheral
T-lymphocyte subsets comprised 561/pL CD4+ and
514/pL CD8+ T cells.

Conclusions

Patients with COVID-19 who are older, have comor-
bidities, and are unvaccinated are susceptible to op-
portunistic infections such as aspergillus, candidia-
sis, and tuberculosis (5). Only a few cases have been
reported in which immunosuppressed patients with
moderate-to-severe COVID-19 pneumonia were co-
infected with P. jirovecii (5). The prevalence of P. jir-
ovecii infection in non-HIV patients (37 cases/1,000
patients) was significantly higher during the CO-
VID-19 pandemic than before (13.1 cases/1,000 pa-
tients) (6). Moreover, before the pandemic, the mor-
tality rate for non-HIV patients infected with PJP was
higher (=35%-50%) (7).

The prevalence of P. jirovecii colonization in im-
munocompetent persons varies. J.S. Kang found that
34.3% of patients with PJP had a history of COVID-19
and that 25.7% did not have underlying immunosup-
pressive conditions (6). The JiroCOVID study found

Figure 1. Chest computed
tomography scans of
immunocompetent patient in
China who was co-infected

with COVID-19 and non-HIV
severe Pneumocystis jirovecii
pneumonia, performed on June
22, 2023. Images show bronchial
vascular bundles blurred in
bilateral lungs with multiple tree-
in-bud signs, multiple ground-
glass shadows, and bilateral
subpleural consolidation.
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Figure 2. Chest computed
tomography scans of
immunocompetent patient in
China who was co-infected
with COVID-19 and non-HIV
severe Pneumocystis jirovecii
pneumonia, performed on June
25, 2023. Images show multiple
tree-in-bud signs, ground-glass
shadows, and substantially
increased bilateral subpleural
consolidation in the lungs.

that the prevalence of P. jirovecii colonization and
infection was extremely low in immunocompetent
patients, only 1.7% (8). Gentile et al. found that all
but 1 patient with COVID-19 had no underlying im-
munosuppressive conditions or other risk factors for
PJP infection (9). Thus, P. jirovecii infection is easily
overlooked in patients without immunocompromise.

After patients are infected with COVID-19, the
virus attacks the lymphocyte immune system, result-

1950

ing in decreased CD4+ and CD8+ T-cell counts. The
probability of opportunistic infection greatly increas-
es when the CD4* T-cell count is <200/pL (3). CO-
VID-19 damages the epithelial barrier and induces an
abnormal immune response resulting from immune
system dysregulation (6). Unlike the patients report-
ed by Gentile et al., who received treatment with cor-
ticosteroids for COVID-19 pneumonia, the patient we
report had no other risk factors.

Figure 3. Chest computed
tomography scans of
immunocompetent patient in
China who was co-infected
with COVID-19 and non-HIV
severe Pneumocystis jirovecii
pneumonia, performed on
June 30, 2023. Images show
blurred bronchovascular
bundles, interlobular thickening,
and subpleural small-band

of ground-glass changes in
bilateral lungs, with increased
bilateral pleural effusion.
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Figure 4. Chest computed
tomography scans of
immunocompetent patient in
China who was co-infected
with COVID-19 and non-HIV
severe Pneumocystis jirovecii
pneumonia, performed on July
17, 2023. All lung lesions were
absorbed bilaterally.

In China, only 4 patients with COVID-19
have been reported to be co-infected with PJP, in-
cluding 2 patients with HIV infection and 2 older
patients with chronic pulmonary diseases (10,11).
COVID-19 co-infection with PJP has not been re-
ported among patients who were immunocom-
petent and had no comorbidities. Although tests
for COVID-19 returned negative results several
times for the patient we report, we found SARS-
CoV-2 RNA in BALF. Meanwhile, the peripheral
T-cell count decreased to 80/pL, suggesting that
the immune system was attacked by COVID-19.
Therefore, for patients with atypical imaging
manifestations, clinicians should search for op-
portunistic pathogens.

P. jirovecii is a fungus for which rates of coloniza-
tion in the respiratory tract are low and is difficult to
grow in vitro; therefore, it is difficult to detect through
sputum cultures. B-d-glucan testing is considered an
assistive method for diagnosis; sensitivity is 94% for
HIV patients and 86 % for non-HIV patients, and spec-
ificity is 83% for both groups of patients (12). Detec-
tion of P. jirovecii in BALF is considered the standard
for PJP diagnosis.

Although Candida was detected in BALF from
this patient, according to the 2016 guidelines of the
Infectious Diseases Society of America, Candida iso-
lated from the respiratory tract is primarily consid-
ered colonization (13). Therefore, we considered Can-
dida colonization a possibility.
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In the patient we report, the clinical manifesta-
tions of the disease in the early stages were atypical
and could be easily misdiagnosed. Furthermore,
SARS-CoV-2 tests conducted on nasopharyngeal
swab samples and by sputum cultures yielded
negative results. Fortunately, BALF testing using
mNGS provided timely evidence for clinical diag-
nosis and treatment.

For patients with COVID-19 who are immu-
nocompetent and not HIV infected but show per-
sistently high fever and atypical viral or bacterial
pneumonia on chest CT scan, clinicians should be
highly vigilant of the possibility of PJP. Aggressive
BALF and mNGS testing may help achieve a defini-
tive diagnosis.
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Mycobacterium
marinum Infection
after Iguana Bite
in Costa Rica

Zoonotic infections associated with animal
bite injuries are common and can result in
severe illness. Approximately 5 million ani-
mal bites occur annually in North America,
and 10 million injuries occur globally from
dog bites alone. Pathogens causing infec-
tions after dog or cat bites are well de-
scribed; pathogens from other animal bites
are less well defined, although their oral mi-
crobiota are known.

In this EID podcast, Dr. Niaz Banaei, a profes-
sor of pathology and medicine at Stanford
University in California, discusses Mycobac-
terium marinum infection after an iguana
bite in Costa Rica.

Visit our website to listen:
https://bit.ly/3Jh2FSI
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Who is this person?

Here is a clue: He is honored by his name being
used for a tickborne protozoan infection.

A) Emile Roux
B) Victor Babes
C) George Duncan
D) Ronald Ross
E) Walter Reed

See next page for the answer.
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Victor Babes

Andrei lonut Cucu, Antonio Perciaccante, Raffaella Bianucci

his is a photograph of Victor Babes (1854-1926)

(Figure 1), who discovered Babesia spp. microor-
ganisms and was a prominent figure in the fields of
pathology, virology, and microbiology in Romania
(1-3). Born in Vienna, Austria, on July 28, 1854, he
attended high school in Budapest, Hungary, before
pursuing his medical studies in Budapest and Vien-
na. His father, Vincentiu Babes (1821-1907), was an
Imperial lawyer, teacher, president of the Supreme
Court of Hungary, and a founding member of the Ro-
manian Academic Society.

Victor Babes began his career when he was 18
years of age in the pathology department at the Uni-
versity of Budapest and later earned his PhD in medi-
cal sciences. In 1885, he was appointed as an associate
professor at the University of Budapest (4). He honed
his skills in Europe’s most renowned laboratories,
studying with distinguished figures such as Rudolf
Virchow (1821-1902), Friedrich Daniel von Reckling-
hausen (1833-1910), Karl Langer (1819-1887), Justus
von Liebig (1803-1873), and Karl von Rockitansky
(1804-1878). In the field of microbiology, he was men-
tored by giants such as Robert Koch (1843-1910) and
Louis Pasteur (1822-1895) (5-8).

One of Dr. Babes’s greatest achievements was
co-authoring the bacteriology treatise Les bactéries
et leur role dans ’anatomie et I'histologie pathologiques
des maladies infectieuses with André Victor Cornil
(1837-1908); the work is considered a landmark of
19th Century medicine (9-11). The treatise gained
substantial attention; all 3 editions sold out with-
in 5 years. Louis Pasteur suggested that the book
should be honored, praise that led the French
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Figure: Victor Babes (1854-1926). Source: University of Kansas
Medical Center, Clendening History of Medicine Museum
(http://clendening.kumc.edu/dc/pc/babes.jpg).

Academy of Sciences to award the Montyon Prize
to the authors (12,13).

In 1885, Dr. Babes was appointed as a professor
of histopathology in the Faculty of Medicine at the
University of Budapest. In 1887, he moved to Bu-
charest, Romania, where he founded the pathology
and bacteriology departments within the Faculty of
Medicine at the University of Medicine and Phar-
macy Carol Davila Bucharest and was a professor in
the bacteriology department until 1926. In 1887, in
accordance with the Ministry of Internal Affairs Law
no. 1197, the Institute of Bacteriology and Pathology
was established in Bucharest; the institute was led by
Victor Babes and now bears his name (Victor Babes

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024
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National Institute of Pathology). The Institute is the
oldest medical science institute in Romania, initially
conceived as a comprehensive medical institute simi-
lar to Institut Pasteur in Paris and has pathologic
anatomy, bacteriology, veterinary pathology, rabies
vaccination, and serology sections.

In 1888, Dr. Babes established the second center
for rabies vaccination in the world, the first having
been created by Louis Pasteur in Paris. Furthermore,
in 1888, Victor Babes discovered microorganisms in
the erythrocytes of cattle (now known as B. bovis)
and sheep in Romania. He associated the presence of
this microorganism with bovine hemoglobinuria, a
sign of redwater fever. During 1889-1893, ticks were
identified as the transmission vectors for Babesia
spp- in Texas cattle (14). In 1893, the parasites were
named B. bovis, B. ovis, and B. bigemina, the genus
reflecting the name of their discoverer (14). The first
case of human babesiosis was diagnosed in 1957 (14)
in the small town of Strmec, Croatia, not far from
Ljubljana, Slovenia.

Dr. Babes pioneered the understanding of bac-
terial structures, discovering the metachromatic
bodies of the diphtheria bacillus (Corynebacterium
diphtheriae), which enabled the easiest bacteriologic
diagnosis of diphtheria. In 1886, he was the first sci-
entist to report the systemic invasion of organs by
the diphteria bacillus and suggested antidiphtheria
therapy. He was the first to describe leprosy and
tuberculosis bacilli in actinomycotic forms (2-4,12)
and demonstrated that some pathogens could be en-
capsulated and their structures could be observed
under the microscope. He also accomplished the
staining of microbial cilia.

Victor Babes

During 1888-1889, Victor Babes’ studies laid the
experimental and clinical groundwork for serotherapy
in medicine, introducing the theory of seroimmuniza-
tion involving the concurrent introduction of immu-
nizing serum samples prepared with antigenic mate-
rial in distinct body sections (4). In 1889, he published
this method in the Annales de I'Institut Pasteur (11). In
1895, he formulated the principle of serovaccination.
He prepared various serum samples and vaccines in
his laboratory for mass prevention of certain commu-
nicable diseases. He prepared antidiphtheria serum
samples by vaccinating horses and using a method
to “offset dormant toxin through blood antitoxins,”
which was adopted by several laboratories (4,12).

Dr. Babes identified rabies inclusions, which
are pathognomonic lesions of rabies found in the
cytoplasm of neurons in Ammon’s horn of the hip-
pocampus. Rabies inclusions were later rediscov-
ered in 1903 by Aldechi Negri (1876-1912); the in-
clusions are now known as Babes-Negri bodies (8).
Moreover, Dr. Babes demonstrated experimental
rabies virus proliferation in the nerves of humans.
In 1887, he observed that heating the rabies virus
to 58°C for 2-14 minutes led to controlled attenua-
tion, unlike conventional methods of drying or di-
lution. Thus, he created a rabies vaccine by heating
the virus, which is known as the Romanian tech-
nique of immunization.

In 1912, he published the treatise Traité de la rage
(published by Librairie J.-B. Bailliere et fils in Paris),
which received considerable acclaim from the medical
scientific community. This extensive treatise on rabies is
~700 pages long, encompasses all knowledge about ra-
bies at that time, and includes ~90 works solely on rabies.

Figure 2. Postage stamps issued in 2012 by the postal service of Romania (https://www.posta-romana.ro) to commemorate the 125th
anniversary of the founding of the Victor Babes National Institute. Source: Romfilatelia. Photography by Will Breedlove, August 2024.
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In the field of epidemiology, he initiated a con-
ference on leprosy and pellagra in Romania (12)
and successfully coordinated fights against 4 chol-
era epidemics in Europe: Paris (1884), Budapest
(1886), Central Europe (1892), and Bulgaria (1893)
(12,15). In 1913, he prepared an anticholera vaccine
to combat the cholera epidemic that had broken out
among persons in the Army of Romania, who were
campaigning in the Second Balkan War in Bulgaria.
During 1916-1918, he continued to prepare biologi-
cal products, remaining in the area occupied by the
Central Powers.

In 1893, Victor Babes became a full member of
the Romanian Academy. During his lifetime, he
was also appointed an officer of the French Legion
d’Honneur and a corresponding member of the Par-
is Academy of Sciences (7).

Victor Babes died on October 19, 1926, in Bu-
charest at 72 years of age. In 2012, the postal service
of Romania (https://www.posta-romana.ro) is-
sued 2 stamps to commemorate the 125th anniver-
sary of the founding of the Victor Babes National
Institute (Figure 2). His contributions to medicine
and science are substantial and should be remem-
bered in the scientific realm of infectious diseases.
Through his discoveries, which were published
in >1,000 works in many different languages, he
opened new horizons in the field of infectious dis-
ease pathology.
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The clinical manifestation of leishmaniasis has historically
been determined by the Leishmania species involved.
However, recent emergence of novel Leishmania lineages
has caused atypical pathologies. We isolated and char-
acterized 2 new Leishmania donovani parasites causing
cutaneous leishmaniasis in Himachal Pradesh, India.

eishmaniasis is a neglected tropical disease caused

by the protozoan parasite Leishmania. The mani-
festation of the disease has historically been species-
specific: Leishmania donovani and Leishmania infantum
cause visceral leishmaniasis (VL), also called kala-
azar, and many species such as Leishmania tropica and
Leishmania major cause cutaneous leishmaniasis (CL)
(1). Inrecent years, however, the existence of interspe-
cies and intraspecies hybrids has emerged, and hy-
bridization has been associated with a potential cause
of CL in Sri Lanka (2) and Himachal Pradesh, India
(3). In Sri Lanka, CL is mostly caused by an atypical
L. donovani (4-6) and CL cases were recently observed
to be associated with L. donovani/L. major hybrids or
L. donovani/L. tropica hybrids (2). CL is an emerging
disease in Himachal Pradesh, where a recently iden-
tified L. donovani intraspecies hybrid isolated from
a CL patient belonged to the Indian subcontinent 1
(ISC1) Yeti clade (3). Further, the recent discovery
of ISC1 Leishmania parasites in the neighboring re-
gion of West-Nepal supports the establishment of
the ISC1 clade in the area (7). Therefore, continued
monitoring for emergence of CL in Himachal Pradesh
is necessary to identify new L. donovani lineages

These first authors contributed equally to this article.
2These authors were co—principal investigators.
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associated with cutaneous disease outcomes. We re-
port 2 new cases of CL in Himachal Pradesh caused
by L. donovani belonging to the ISC1 Yeti clade that
are not hybrid parasites previously identified from
this region (GenBank BioProject no. PRJINA701770)
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/30/9/23-1595-Appl.pdf) (3). Genome surveil-
lance of CL parasites coming from Himachal Pradesh
can help identify gene sequences associated with CL
disease outcomes and identify the origin and trans-
mission of emerging L. donovani parasites.

We performed a phylogenetic analysis by adding
LdHPCL71 and LAHPCLY76 to a previously generated
tree containing 685 whole-genome L. donovani isolates
(3). As shown previously, the topology of the tree
matches the geographic origin of the samples used (2).
Consistent with the previous report from Himachal
Pradesh (3), phylogenetic analysis of the new LdH-
PCL71 and LAHPCL76 CL lineages revealed that they
also clustered within the ISC1 Yeti clade of L. donovani
(Figure). Because the previously identified cutaneous
lineage LAHPCL66 from Himachal Pradesh was an
intraspecific hybrid (3), we next investigated whether
the LAHPCL71 and LdHPCL76 parasites were also
hybrids. We used VarScan (https://varscan.source-
forge.net) to identify all single-nucleotide polymor-
phisms (SNPs) by using the Sri Lanka CL L. donovani
reference strain (6) and compared the SNP frequen-
cies with previous data on hybrid parasites (Appen-
dix Figure 2, panel A). We plotted the full genomic
representation for all 36 chromosomes for each para-
site by using Circos (https://circos.ca) (Appendix
Figure 2, panel B).

The heterozygosity index of LdHPCL71 was
0.168 and of LAHPCL76 was 0.158, suggesting that
they are not hybrids because the known hybrids have
been shown to contain a large portion of heterozy-
gous SNPs (2,3). In addition, the many SNPs seen
(Appendix Figure 2, panel B) are homozygous, indi-
cating the lineages are distant from the core L. don-
ovani parasite population in India but neither parasite
seems to be a hybrid. We compared the SNPs from
each of the newly identified parasites with the SNPs
from the previously isolated LAHPCL66 hybrids from
the Yeti ISC1 group to determine if a subset of SNPs
is common among the 3 lineages (Appendix Table).
We found too many SNPs in common between the
parasites to specifically associate any of them with the
CL manifestations in patients because they are from
3 divergent lineages in an undersampled population.

Our data, combined with other reports of ISC1
spread (7), could support the theory that atypical L.
donovani parasites are being increasingly encountered
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Figure. Phylogeny of Leishmania donovani lineages associated with cutaneous leishmaniasis, Himachal Pradesh, India, 2023. Novel
L. donovani from this study (green) are compared with the global population of the 684 parasites previously reported in the L. donovani
complex, including reference strains L. donovani LV9, L. donovani BHU 1220, and L. donovani BPK282A1. The previously isolated
interspecific hybrid LAHPCLG66 (red) falls halfway between the unique LDBPK512 and Yeti-ISC1 lineages. The novel LdAHPCL71 and
LdHPCLY76 (green) nonhybrid parasites are more closely related to the unique LdBPK512 parasite. Scale bar indicates the modified
Euclidian distance as calculated by TASSEL (https://tassel.bitbucket.io).

as a cause of CL in the Indian subcontinent. That hy-
pothesis is further supported by a recent report on oc-
currence of CL cases in provinces in Nepal caused by
L. donovani that are endemic and nonendemic for vis-
ceral disease (8). Of potential concern, this clade now
includes both hybrid and nonhybrid parasites able to
cause VL and CL. Emergence of such CL-causing L.
donovani parasites highlights the urgent need for mo-
lecular surveillance as an integral part of the ongoing
kala-azar elimination program in the Indian subcon-
tinent. The ongoing regional strategic framework em-
phasizes the need to control post-kala-azar dermal
leishmaniasis cases as a parasite reservoir to break
the transmission cycle for sustaining the elimination
program (9). On a similar note, CL cases caused by
atypical L. donovani genotypes may also contribute to
the transmission cycle of VL in some patients. Our ob-
servations support the argument that surveillance of
atypical L. donovani lineages associated with CL should
be included in VL elimination programs.
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A case of Powassan encephalitis occurred in Manitoba,
Canada, after the bite of a black-legged tick. Awareness
of this emerging tickborne illness is needed because
the number of vector tick species is growing. No spe-
cific treatment options exist, and cases with illness and
death are high. Prevention is crucial.

On October 2, 2022, a 60-year-old male hobbyist
outdoor photographer in southern Manitoba,
Canada, noticed a black-legged tick (Ixodes scapularis)
attached to his neck (Figure). The patient sought treat-
ment for possible Lyme disease and was prescribed
doxycycline.

On October 16, 2 weeks after the tick bite, the
patient had complaints of diarrhea, nausea, and mal-
aise. He also had a fever that reached 40°C (104°F),
a 10-15-pound weight loss, difficulty concentrating,
and a bilateral headache, and he became bedbound
from weakness and ataxia. He was admitted to a hos-
pital in Winnipeg, Manitoba on November 1. He had
a history of hypertension for which he was taking
ramipril and right arm thrombosis for which he was
taking apixaban.

The patient complained of radicular pain in his
arms and legs requiring opioids. He recalled no re-
cent travel, immunizations, or mosquito bites. Physi-
cal examination revealed tachycardia, confusion, dys-
arthria, and difficulty following commands. He did
not have fever, rash, or nuchal rigidity. A neurologic
examination demonstrated a bilateral intention trem-
or, twitching, dysmetria, and ataxia.

Laboratory testing of the patient’s blood samples
showed mild hypokalemia and leukopenia (4.1 cells/
uL). Magnetic resonance imaging of the patient’s
brain revealed a punctate T2 hyperintensity in the
right frontal lobe white matter. Electroencephalogra-
phy revealed mild bilateral fronto-temporal cerebral
dysfunction. Cerebrospinal fluid (CSF) examination
showed 41 nucleated cells/mm?® (89% lymphocytes)
and a protein level of 1.41 g/L (reference range 0.2-
0.4 g/L); glucose level was within reference range.
Results of laboratory testing of the CSF was negative
for West Nile virus IgM, Epstein-Barr virus, cytomeg-
alovirus, herpes simplex virus 1 and 2, and varicella
zoster virus; bacterial and viral cultures yielded nega-
tive results. PCR testing of the CSF was negative for
human herpesvirus 6. Additional serum testing was
negative for HIV, syphilis, hepatitis B and C, and
Lyme disease. PCR testing on a stool sample was neg-
ative for enteroviruses.

We ordered Powassan virus (POWYV) testing of
convalescent serum, and results were positive for
IgM. A 90% plaque reduction neutralization test
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Figure. Black-legged tick (Ixodes scapularis) after removal with
tweezers from a patient in Manitoba, Canada, who was later
diagnosed with Powassan virus.

(PRNT,,) resulted in antibody neutralization at a
dilution of 1:80 on November 3 and then 1:160 on
November 6. On the basis of clinical symptom:s,
timeline from tick attachment to symptom onset,
and confirmatory PRNT,, we made a diagnosis of
Powassan encephalitis. After 1 week, the patient
improved and was discharged. Repeat serologic
testing on July 14, 2023, showed that PRNT, had
decreased to 1:20.

POWYV is a flavivirus transmitted by tick species
that also act as reservoirs (1). The most consequential
vectors are black-legged ticks, which are known to
bite humans and can spread other tickborne patho-
gens such as Borrelia burgdorferi (Lyme disease), Ana-
plasma phagocytophilum (anaplasmosis), and Babesia
microti (babesiosis) (2). Those pathogens require tick
attachment periods >24 hours (2), but according to
animal studies, the transmission time of POWV
from vector to host can occur in 15 minutes (2), al-
though transmission typically occurs after 3 hours in
humans (3). No human-to-human transmission has
been reported.

POWYV is found in Canada, the United States,
and Russia (1). In the northeastern United States,
>200 cases have been reported. The highest inci-
dence is in Wisconsin and Minnesota, both border-
ing Manitoba (1,4). Cases occur predominantly in
May-November, when ticks are active (4). Only 21
cases have been reported in Ontario, New Bruns-
wick, and Quebec (1), Canada. The true prevalence
in Canada is unknown because POWYV is not a re-
portable disease. Serologic surveys from 1968-1969

1960

in British Columbia found antibodies in 0.129% of
those tested and higher rates of 12.4% in outdoor
workers (5). Studies in Ontario from the 1970s found
antibodies in 0.70% of persons tested (1). The range
of black-legged ticks is expanding up to 46 km an-
nually, so exposure is likely increasing (6). No data
on the prevalence of POWYV in black-legged ticks in
Manitoba have been published.

The incubation period of POWYV is 7-34 days, af-
ter which 1-3 days of influenza-like prodrome occurs
(7). Central nervous system infection with encepha-
litis is common (7). During 2011-2020, the United
States reported 194 cases; 91.75% were neuroinvasive,
and 10%-15% resulted in death (4,7). Fevers, weak-
ness, headaches, and altered sensorium are the most
common patient complaints reported (7,8). Other
complaints include gastrointestinal involvement, fo-
cal neurologic signs, seizures, ataxia, twitching, trem-
ors, and radiculitis (7). Magnetic resonance imaging
findings commonly include T2/flair hyperintensities
in the brainstem, cortex, and deep gray structures (9).
Electroencephalography slowing has been described
(8). Those findings are corroborated by autopsy re-
sults showing high POWYV RNA levels in brain tissue
(10). Neurologic sequelae occur in >50% of survivors.
In the case we report, the patient reported persistent
ataxia for months. Because no specific antiviral drug
is available, disease management consists of sup-
portive measures for airway protection and cerebral
edema and analgesia for radiculitis.

A lack of reporting, limited awareness of POWV
as a causative agent of encephalitis, expanding tick
range, and incomplete knowledge of prevalence has
led to a lack of action against this emerging virus. Pre-
vention strategies include avoiding ticks, using insect
repellant, treating clothing with 0.5% permethrin in
endemic areas, and frequent tick checks.
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We identified a Thelazia callipaeda eyeworm in an Amer-
ican black bear in Pennsylvania, USA, on the basis of its
morphological features and molecular analysis. Our find-
ing highlights emergence of a T. callipaeda worm sylvatic
transmission cycle in the United States.

helaziosis is an emerging zoonotic disease caused
by nematodes of the genus Thelazia (Spirurida,
Thelazioidea). In the United States, 3 zoonotic species
have been identified: Thelazia gulosa (1), T. californien-
sis (2), and most recently T. callipaeda (3). In Asia and
Europe, T. callipaeda is considered the main agent of

Figure 1. Morphologic features of adult female Thelazia callipaeda
eyeworm isolated from an American black bear in Coolbaugh
Township, Monroe County, Pennsylvania, USA, 2023. A) Anterior
end showing the large, deep, cup-shaped buccal cavity. Scale bar
indicates 50 um. B) Midbody region showing the thin transverse
cuticular striations pattern and numerous coiled first-stage larvae.
Scale bar indicates 100 um. C) Anterior end showing the location

of the vulvar opening anterior to the esophageal-intestinal junction.
Dashed black arrow indicates esophageal-intestinal junction; solid
black arrow indicates the vulval opening. Scale bar indicates 100 um.
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thelaziosis in humans, domestic animals, and wild
animals (4). Over the past decade, the geographic dis-
tribution and prevalence of T. callipaeda infection has
increased worldwide in scale and intensity (4). The
first autochthonous case in the United States was re-
ported in 2018 in a domestic dog (Canis lupus familia-
ris) from New York with a history of unilateral epiph-
ora and blepharospasm. Since then, additional cases
in domestic dogs and cats have been reported, pre-
dominately from the northeastern United States (3,5).

T. callipaeda eyeworms are found in the conjuncti-
val sac and lacrimal duct of the definitive host. They
are transmitted when a male zoophilic secretopha-

gous Phortica variegata fly ingests first-stage larvae
from the host’s lachrymal secretions. In the vector, the
first-stage larvae molt to the infective third-stage lar-
vae in the testes, migrate to the mouthparts, and are
transferred to another host during subsequent feed-
ing on lachrymal secretions (4).

The role of wildlife in the epidemiology and
emergence of T. callipaeda eyeworms is not com-
pletely known. In Europe, cases of T. callipaeda eye-
worm infection have been detected in a wide range
of hosts, including wild carnivores, omnivores,
and lagomorphs (6,7). Wild canids, particularly red
foxes (Vulpes vulpes), seem to play a large role in

Figure 2. Phylogenetic relationship of Thelazia callipaeda isolate from an American black bear in Coolbaugh Township, Monroe
County, Pennsylvania, USA, 2023 (GenBank accession no. PP739308), and other species of Thelazia available in GenBank
(accession numbers shown). Analysis was performed by using the maximum-likelihood method (1,000 bootstrap replicates) in
MEGA X version 11 (https://www.megasoftware.net). The best-fit nucleotide substitution model for the dataset was Tamura-Nei with
a discrete gamma distribution, which was used to model evolutionary rate differences among sites (5 categories [+G, parameter =
0.2578]). That analysis involved 30 nucleotide sequences. There were 647 positions in the final dataset. Distances, defined as the
number of nucleotide substitutions/site, were calculated by using that model. Branches corresponding to partitions reproduced in

<50% of bootstrap replicates are collapsed.
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maintaining the sylvatic cycle in thelaziosis-endemic
areas of Europe (7). However, knowledge of the syl-
vatic transmission cycle of T. callipaeda eyeworms,
along with their environmental and anthropogenic
factors, remains limited. Considering the emergence
of those zoonotic nematodes in non-thelaziosis-en-
demic areas and the need for more information about
their ecology and epidemiology in the United States,
we report a case of T. callipaeda eyeworm infection in
an American black bear (Ursus americanus) and iden-
tify a new geographic location of transmission.

In November 2023, an adult, female American
black bear was legally harvested in Coolbaugh Town-
ship, Monroe County, Pennsylvania. During process-
ing of the bear for taxidermy preparation, multiple
linear nematodes were observed behind the third
eyelid. Nematodes were extracted and submitted for
identification. Two additional harvested bears from
Monroe and Pike Counties, Pennsylvania, were also
reported to have similar ocular nematode infections,
but specimens from those bears were not collected.

Weidentified 9 female and 4 male adult nematodes
from the bear as T. callipaeda on the basis of morpho-
logic and morphometric features (§). The nematodes
were characterized by the presence of a cup-shaped
buccal capsule and cuticular transverse striations, as
well as the location of the vulvar opening anterior to
the esophageal-intestinal junction on the female worms
(Figure 1). Female nematodes were 1.16-1.46 cm long
and 0.36-0.42 mm wide; male worms were 0.82-1.06
cm long and 0.31-0.42 mm wide. The number of trans-
verse cuticular striations ranged from 160 to 400/ mm
in the cephalic, midbody, and caudal regions.

We extracted genomic DNA from a midbody
fragment of a female adult worm and amplified, se-
quenced, and analyzed the partial cytochrome oxidase
¢ subunit I (cox1) gene, as previously described (2). We
generated a 623-bp cox1 sequence (GenBank accession
no. PP739308), which showed 99%-100% maximum
identity with T. callipaeda sequences available in Gen-
Bank. Phylogenetic analysis was performed by using
the maximume-likelihood method and confirmed the
taxonomic identification of T. callipaeda. The isolate
clustered with all previous isolates from domestic ani-
mals in North America and with some isolates from
Europe (Figure 2), indicating circulation of the newly
introduced pathogen in wildlife habitats and transmis-
sion from domestic animals to wildlife.

The presence of adult T. callipaeda eyeworms in an
American black bear suggests the establishment of a
sylvatic transmission cycle in the United States and ex-
pansion of the number of definitive host species used
by the zoonotic nematode. In the past decade, wild
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carnivores have been identified as primary definitive
hosts associated with the sylvatic cycle in thelaziosis-
endemic and non-thelaziosis-endemic areas of Eu-
rope and Asia (7). American black bears are the most
widely distributed species of bear in North America,
inhabiting diverse regions throughout Mexico, Cana-
da, and the United States (9). Given the bears’ exten-
sive geographic distribution and frequent and close
interaction with humans and pets (10), thelaziosis in
the black bear population raises concerns about the
rapidly increasing incidence and geographic range of
T. callipaeda eyeworms in the United States. Although
further research into the extent to which black bears
play a role in the maintenance of the sylvatic cycle
and transmission of T. callipaeda eyeworms is needed,
the presence of the zoonotic nematode in such a wide
range of hosts implicates exposure and risk for trans-
mission to threatened and endangered species and
direct or indirect risk for transmission to humans and
domestic animals.
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We report a case of Taenia solium taeniasis in a 10-year-
old child in Timor-Leste, confirmed by molecular analysis,
suggesting T. solium transmission to humans is occur-
ring in Timor-Leste. Proactive measures are needed to
improve public understanding of prevalence, geographic
spread, and health implications of human taeniasis and
cysticercosis in Timor-Leste.

he pork tapeworm, Taenia solium, causes human

taeniasis and cysticercosis, which are consider-
able health problems in many developing countries
(1). In Southeast Asia, T. solium infections are consid-
ered endemic, but epidemiologic data remain scarce
(2). We report a case of T. solium taeniasis in Timor-
Leste, confirmed by molecular methods.

In March 2019, as part of routine monitoring by
the Timor-Leste Ministry of Health’s national control
program targeting soil-transmitted helminthiasis, in
collaboration with the World Health Organization’s
country office, 1,121 fecal samples from school chil-
dren in Timor-Leste were examined by using the Ka-
to-Katz method. Taenia spp. eggs were identified in 4
samples. Subsequently, we conducted home visits for
each affected child and administered a single dose of
10 mg/kg praziquantel (Shin Poong Pharmaceutical
Co. Ltd, https://shinpoong.co.kr). We were able to
collect expelled worm segments on the same day of
treatment from a 10-year-old girl residing in Dili, the
capital of Timor-Leste. Throughout most of her life,
the child had remained in good health and had not
manifested symptoms indicative of human taeniasis.
Also, she had not traveled outside of the country.

The retrieved worm segments exhibited a flat,
creamy white appearance, aligning with the typical
macroscopic characteristics associated with Taenia
spp. (Figure 1). Microscopic analysis of the segments
revealed =50 gravid, 20 mature, and 20 immature pro-
glottids of T. solium.

To determine the species through molecular
analysis, we isolated genomic DNA from 1 segment
by using the DNeasy Blood & Tissue Kit (QIAGEN,
https:/ /www.qiagen.com), according to the manu-
facturer’s instructions. We performed PCR of genomic
DNA to detect the parasite mitochondrial cox-1 gene
that encodes cytochrome c oxidase subunit I (Appen-
dix, https://wwwnc.cdc.gov/EID/article/30/9/22-
0154-Appl.pdf) (3). We purified the PCR products by
using DNA Clean & Concentrator-5 (Zymo Research,
https:/ /www.zymoresearch.com), according to the
manufacturer’s protocol. Sanger sequencing was sub-
sequently performed by Bioneer Co., Ltd. (https://
www.bioneer.co.kr), whichused an ABI3730XL instru-
ment (Applied Biosystems/Thermo Fisher Scientific,
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Figure 1. Proglottids of Taenia
solium collected from a patient in
Dili, Timor-Leste, in case study
of molecular confirmation of
taeniasis in a child. We collected
the expelled worm segments
from a 10-year-old girl on the
same day she was treated with
10 mg/kg praziquantel.

whttps:/ /www.thermofisher.com). We deposited
the derived sequence in GenBank (accession no.
PP837933.1) and compared it with other cox-1 se-
quences in GenBank by using BLAST (https:/ /blast.
ncbinlm.nih.gov). The sequence showed 98.85%-
100% identity with the T. solium mitochondrial cox-1
gene. We used cox-1 sequences for phylogenetic re-
construction (Figure 2; Appendix). We aligned DNA
sequences by using ClustalW (http://www.clustal.
org) and conducted evolutionary analyses by using
MEGAL11 (4). The sequence isolated in this study was
shown to be most homologous with an isolate from
Tulear (also known as Toliara), Madagascar (Gen-
Bank accession no. FM958316.1) (5). Consequently,
molecular evaluation confirmed the infection was
caused by T. solium.

We report documented human T. solium taenia-
sis in Timor-Leste, an area where previous records
of the parasite have been nearly absent (6). Clinically
diagnosed neurocysticercosis in persons from Timor
have been reported in Australia and Indonesia, sug-
gesting the presence of T. solium in Timor-Leste (7,8).
However, the only documentation of human taenia-
sis/cysticercosis within Timor-Leste is a case of oral
cysticercosis in a person originally from Timor-Leste
reported in Northern Ireland in 2015 (9). That partic-
ular patient exhibited symptoms of oral submucosal
swelling and had relocated from Timor-Leste in 2006.
Because no alternative sources of cysticercosis were
identified, it is likely that the patient acquired the in-
fection in Timor-Leste before migrating to Northern
Ireland, a region where cysticercosis is not endemic
(9). Similarly, a high probability exists that the child’s
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infection in this case study originated within Timor-
Leste, because she had not traveled outside of the
country before the worm was detected. Through in-
terviews, we found that she had regular interactions
with confined pigs in her backyard and with free-
ranging pigs within the village where she lived previ-
ously. However, the presence of T. solium cysticerci
in those pigs and potential infection status remains
undetermined.

The cox-1 sequence from the worm isolated in
Timor-Leste was closely related to sequences col-
lected in Toliara in southern Madagascar. According
to a previous study conducted in Madagascar, speci-
mens from Toliara had diverged from parasites of the
African/South American genotype (5). However, the
lack of data limits what we can infer about T. solium
in Timor-Leste. Further epidemiologic studies are
needed to determine the extent of T. solium infection
in pigs and to guide the implementation of control
programs.

In conclusion, T. solium infections have been iden-
tified as endemic in Timor-Leste, a nation previously
devoid of documented cases. Considering the wide-
spread practice of backyard pig farming and the pres-
ence of free-roaming pigs across much of the country
(10), veterinarians and clinicians should be vigilant in
suspecting this emerging zoonotic parasite as a cause
of taeniasis, not only in pig populations but also in
humans. Furthermore, we urge health authorities in
Timor-Leste to take proactive measures to enhance
public understanding of the prevalence, geographic
spread, and health implications of human taeniasis
and cysticercosis within the nation.
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Figure 2. Phylogenetic analysis of the cox-1 gene in case study of Taenia solium taeniasis in a child, Timor-Leste. Evolutionary history
was inferred by using the neighbor-joining method and analysis was conducted by using MEGA11 (4). Red box and bold text indicates
the sequence from this study. GenBank accession numbers are indicated in parentheses. Percentages of replicate trees in which the
associated taxa clustered together in the bootstrap test (1,000 replicates) are shown below the branches. Tree is drawn to scale; branch
lengths (above the branches) are in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed by using the Kimura 2—parameter method. Analysis involved 20-nt sequences. Codon positions
included were first + second + third + noncoding. All ambiguous positions were removed for each sequence pair (pairwise deletion
option). A total of 480 positions were in the final dataset. Scale bar indicates nucleotide substitutions per site.

This work was partly supported by the Korea
International Cooperation Agency’s project of integrated
control and elimination of neglected tropical diseases in
Timor-Leste, the Education and Research Encouragement
Fund of Seoul National University Hospital, and the
research fund of Hanyang University (no.
HY-202000000000495).

About the Author

Dr. Jin is a doctoral student in the Department of Tropical
Medicine and Parasitology, Seoul National University
College of Medicine, Seoul, South Korea. Her primary
research interests focus on public health and neglected
tropical diseases.

References
1. World Health Organization. WHO guidelines on
management of Taenia solium neurocysticercosis. 2021
[cited 2024 Apr 17]. https:/ /www.who.int/publications/
i/item/9789240032231

Wu HW, Ito A, Ai L, Zhou XN, Acosta LP, Lee
Willingham A III. Cysticercosis/ taeniasis endemicity in
Southeast Asia: current status and control measures.

Acta Trop. 2017;165:121-32. https:/ /doi.org/10.1016/
j-actatropica.2016.01.013

Cho J, Jung BK, Lim H, Kim M], Yooyen T, Lee D, et al. Four
cases of Taenia saginata infection with an analysis

of COX1 gene. Korean ] Parasitol. 2014;52:79-83.

https:/ /doi.org/10.3347 /kjp.2014.52.1.79

Tamura K, Stecher G, Kumar S. MEGA11: molecular
evolutionary genetics analysis version 11. Mol Biol Evol.
2021;38:3022-7. https:/ / doi.org/10.1093 / molbev/msab120
Michelet L, Carod JF, Rakontondrazaka M, Ma L, Gay F,
Dauga C. The pig tapeworm Taenia solium, the cause of
cysticercosis: biogeographic (temporal and spacial) origins
in Madagascar. Mol Phylogenet Evol. 2010;55:744-50.
https:/ /doi.org/10.1016/j.ympev.2010.01.008

Ito A, Wandra T, Li T, Dekumyoy P, Nkouawa A,
Okamoto M, et al. The present situation of human
taeniases and cysticercosis in Asia. Recent Pat Antiinfect
Drug Discov. 2014;9:173-85. https:/ /doi.org/10.2174/
1574891X10666150410125711

Walker ], Chen S, Packham D, McIntyre P. Five cases of
neurocysticercosis diagnosed in Sydney. Southeast Asian
J Trop Med Public Health. 1991;22:242-4.

1966 Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 9, September 2024



8. Susilawathi NM, Suryapraba AA, Soejitno A, Asih MW,
Swastika K, Wandra T, et al. Neurocysticercosis cases
identified at Sanglah Hospital, Bali, Indonesia from 2014 to
2018. Acta Trop. 2020;201:105208. https:/ /doi.org/10.1016/
j-actatropica.2019.105208

9. Smyth ], Adams V, Napier S. Case report: getting it taped.

Br Dent J. 2015;219:146. https:/ / doi.org/10.1038/sj.bd}.2015.639

10. Australian Centre for International Agricultural Research.
Evaluating the opportunities for smallholder livestock
keepers in Timor-Leste —final report [cited 2024 May 1].
https:/ /www.aciar.gov.au/ publication/L5-2017-035-
final-report

Address for correspondence: Sung Hye Kim, Department of
Environmental Biology and Medical Parasitology, Institute for
Health and Society, Hanyang University College of Medicine,
222 Wangshipni-ro, Seongdong-gu, Seoul 04763, South Korea;
email: sunghyekim@hanyang.ac.kr

Optimizing Disease Outbreak
Forecast Ensembles

Spencer J. Fox, Minsu Kim, Lauren Ancel Meyers,
Nicholas G. Reich, Evan L. Ray

Author affiliations: University of Georgia, Athens, Georgia, USA
(S.J. Fox); University of Massachusetts Amherst, Amherst,
Massachusetts, USA (M. Kim, N.G. Reich, E.L. Ray); University
of Texas at Austin, Austin, Texas, USA (L.A. Meyers); Dell Medical
School, Austin (L.A. Meyers); Santa Fe Institute, Santa Fe,

New Mexico, USA (L.A. Meyers)

DOI: https://doi.org/10.3201/eid3009.240026

On the basis of historical influenza and COVID-19 fore-
casts, we found that more than 3 forecast models are
needed to ensure robust ensemble accuracy. Additional
models can improve ensemble performance, but with di-
minishing accuracy returns. This understanding will as-
sist with the design of current and future collaborative
infectious disease forecasting efforts.

Real—time collaborative forecast efforts have be-
come the standard to generate and evaluate fore-
casts for infectious disease outbreaks (1,2). Individual
forecasts are aggregated into an ensemble prediction
that has historically outperformed individual models
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and is the primary external communication used
(3-5). Because of the focus on the singular ensemble
model and the costs associated with producing in-
dividual forecasts, public health officials starting or
maintaining a forecast hub face 2 key challenges:
identifying target participation rates and optimizing
ensemble performance of participating models. To
guide this decision-making, we analyzed data from
recent US-based collaborative outbreak forecast hubs
to identify how the size and composition of an ensem-
ble influences performance.

We analyzed hub forecasts for influenza-like
illness (ILI) from 2010-2017 (5); for COVID-19 re-
ported cases, hospital admissions, and deaths from
2020-2023 (6); and for influenza hospital admissions
from 2021-2023 (7). For each hub, we identified time
periods with maximal model participation that had
at least 2 increasing and 2 decreasing epidemiologic
phases and obtained forecasts for individual models
that produced >90% of all possible forecasts (Appen-
dix Table 1, Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/30/9/24-0026-Appl.pdf). For each ensemble
size, n, € {1, ... ,N,}, where N, is the disease-specific
total number of models matching our inclusion crite-
ria; we created unweighted ensemble forecasts for ev-
ery combination of individual models of size n,. We
followed the hub forecast methodologies and made
probabilistic forecasts for ILI by using a linear pool
methodology (5), and we made quantile forecasts for
all others by taking the median across all individual
forecasts (Figure 1) (8). For each hub, we compared
the ensemble performance against 2 hub-produced
models. The first is a baseline model that produces
naive forecasts and serves as a skill reference point;
and the second is the published ensemble produced
in real-time that is an unweighted ensemble of all
submitted forecasts and is the current standard for
performance (3,5). We summarized probabilistic en-
semble forecast skill by using the log score for ILI
forecasts and the weighted interval score for all oth-
ers (9,10). We took the reciprocal of the log score so
that lower values would indicate better performance
similar to the weighted interval score (Appendix).

Looking across all ensemble sizes and combi-
nations, we found that including more models im-
proved average forecast performance and that all
ensembles composed of >3 models outperformed
the baseline model (Figure 2). Further increases to
the ensemble size slightly improved the average
forecast performance, but substantially decreased
the variability of performance across ensembles.
When we increased the ensemble size of influenza
hospital admission forecasts from 4 to 7, the average

1967



RESEARCH LETTERS

Figure 1. Comparison between individual and ensemble forecasts for COVID-19 mortality for Massachusetts, USA, from 1-4 weeks
ahead, November 15, 2021-December 3, 2022, in study of optimizing disease outbreak forecasting ensembles. A) Individual forecasts
of 10 models meeting inclusion criteria compared with weekly COVID-19 mortality estimates. B) An ensemble forecast constructed by
taking the median across 10 individual forecasts compared with weekly COVID-19 mortality estimates. Black dots, weekly COVID-19
mortality estimates; colored lines, medians; ribbons, 95% prediction intervals.

performance improved by 2%, but the interquartile
range decreased by 56.5%. Increasing the ensemble
size therefore reduces the variability in expected
performance of an ensemb]e.

To assist with decision-making regarding opti-
mal ensemble assembly, we tested 2 approaches for
model selection on the basis of past performance.

We either ranked models by their individual per-
formance and chose the top 7, models (individual
rank) or we compared the performance of all ensem-
ble combinations of size 1, and chose the models
from the top performing ensemble (ensemble rank).
Across all hubs, the individual rank methodology
outperformed randomly assembled ensembles of

Figure 2. Summarized ensemble forecast scores from collaborative forecast efforts in study of optimizing disease outbreak forecasting
ensembles. Scores correspond to the average forecast performance during testing periods across all dates, locations, and forecast
horizons (Appendix Table 1, https://wwwnc.cdc.gov/ElD/article/30/9/24-0026-App1.pdf). All scores are standardized by the baseline
forecast model for that metric (Y = 1). Scores <1 indicate better accuracy than baseline. A) COVID-19 cases with 15 included models. B)
COVID-19 admissions with 17 included models. C) COVID-19 deaths with 19 included models. D) Influenza admissions with 21 included
models. D) Influenza-like illness with 23 included models. Solid black lines indicate mean scores; gray shading indicates minimum—
maximum range. Horizontal purple dashed line indicates unweighted published ensemble used as standard.
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the same size 63% (range 33.1%-87.2%) of the time,
and the ensemble rank methodology outperformed
randomly assembled ensembles of the same size
87.9% (range 70.9%-99.7%) of the time (Appendix
Table 2, Figure 2). Performance of those ensembles is
similar during both the training and testing periods,
suggesting that ensemble performance is consistent
through time (Appendix Figures 2, 3). Overall, en-
semble rank outperforms individual rank for ensem-
ble construction for 89.8% (range 66.7%-100%) of all
sizes, and it provides a 6.1% (range 1.3%-11.9%)
skill improvement (Appendix Table 2). The size 4
ensemble rank performed similarly to the published
hub ensemble, although performance often declined
with additional models (Appendix Figures 2, 3).
Relative forecast performance across ensemble strat-
egies was consistent when stratified by the ensemble
size, forecast location, forecast date and phase of the
epidemic, forecast target, and the skill metric (Ap-
pendix Figures 4-18).

Our results provide guidance for future collab-
orative forecast efforts. Hub organizers should target
a minimum of 4 validated forecast models to ensure
robust performance compared with baseline models.
Adding more models reduces the variability in ex-
pected ensemble performance but might come with
diminishing returns in average forecast skill. Orga-
nizers should use past ensemble performance rather
than individual performance when selecting models
to include in forecast ensembles; it is likely that fur-
ther gains and different relationships between ensem-
ble size and performance will come from weighted
ensemble approaches (8). As public health officials
and researchers look to expand collaborative fore-
cast efforts, and as funding agencies allocate budgets
across methodological and applied forecast efforts,
our results can be used to identify target participation
rates, assemble appropriate forecast models, and fur-
ther improve ensemble forecast performance.
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Disseminated leishmaniasis is an emerging clinical form
of Leishmania braziliensis infection. Evidence shows that
co-infection by L. braziliensis and intestinal helminths
does not affect clinical manifestations or response to ther-
apy in cutaneous leishmaniasis patients. We evaluated
whether co-infection was associated with those aspects
in disseminated leishmaniasis patients in Brazil.

merican tegumentary leishmaniasis represents

a group of neglected tropical diseases caused
by protozoans of the genus Leishmania and transmit-
ted to humans by phlebotomine sand flies. Brazil has
one of the highest incidences of leishmaniasis in the
world, where the predominating species is Leishma-
nia braziliensis (1). The disease classically manifests
as the localized ulcers of cutaneous leishmaniasis
(CL), but in some instances, amastigotes metastasize
from the site of inoculation and lead to disseminated

leishmaniasis (DL), a severe and poorly understood
form of disease characterized by the presence of up
to several thousand skin lesions on multiple areas of
the body; DL incidence has increased severalfold in
recent decades (1).

No histopathologic or immunologic differences
have been identified between CL and DL, but several
host and parasite factors have been associated with
the development of DL, including L. braziliensis strain
and immune effector cell function (2,3). Although in-
fection with intestinal helminths has been shown to
modulate host immune response to bacterial and vi-
ral infections by inducing regulatory and Th2-type T
cells, co-infection with L. braziliensis does not defini-
tively affect clinical or therapeutic aspects of CL (4-7).
However, a previous study showed an association be-
tween helminth infection and mucocutaneous leish-
maniasis (8). To better clarify whether the presence of
helminths contributes to L. braziliensis dissemination,
we evaluated the influence of intestinal helminthiasis
on clinical manifestations and response to therapy in
DL patients in Brazil.

We recruited participants during January-De-
cember 2017 at a dedicated leishmaniasis center
in the endemic region of Corte da Pedra in Bahia
state, Brazil. Persons 5-70 years of age with skin
lesions that had been present <60 days were eli-
gible for enrollment. Criteria for diagnosis of CL
were the presence of 1-9 well-demarcated cutane-
ous ulcers and detection by PCR of L. braziliensis
DNA in a punch biopsy taken from a lesion. DL
was defined as the presence of >10 cutaneous le-
sions located on >2 noncontiguous body parts and
a positive PCR. At enrollment, participants pro-
vided a stool sample. We determined the presence

Table. Comparison of characteristics of patients with cutaneous and disseminated leishmaniasis, with and without intestinal

helminthiasis, Brazil, 2017

All patients

Patients with disseminated leishmaniasis

Cutaneous Disseminated With intestinal ~ Without intestinal

Characteristic leishmaniasis leishmaniasis p value helminthiasis helminthiasis  p value
Total no. patients 99 30 8 12
Median age, y (range) 24 (13-56) 42 (18-69) 0.02* 37.5 (24-65) 49.5 (18-69) 0.6*
Sex, no. (%)

M 76 (76.8) 15 (75) 1t 6 (75) 8 (67) 1t

F 23 (23.4) 5 (25) 2 (25) 4 (33)
Median duration of iliness, d 40 (20-60) 30 (15-90) 0.18* 40 (20-90) 30 (15-90) 0.43*
(range)
Median no. lesions (range) 1(1-8) 35.5 (11-1,500) <0.05* 46 (11-1,500) 27 (12-102) 0.8*
Median area of largest lesion, mm? 224 (15-3,016) 260.5 (16—16,160) 0.3* 240 (36-16,160) 260.5 (16-1,280) 0.57*
(range)
Helminths present, % (no.) 40 (40/99) 40 (8/20) 1t
Median no. helminth ova present 6 (1-4,000) 60 (1-288) 0.08*
on fecal microscopy (range)
Cure rate at 90 d, % (no. patients) 65.9 (60/91) 30 (6/20) 0.003* 25 (2/8) 33 (4/12) 0.78*
Median time to cure, d (range) 65 (17-390) 154.5 (45-800) <0.001* 184.5 (60-800) 140 (45-540) 0.46*

*Significance assessed by Mann-Whitney U test.
tSignificance assessed by y? test.
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Figure. Kaplan-Meier estimates
for clinical response of CL and
DL stratified by the presence of
intestinal helminths, Brazil, 2017.
Thin dashed lines represent
persons with stool parasitologic
examinations that were negative
for intestinal helminths; thin
solid lines represent persons
with positive stool parasitologic
examinations; shading indicates
95% Cls. p value calculated with
log-rank test. CL, cutaneous
leishmaniasis; DL, disseminated
leishmaniasis.

and quantification of intestinal helminth infection
by the Kato-Katz method (9). All participants, re-
gardless of enrollment status, were clinically evalu-
ated and treated with 20 mg/kg/day of intrave-
nous meglumine antimoniate for 20 days.

Initial clinical examination consisted of an evalu-
ation of the size and number of cutaneous lesions.
Upon 60-day and 90-day follow-up, we evaluated
participants for the appearance of new lesions and
response to treatment of existing lesions. We con-
sidered participants to be cured on the basis of the
presence of complete re-epithelialization without el-
evated borders of all CL or DL lesions within 90 days
after the initiation of antimonial treatment.

We enrolled a total of 99 persons with CL and
20 with DL. The median age of participants was
26 years (range 13-69 years); 76.5% of participants
were male and 23.5% female (Table). Persons with
DL were significantly older than patients with CL
(42 vs. 24 years; p = 0.02), although we observed no
correlation between age and time to cure in DL pa-
tients (R? 0.06; p = 0.5) (Appendix Figure 1, https://
wwwne.cde.gov/EID/article/30/9/24-0419-Appl.
pdf). Among persons with CL, age was correlated
with time to cure but does not explain much of its
variability (R?0.07; p = 0.04).

The prevalence of intestinal helminthiasis was
40.3% (48/119 patients); we observed no difference
in prevalence between the CL and DL patients (Ap-
pendix Table). The most commonly identified or-
ganisms were Necator americanus (23/119 patients),
Trichuris trichiuris (19/119 patients), and Ascaris
lumbricoides (14/119 patients). The cure rate after
90 days of treatment was significantly lower in per-
sons with DL compared with those with CL (30% vs.
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65.9%; p = 0.003), and the median time to cure was
significantly longer (154.5 vs. 65 days; p<0.001) (Fig-
ure). We observed no significant difference in the me-
dian number of lesions, median area of largest lesion,
cure rate at 90 days, or median time to cure between
DL patients with or without intestinal helminthiasis.
We also observed no correlation between quantity of
helminth ova in stool and time to cure in either group
(R?0.01) (Appendix Figure 2).

Future investigation is needed to expound
upon the immunologic and strain-specific parasi-
tologic factors that may compromise the host Thl
immune response. A decrease in Thl-associated
interferon-y and tumor necrosis factor a produc-
tion may precipitate the development of DL in a
minority of patients.

The role of concomitant intestinal helminth infec-
tion in the clinical aspects and therapeutic response
of CL and DL has thus far remained uncertain. We
found a high prevalence of intestinal helminthiasis,
but we observed no difference between the CL and
DL groups and no effect on outcomes of either dis-
ease form. Persons with DL were significantly older
than persons with CL, although there was no signifi-
cant effect within age groups on therapeutic response.
Cure rates among persons with DL treated with anti-
monials were characteristically low compared with
persons with CL (10).
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We report a case of autochthonous human babesiosis
in Hungary, confirmed by PCR and partial sequencing
of the Babesia spp. 18S rRNA gene. Babesiosis should
be considered during the differential diagnosis of febrile
illnesses, and peripheral blood smears to detect Babesia
spp. should be part of the routine clinical workup.

Since the first description of human babesiosis
caused by Babesia divergens protozoa in 1956 in the
former Yugoslavia, 2 other zoonotic species, B. venato-
rum and B. microti, have been isolated in Europe. Un-
like in North America, where most identified human
cases have been caused by B. microti, the predominent
pathogen causing babesiosis in Europe is B. divergens
(1). The rising number of identified human infections
in Europe has drawn attention to this emerging tick-
borne zoonotic disease. In Europe, B. microti has been
identified in 25 of 71 confirmed human babesiosis
cases, of which 11 were autochthonous (1). Rodents
and insectivores are reservoir hosts for Babesia spp.
parasites, which are transmitted by widespread Ixo-
des ricinus ticks, well-known vectors of other zoonotic
pathogens (2). We report a confirmed case of human
babesiosis caused by B. microti infection in Hungary.

A 64-year-old man who lived in the countryside
and worked as a farmer sought care at an emergency
department on July 7, 2021, because of fatigue, nau-
sea, vomiting, and a 10-kg weight loss during the past
2 months. His body temperature reached 38.9°C. He
was unaware of having any chronic illnesses or tick
infestations and did not have a blood transfusion or
indicate a travel history outside of Hungary. Routine
laboratory tests confirmed slightly elevated bilirubin
(2.13 mg/dL), lactate dehydrogenase (760 U/L), alka-
line phosphatase (170 U/L), gamma-glutamyl trans-
ferase (207 U/L), blood urea nitrogen (36.96 mg/
dL), and creatinine (1.27 mg/dL) levels. He also had
hyponatremia (120 mEq/L), prominent elevation of
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Figure 1. Peripheral blood
smear from patient who had a
confirmed case of autochthonous
human babesiosis, Hungary.
Smear shows erythrocytes
infected with Babesia sp.; smear
was stained with May-Griinwald
Giemsa stain and examined by
using light microscopy. In inset
images, solid arrow indicates
cells infected with multiple
merozoites, open arrow indicates
extracellular parasites, and
arrowhead indicates vacuolated
ring forms (trophozoites). Scale
bars indicates 10 pm.

ultrasensitive C-reactive protein (218.8 mg/L), and
new-onset diabetes, as well as slight anemia (hema-
tocrit 37.9%) and an elevated procalcitonin level (1.94
ng/mL). A complete blood count examined by using
an automated hematology analyzer (Sysmex, https://
www.sysmex.com) showed elevated monocyte levels
(25%) and thrombocytopenia (78 x 10° platelets/L).
We examined peripheral blood smears by using au-

tomated and light microscopy, which confirmed
intraerythrocytic ring forms with central vacuoles,
some intraerythrocytic tetrades, and extraerythro-
cytic forms, suggesting babesiosis rather than malaria
(Figure 1). Parasites infected 4.5% of erythrocytes. Be-
cause of microscopic findings and laboratory results,
hospital staff tested blood haptoglobin level, which
was 0.0 mg/dL, confirming suspected hemolysis.

Figure 2. Phylogenetic analysis of Babesia spp. in confirmed case of autochthonous human babesiosis, Hungary. Asterisk indicates

B. microti isolated from the patient in this case study. Phylogenetic tree was constructed by using Ggtree (5) according to multiple
sequence alignments created by using MAFFT software (6). Best substitution model (3-parameter model, TPM2u) was selected by
using functions of the phangorn version 2.11.1 R package (7) according to the Bayesian information criterion. Neighbor-joining tree was
optimized by using the maximum-likelihood method. Bootstrap values were produced by 100 iterations and are indicated at branches.
All data processing and plotting were performed in R version 4.4.1 (The R Project for Statistical Computing, https://www.r-project.org).
GenBank accession numbers are indicated after the species name. Scale bar indicates nucleotide substitutions per site.
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Other symptoms appeared during hospitalization,
including left subcostal pain, decreased exercise toler-
ance, constipation, shivering, and new-onset torpidi-
ty; blurred vison occurred a few days after admission.
Although malaria is not endemic in Hungary, we per-
formed serologic tests for Plasmodium spp., which had
negative results.

We performed PCR with primers BJ1 and BN2
to amplify a 459-bp fragment of the 185 rRNA gene
of Babesia sp. (3) at the University of Veterinary
Medicine, Budapest; the fragment was sequenced
at the University of Szeged, Szeged, Hungary. We
deposited the sequence in GenBank (accession no.
OP143843.1). Nucleotide BLAST (https:/ /blast.ncbi.
nlm.nih.gov) analysis of the sequence showed 100%
homology to B. microti detected in I. ricinus ticks and
human blood (4). Although the sequence likely repre-
sents B. microti, further sequencing was not possible,
and another closely related Babesia species cannot be
excluded. We constructed a phylogenetic tree to com-
pare the sequence with other Babesia spp. sequences
found in GenBank (Figure 2).

Because of the advanced age of the patient and
the clinical picture, we administered atovaquone/
proguanil and azithromycin for 2 weeks (atovaquone
is available in Hungary as an antimalaria drug). The
patient became afebrile, and his condition improved.
During follow-up examinations, fatigue and blurred
vision gradually disappeared, and laboratory results
improved. On the eighth day after treatment ended,
we were unable to see any parasites through micro-
scopic examination of blood. By the ninth week after
treatment, lactate dehydrogenase, haptoglobin, and
hemoglobin levels had normalized, and the patient
fully recovered.

Although most human babesiosis cases have
been imported in Europe, an increasing number of
autochthonous Babesia spp. infections have been re-
ported, possibly from a greater chance of tick contact
because of human behavior changes (e.g., seeking
outdoor activities) and a surge in vector population
because of climate change. Furthermore, the number
of immunocompromised hosts who have a more se-
vere disease course and seek medical care is increas-
ing as well.

In conclusion, although the 2 zoonotic species B. di-
vergens and B. microti and their L. ricinus tick vector can
be found in Hungary (8), imported or autochthonous

1974

human babesiosis cases had not been reported in this
country. Babesiosis is not an endemic disease in Hun-
gary; thus, clinicians rarely suspect this disease, despite
the typical symptoms. Seroepidemiologic findings con-
firm the possibility of Babesia spp. transmission to hu-
mans in Europe. The increasing number of reported cas-
es indicates that babesiosis should be considered in the
differential diagnosis of patients manifesting fever in
Europe. Furthermore, peripheral blood smears to detect
this parasite should be a routine part of the workup for
febrile illnesses, especially when disease-typical labora-
tory findings are present.
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During 2020-2022, players and staff in the English
Premier League in the United Kingdom were tested
regularly for SARS-CoV-2 with the aim of creating
a biosecure bubble for each team. We found that
prevalence and reinfection estimates were consistent
with those from other studies and with community
infection trends.

uring the COVID-19 pandemic, frequent SARS-

CoV-2 testing regardless of symptoms was used
to reduce transmission risk in several workplace pop-
ulations (1,2). In the process, data from those cohorts
generated a range of scientific insights, including
estimates of viral shedding dynamics and patterns
of immune responses against novel variants of con-
cern. Such testing programs in different settings are
valuable for informing planning for future pandem-
ics, especially given likely variation in behavior and
therefore risk across subpopulations. Sports testing
programs pose a particular challenge for infection
control given the potential number of contacts made
within and between teams and their support staff.

English Premier League (EPL) fixtures were
suspended on March 19, 2020; such events included
not only the games but also related social and be-
havioral aspects, such as fan mingling outside the
venues and at concession stands. In May, a strat-
egy was developed to allow games to resume while
minimizing transmission risk, including not allow-
ing fan attendance. A key principle of this strat-
egy was a biosecure bubble for each team, which
involved SARS-CoV-2 testing of core players and
staff twice a week. Initially, PCR testing was used;
during June-November 2021 and from January 2022
on, rapid antigen testing was used for screening
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(regular PCR was used during the Omicron wave
in December 2021), and PCR testing was performed
only after a positive rapid test result (Appendix,
https:/ /wwwnc.cdc.gov/EID/article/30/9/24-
0853-Appl.pdf). For this study, we examined PCR
test results recorded during May 11, 2020-March 2,
2022.

During the study period, 178,588 PCR tests were
obtained from 7,552 unique persons. Throughout
late 2020 and early 2021, and during the early stag-
es of the Omicron wave in late 2021, SARS-CoV-2
PCR positivity in the EPL broadly mirrored posi-
tivity in the UK Office for National Statistics Com-
munity Infection Survey (S. Abbott et al., unpub.
data, https://doi.org/10.1101/2022.03.29.2227310
1) among 16-24- and 25-29-year age groups (Fig-
ure, panel A). One exception was early outbreaks
in August 2020, as well as a period in early 2021
where prevalence in the EPL program was lower
than community prevalence in the Community In-
fection Survey.

Regular testing can also provide insights into
epidemiologic characteristics such as reinfection risk
and viral shedding. Several persons recorded posi-
tive PCR tests for several weeks after their initial
positive test; we identified 1 person with evidence
of a reinfection during the Alpha wave (indicated by
cycle threshold values >40 after 90 days postinfec-
tion) and another 3 persons with evidence of reinfec-
tion during the Delta wave (Figure, panel B). Those
findings reinforce the importance of effective com-
munication in ensuring appropriate interpretation
of results, particularly if persons are being tested
regardless of symptoms; a single positive PCR test
does not necessarily indicate a recent infection, but
a test conducted after symptom onset does. The esti-
mated odds ratio for subsequent infection during the
Alpha wave among those infected before December
1, 2020, was therefore 0.1 (95% CI 0.004-0.4), which
is broadly consistent with other cohort studies that
have estimated ~85% risk reduction following an ini-
tial infection (3). We also found that cycle threshold
values at time of first positive test were higher on av-
erage during the pre-Alpha period (mean value 33.7,
SD 6; n = 106) than during the Alpha wave (mean
29.2,SD = 5.8; n = 223), reflecting the increased shed-
ding for Alpha that has been observed in other stud-
ies (S. Funk et al., unpub. data).

In conclusion, we found that SARS-CoV-2 infec-
tion prevalence and reinfection estimates among EPL
players and staff were consistent with those from
other studies and with community infection trends.
Such real-time insights could be further enhanced for
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Figure. Infection dynamics in
the English Premier League
testing program for SARS-
CoV-2, 2020-2022. A) Weekly
PCR test positivity. Dots indicate
infections; error bars indicate
95% Cls. Colored lines show
inferred mean prevalence

in the UK ONS Community
Infection Survey. Gray shading
shows period where the

testing protocol was based

on a rapid antigen test, with
subsequent confirmatory PCR;
hence, PCR positivity is not
comparable because sampling
was nonrandom. B) Distribution
of individual Ct values over
time since first positive test.
Dashed circles indicate
estimated reinfections: orange
represents Alpha wave, in which
1 person was reinfected, as
determined from 3 samples;
purple represents Delta wave,
in which samples indicate that
3 persons were reinfected. Ct,
cycle threshold; ONS, Office for
National Statistics.

future outbreaks or pandemics by adding sequencing
or antibody testing.
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etymologia revisited

Paracoccidioides
[p'a ro kok-sid"e-oi' d'ez]

rom the Greek (para/mapd + kokkis [coccidia]), Adolpho

Lutz described Paracoccidioides in 1908. After analysis of oral
and cervical lymph node lesions from infected patients, Lutz
initially believed that he had detected Coccidioides. However,
more extensive analysis showed that he had detected another
fungus. Because of morphologic and clinical disease similari-
ties, the name Paracoccidioides was suggested. The prefix para
(near) indicates its similarity with Coccidioides.

Paracoccidioides is a thermally dimorphic fungus. It grows as
an infective mycelium form (at 18°C-23°C) or a parasitic multi-
budding yeast form (at 35°C-37°C). It is composed of 2 species:
P. brasiliensis and P. lutzi. They are the etiologic agents of para-
coccidioidomycosis. This systemic infection is endemic to Latin
America (southern Mexico to northern Argentina). The highest
number of cases are found in Brazil, Colombia, and Venezuela.
Paracoccidioides conidia and mycelia are found in soil and trans-
mitted by inhalation.
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Antifungal-resistant dermatophyte infections have re-
cently emerged as a global public health concern. A sur-
vey of US infectious diseases specialists found that only
65% had heard of this issue and just 39% knew how to
obtain testing to determine resistance. Increased clini-
cian awareness and access to testing for antifungal-re-
sistant dermatophytosis are needed.

ermatophytosis (i.e., ringworm, tinea) is a com-

mon superficial fungal skin infection caused by
dermatophyte molds (1). In the past decade, wide-
spread outbreaks of antifungal-resistant dermato-
phytosis have occurred in South Asia because of the
spread of Trichophyton indotineae fungus, which causes
extensive pruritic plaques on the trunk, extremities,
groin, and face in immunocompetent persons (2-4).
Unlike typical dermatophyte skin infections, those in-
volving T. indotineae fungus often do not resolve with
over-the-counter topical antifungals or oral terbin-
afine (first-line systemic therapy) (2,3).

T. indotineae fungus has been detected in at least
11 US states, and recalcitrant dermatophytosis caused
by antifungal-resistant T. rubrum fungus also has
been reported (2,5,6). Affected patients have experi-
enced diagnostic delays and received inappropriate
therapies, including topical corticosteroids, which
can worsen dermatophytosis (2). Antifungal-resistant
dermatophytosis cases in the United States probably
are underrecognized because this condition is not
reportable to public health authorities in any state
(https:/ /www.cdc.gov/fungal / php/ case-reporting)
and most superficial fungal infections are not con-
firmed with diagnostic testing (7). Further, labora-
tory capacity to identify dermatophyte species and
perform antifungal-susceptibility testing (AFST) may

1978

EMERGING INFECTIONS NETWORK LETTER

be limited, given that definitive identification of cer-
tain species, such as T. indotineae, requires advanced
molecular techniques (e.g., using internal transcribed
spacer region sequencing) and most clinical laborato-
ries do not perform AFST for molds (2,5).

Antifungal-resistant ~ dermatophytosis  cases
might require infectious diseases (ID) clinician con-
sultation both to manage antifungal use and because
of the potential effect of these infections on highly im-
munocompromised patients. Understanding ID clini-
cians’ level of awareness regarding antifungal-resis-
tant dermatophytosis and access to laboratory testing
could improve strategies to increase disease recogni-
tion and facilitate early appropriate treatment. There-
fore, we surveyed ID clinicians by using the Emerg-
ing Infections Network (EIN) (https://ein.idsociety.
org), a sentinel network of ID physicians and other
ID specialists.

During December 2023, EIN distributed a survey
link to ~3,000 member subscribers on 3 separate oc-
casions ~1 week apart. EIN queries are designated as
non-human subjects research by the institutional re-
view board of the University of lowa.

In total, we received 158 responses (Table). The
most common practice setting was university hos-
pital (47%), followed by community hospital (16%)
and nonuniversity teaching hospital (12%). Most re-
spondents were adult ID physicians (80%), followed
by pediatric ID physicians (12%), pharmacists (4%),
nurse practitioners, physician assistants or physician
associates (1%), or other (3%). Overall, 103 (65%) re-
spondents had heard of antifungal-resistant derma-
tophytosis before receiving the survey; among those,
most (58%) had heard of it through previous EIN list-
serv emails. Seventeen percent of respondents report-
ed seeing or consulting on a patient who had derma-
tophytosis that was potentially resistant to treatment
or concerning for resistance within the previous year.

Approximately half (47%) of respondents report-
ed that if they saw a patient with potentially resistant
dermatophytosis, they either would not be able to ob-
tain laboratory testing to determine the species (16 %)
or were unsure whether they could obtain such test-
ing (31%) (Table). Likewise, most respondents (61%)
reported they would either not be able to obtain test-
ing to determine if a dermatophyte was resistant to
antifungals (16%) or were unsure whether they could
obtain such testing (45%).

In summary, our survey found that approxi-
mately one third (35%) of ID clinicians had not
heard of antifungal-resistant dermatophytosis.
Only 53% of respondents reported knowing how to
obtain access to dermatophyte speciation testing,
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Table. Survey regarding 158 infectious diseases clinicians’ awareness of antifungal-resistant dermatophyte infections and access to

laboratory testing, United States, 2023

Survey query

No. (%) respondents

Primary setting of clinical practice

University hospital 75 (47)
Community hospital 26 (16)
Non-university teaching hospital 19 (12)
Veterans Affairs hospital or Department of Defense 13 (8)
Outpatient setting only 8 (5)
Free-standing children’s hospital 5(3)
City, county, or public hospital 4 (3)
Other 4 (3)
Question not answered 4 (3)
Type of clinical practice
Adult infectious diseases physician 126 (80)
Pediatric infectious diseases physician 19 (12)
Pharmacist 6 (4)
Nurse practitioner, physician assistant, or physician associate 2(1)
Other 4 (3)
Question not answered 1(1)
How did you hear about the issue of antifungal-resistant dermatophyte infections? (select all that apply)
| had not previously heard of this issue 55 (35)
Answers among those who had heard of this issue, n = 103
Emerging Infections Network emails 60 (58)
CDC webpage or Morbidity and Mortality Weekly Report 46 (45)
Scientific publication 28 (27)
News reports 18 (17)
From clinical colleagues 18 (17)
Clinician education website (e.g., Doximity and Medscape) 6 (6)
Point-of-care medical resource (e.g., UpToDate) 4 (4)
Social media 2(2)
Other 6 (6)

In the past year, | have seen or consulted on a patient with a dermatophyte infection that was potentially resistant to treatment or

concerning for resistance

Yes 27 (17)

No 119 (75)

Unknown 12 (8)
If | saw a patient with a potentially resistant dermatophyte infection, | would be able to obtain laboratory testing to determine the
species

Yes 83 (53)

No 26 (16)

Unknown 49 (31)
| would be able to obtain testing to determine if a dermatophyte is resistant to antifungals

Yes 62 (39)

No 25 (16)

Unknown 71 (45)

and even fewer (39%) reported knowing how to
obtain testing for dermatophyte resistance (Table).
Those findings probably reflect the relatively recent
recognition of these infections in the United States
and the fact that testing to identify T. indotineae and
other resistant dermatophyte species is limited to
select US mycology reference centers and public
health laboratories (2,8).

Dermatophyte species identification and AFST
are critical to guiding antifungal treatment decisions
for patients with potentially resistant dermatophy-
tosis and for monitoring population-level trends in
resistance profiles to inform treatment guidelines (8).
National guidelines for treating antifungal-resistant
dermatophytosis are lacking, but the azole antifungal
itraconazole has been used successfully for patients
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with dermatophytosis caused by T. indotineae and
terbinafine-resistant T. rubrum fungi (2,9). However,
clinicians should be aware of challenges with itra-
conazole, including pharmacokinetic variability (e.g.,
absorption), insurance coverage, drug-drug interac-
tions, need for prolonged treatment (e.g., >6 weeks),
and reports of emerging itraconazole-resistant T. in-
dotineae and T. rubrum fungi (2,6,9,10).

One limitation of our survey is its low response
rate and nonrepresentative nature. Furthermore, the
survey might overestimate clinician awareness of
antifungal-resistant dermatophytosis and laboratory
testing access if clinicians experienced in this topic
were likelier to respond. Despite those limitations,
our survey highlights a need for increased aware-
ness of antifungal-resistant dermatophytosis and
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increased laboratory capacity to identify and perform
susceptibility testing for dermatophytes to address
this emerging public health concern.

Healthcare professionals can find information
aboutrecognizing, diagnosing, treating, and reporting
emerging dermatophyte infections online (https://
www.aad.org/member/clinical-quality/clinical-
care/emerging-diseases/dermatophytes), including
informationaboutlaboratories thatcan performtesting
(https:/ /www.aad.org/member/clinical-quality/
clinical-care/emerging-diseases/dermatophytes/
recognizing-trichophyton-indotineae#testing). Those
websites were developed as a collaboration between
the Centers for Disease Control and Prevention and
the American Academy of Dermatology’s Emerging
Diseases Task Force.

This work was supported by Cooperative Agreement
Number 5 (grant no. NU50CK000574), funded by the
Centers for Disease Control and Prevention.

About the Author

Dr. Gold is a medical epidemiologist in the Mycotic
Diseases Branch, Division of Foodborne, Waterborne,
and Environmental Diseases, National Center for
Emerging and Zoonotic Infectious Diseases, Centers for
Disease Control and Prevention, Atlanta, Georgia, USA.
His research interests include the epidemiology and
prevention of fungal infections.

References
1. Gupta AK, Ryder JE, Chow M, Cooper EA. Dermatophytosis:
the management of fungal infections. Skinmed. 2005;4:305-
10. https:/ /doi.org/10.1111/.1540-9740.2005.03435.x
2. Caplan AS, Chaturvedi S, Zhu Y, Todd GC, Yin L, Lopez A,
et al. Notes from the field: first reported U.S. cases of tinea
caused by Trichophyton indotineae—New York City,

December 2021-March 2023. MMWR Morb Mortal Wkly
Rep. 2023;72:536-7. https:/ / doi.org/10.15585/
mmwr.mm?7219a4

3. Verma SB, Panda S, Nenoff P, Singal A, Rudramurthy SM,
Uhrlass S, et al. The unprecedented epidemic-like scenario
of dermatophytosis in India: I. Epidemiology, risk factors
and clinical features. Indian ] Dermatol Venereol Leprol.
2021;87:154-75. https:/ /doi.org/10.25259/1JDVL_301_20

4. Gupta AK, Renaud HJ, Quinlan EM, Shear NH, Piguet V.
The growing problem of antifungal resistance in
onychomycosis and other superficial mycoses. Am J Clin
Dermatol. 2021;22:149-57. https:/ / doi.org/10.1007/
540257-020-00580-6

5. Canete-Gibas CF, Mele ], Patterson HP, Sanders CJ,
Ferrer D, Garcia V, et al. Terbinafine-resistant dermatophytes
and the presence of Trichophyton indotineae in North America.
J Clin Microbiol. 2023;61:e0056223. https:/ /doi.org/10.1128/
jem.00562-23

6. Gu D, Hatch M, Ghannoum M, Elewski BE. Treatment-
resistant dermatophytosis: a representative case highlighting
an emerging public health threat. JAAD Case Rep.
2020;6:1153-5. https:/ / doi.org/10.1016/j.jdcr.2020.05.025

7. Benedict K, Wu K, Gold JAW. Healthcare provider testing
practices for tinea and familiarity with antifungal-drug-
resistant tinea — United States, 2022. ] Fungi (Basel).
2022;8:831. https:/ / doi.org/10.3390/jof8080831

8. Lockhart SR, Smith DJ, Gold JAW. Trichophyton indotineae
and other terbinafine-resistant dermatophytes in North
America. ] Clin Microbiol. 2023;61:e0090323. https:/ /doi.org/
10.1128/jcm.00903-23

9. Khurana A, Agarwal A, Agrawal D, Panesar S, Ghadlinge M,
Sardana K, et al. Effect of different itraconazole dosing
regimens on cure rates, treatment duration, safety, and
relapse rates in adult patients with tinea corporis/cruris: a
randomized clinical trial. JAMA Dermatol. 2022;158:1269-78.
https:/ /doi.org/10.1001/jamadermatol.2022.3745

10. Burmester A, Hipler U-C, Uhrlaf8 S, Nenoff P, Singal A,

Verma SB, et al. Indian Trichophyton mentagrophytes squalene
epoxidase ergl double mutants show high proportion of
combined fluconazole and terbinafine resistance. Mycoses.
2020;63:1175-80. https:/ /doi.org/10.1111/myc.13150

Address for correspondence: Jeremy Gold, Centers for Disease
Control and Prevention, 1600 Clifton Rd NE, Mailstop H24-11,
Atlanta, GA 30329-4027, USA; email: jgold@cdc.gov

article/30/8/23-1562_article).

Corrections

Vol. 30, No. 5

The name of author Glenn Patriquin was misspelled in Case Series of Jamestown Canyon Virus Infections
with Neurologic Outcomes, Canada, 2011-2016 (V. Meier-Stephenson et al.). The article has been corrected
online (https:/ /wwwnc.cdc.gov/eid/article/30/5/22-1258_article).

Vol. 30, No. 8

The name of author Carlos E. Sanz-Rodriguez was misspelled in Outbreak of Intermediate Species
Leptospira venezuelensis Spread by Rodents to Cows and Humans in L. interrogans-Endemic Region,
Venezuela (L. Caraballo et al.). The article has been corrected online (https://wwwnc.cdc.gov/eid/

1980

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 9, September 2024




In Memoriam

Thomas J. Gryczan (1949—-2024)

Byron Breedlove, Barbara Segal

homas J. Gryczan, better known to his cowork-

ers and many friends as Tom, worked from May
2005 until his death in March 2024 with the Centers for
Disease Control and Prevention as a dedicated, highly
focused technical writer-editor for Emerging Infectious
Diseases (EID). During his tenure with the journal,
Tom was recognized for his unwavering enthusiasm
for work, willingness to share knowledge about sci-
ence and publishing, and ability to handle challenging
assignments and tight deadlines. Tom contributed to
EID in many other ways, including mentoring new
staff and helping coordinate and administer continu-
ing medical education credits offered by the journal.

EID editor-in-chief Peter Drotman recalled Tom's
knowledge was almost boundless. “One of the many
places where he put his skills to good use was in as-
sisting authors of the popular Etymologia entries in
crafting their historical vignettes,” Drotman said.
“Tom edited more than 100 of those articles, all of
which are uncredited. Tom was an ardent supporter
of the goal of this EID feature, which is to enhance
the knowledge of students of microbiology and infec-
tious diseases about the heritage of our field and how
the names we use came to be.”

Tom held a bachelor’s degree from Marist Col-
lege in New York, a master’s degree from Long Island
University, and a PhD in microbiology from New
York University. Before joining CDC, Tom worked as
a researcher at the Public Health Research Institute,
International Center for Public Health, at New Jersey
Medical School at Rutgers University. Throughout
his career, he authored 16 scholarly articles that have
been cited 1,170 times to date.

In the mid-1980s, Tom embarked on a nearly
four-decade career as a technical writer-editor, initial-
ly with Gordon & Breach Science Publishers in New
York. After relocating to Atlanta, Georgia, he worked
for the American Journal of Tropical Medicine and
Hygiene and Arthritis & Rheumatology. He also worked
as an editor for the American Cancer Society.

Tom’s puns and bad jokes brought levity to many
EID staff meetings, and he often delighted colleagues
with homemade treats from his kitchen during EID’s
weekly gatherings, before the COVID-19 pandemic

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
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Figure. Thomas J. Gryczan. Photo credit: Susan Twadell.

required social distancing. Beyond his professional
pursuits, he had diverse interests, including garden-
ing, bowling, roller skating, listening to disco music,
cooking, reading nonfiction, studying history, and
watching hockey and baseball.

Tom was a born teacher and was knowledgeable in
countless subject areas. One of Tom’s daughters noted
that “Tom was Google before there was a Google.” For
instance, he could list every World Series winner from
the 1950s to 2023 and how many games were played in
each series. He could also provide details on all the ele-
ments in the periodic table or recount historical events,
including precise dates and locations. Colleagues recall
many enthusiastic breakroom conversations with Tom
on myriad subjects that invariably ended with learning
new facts and insights. If someone mentioned a trivia
interest, it then became Tom’s thoroughly researched
passionate interest as well. Despite his enthusiasm and
extroverted personality, Tom was notably modest ex-
cept when talking about family, and then he could not
contain his pride.

We offer our condolences to Tom’s surviv-
ing family members, including his wife, daughters,
grandsons, and sisters, and to his many friends and
acquaintances at CDC and around the world.
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Winslow Homer (1836-1910). On the Trail (1889) (detail). Watercolor over graphite on wove paper, 12 5/8 in x 19 7/8 in /32.1 cm x 50.5 cm.
Gift of Ruth K. Henschel in memory of her husband, Charles R. Henschel. National Gallery of Art, Washington, DC, USA. Open access image.

Views Most Would Never See

Byron Breedlove

Winslow Homer is regarded by many as the
greatest American painter of the nineteenth
century,” noted art historian and curator H. Barbara
Weinberg. Homer’s skill at mastering watercolor and
oil painting is what led to his being considered among
America’s foremost painters.

Homer was born in Boston, Massachusetts, USA,
and grew up in nearby Cambridge. He received no for-
mal artistic education, although his mother instructed
him in watercolor. He initially apprenticed as a com-
mercial printmaker in Boston and continued in that
trade after moving to New York, New York, USA, in
1859. Commercial printmaking was a profession that
Homer grew to dislike. In New York, he first free-
lanced as an illustrator for magazines, including Harp-
er’s Weekly, briefly took drawing classes at the National
Academy of Design, and began to focus on painting.

During the US Civil War, when Homer was 25
years old, Harper’s Weekly dispatched him as an

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA
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artist-correspondent embedded with the Union army,
and he gained widespread recognition for his work.
“Homer gave people views of the war that most
would never see,” according to Keely Orgeman, the
Seymour H. Knox, Jr., Associate Curator of Modern
and Contemporary Art at the Yale University Art
Gallery, quoted in an article in Yale News.

Homer spent 1867 abroad in France, starting to
paint in watercolor in 1873, and in 1875 he ended his
career as a magazine illustrator to focus on paint-
ing. In 1881, Homer moved to the seaside village of
Cullercoats, England, an experience that preceded
his permanent move in 1883 to the fishing village of
Prouts Neck, Maine, USA. On that coastal peninsula,
Homer’s studio, converted from a stable, provided
him both the solitude and scenery he craved.

In a 1923 collection of Homer’s work, painter and
art writer Nathaniel Pousette-Dart asserted, “Certain-
ly no artist in whose work the influence of contempo-
rary painters is less apparent ever lived. He shunned
exhibits and rarely contributed his own pictures to
them.... He lived during the greater part of his life
like a hermit.” Although Homer lived in Prouts Neck

1982



for the rest of his life, he frequently wintered in Flor-
ida and Bermuda and often visited Boston and the
Adirondack region of upstate New York. Among his
favorite subjects were fishermen and hunters.

This month’s cover image, On the Trail, is among
Homer’s New York paintings. The dappled light and
gossamer layers of leaves, rendered as splotches of
yellow, orange, and green, suggest early autumn,
show the artist’s mastery at rendering scenes from the
natural world. An attentive young hunter peers into
the thick forest, clutching his eager dogs, anticipat-
ing an unsuspecting deer. The quiet intensity Homer
conveys diverges from more dramatic scenes in many
of his other hunting-themed paintings. The National
Gallery of Art notes, “These works celebrate the plea-
sures and beauty of life in the Adirondacks but also
confront the more brutal realities of hunting. In one
series, Homer depicted a practice called hounding, in
which dogs were used to drive deer into a lake.”

In On the Trail, the fate of the unseen deer remains
unsettled; perhaps it escaped in the underbrush. Re-
gardless, the young hunter would likely have given
little thought to health threats in such sylvan settings,
particularly from ticks. Health threats from tickborne
pathogens were not as widespread or recognized then
as they are now. Homer’s hunter, dogs, and unseen
deer would have been less likely than modern hunt-
ers and hikers to encounter ticks that transmit diseas-
es. Epidemiologist Katharine Walters and colleagues,
in their article “Genomic Insights into the Ancient
Spread of Lyme Disease across North America Defor-
estation” note that urbanization, climate change, and
increased deer populations have altered the ecology
and landscape, enabling ticks to flourish and spread.

Ticks are vectors for numerous bacterial diseases,
including anaplasmosis, bartonellosis, ehrlichiosis,
Lyme disease, and spotted fever rickettsioses. They
are also vectors for viral diseases including Bourbon
virus disease, Colorado tick fever, Crimean-Congo
hemorrhagic fever, Heartland virus disease, and Pow-
assan encephalitis. Tick bites may also transmit para-
sitic diseases such as babesiosis, a disease caused by
microscopic parasites that infect red blood cells. Most
cases of babesiosis are caused by Babesia microti, trans-
mitted in North America by bites from Ixodes scapular-
is ticks. The ticks that cause that parasitic disease, now
endemic to many places Homer lived and visited in the
northeastern United States, have expanded their range
from Virginia to Maine and the upper midwestern
states. As reported in this issue of Emerging Infectious
Diseases, including in a new report from Hungary and
another in the Netherlands, nonimported human ba-
besiosis is increasing its range in Europe.
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Articles about Mansonella ozzardi, a filarial
worm transmitted by biting midges and black flies,
in raccoons in urban areas of Costa Rica and emer-
gence of Thelazia callipaeda, an ocular nematode of
carnivores and humans, in black bears in Pennsyl-
vania, USA, document the work of researchers on
the trail of potential spillover pathogens. Through
his art, Homer afforded views of the Civil War,
the ocean, and the woods that most people would
never experience. Through their epidemiologic
sleuthing, researchers tracking emerging vector-
borne health threats provide public health authori-
ties with views most would never have and help
respond to those threats.
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clinical presentation of Streptococcus dysgalactiae outcomes of the current cohort study of patients with
subspecies equisimilis (SDSE) bacteremia in the SDSE bacteremia is most accurate?

current study? A. The 30-day case-fatality rate was 6%

A. Endocarditis B. A shorter duration of symptoms before admission was
B. Purulent skin infection associated with a higher risk for mortality

C. Cellulitis C. Nearly 30% of patients were admitted to the intensive
D. Pneumonia care unit (ICU)

. . . D. <5% of patients required surgical intervention
2. Which of the following statements regarding

antibiotic therapy of SDSE bacteremia in the current 4. Which of the following objective tools was most
study is most accurate? helpful in predicting the risk for severe SDSE disease

A. Most patients received second-generation in the current study?

cephalosporins
B. Most SDSE isolates were resistant to penicillins
C. One-quarter of SDSE isolates were resistant
D

Pulse rate and respiratory rate

Platelet level and procalcitonin level

White blood cell count and C-reactive protein
Hemoglobin level and blood pressure

cCow>

to cephalosporins
All SDSE isolates were sensitive to erythromycin
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Earning CME Credit

To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-
ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers.

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org,
please click on the “Register” link on the right hand side of the website.

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award,
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national
medical association for review.

Article Title

Mortality Rate and Cause of Death in Adults with Extrapulmonary
Nontuberculous Mycobacteria Infection, Denmark

CME Questions

1. What was the rate of increased mortality associated 3. Which of the following causes of death was most

with extrapulmonary nontuberculous mycobacterial important in driving the difference between the E-NTM
(E-NTM) disease after adjustment for comorbidity in disease and control cohorts in the current study?
the current study? A HIV
A. 2% (no significant difference vs control participants) B. Hematologic malignancy
B. 34% C. End-stage kidney disease
C. 115% D. Respiratory disease
D. 488%

4. Which of the following statements regarding
2. Which of the following causes of death were more mortality in the E-NTM vs control cohorts in the
common in the control vs E-NTM disease cohorts in current study is most accurate?
the current study? A. E-NTM disease was associated with a higher risk for
A. Respiratory disease and cardiovascular disease death among women vs men

B. Hematologic malignancy and respiratory disease B. E-NTM disease was associated with a higher risk for
C. Hematologic malignancy and solid malignant death among men vs women
neoplasms C. E-NTM disease was associated with a higher risk for
D. Cardiovascular disease and solid malignant

neoplasms D

death only among persons born outside Denmark
E-NTM disease was associated with its highest risk for
death during the first 3 years of follow-up
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